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In December 2008 the European Synchrotron Radiation Facility (ESRF) will celebrate the
20th anniversary of the signature of the Convention between the 12 original Member
countries, which launched the construction phase of the ESRF. The ensuing period has been
one of invention and innovation, with the ESRF playing a world-leading role in the
development of cutting-edge synchrotron X-ray science, so that it is now a reference, not only
for research with synchrotron light, but also as an excellent example of European cooperation.
The ESRF is an essential component of the evolving European Research Area, underpinning
European technology and economic development. The Grenoble international campus, with
the ESRF light source and the Institut Laue-Langevin (ILL) neutron source, both identified in
the European Strategy Forum on Research Infrastructures (ESFRI) roadmap as being vital
infrastructures for European research, is unique in the world and recognised as one of the
jewels in the crown of European science. An additional dimension is provided by the
European Molecular Biology Laboratory (EMBL) outstation and the many joint life-sciences
projects between the ESRF, the EMBL and the ILL.

In line with the recommendations of the ESRF Council and Science Advisory Committee, the
ESRF’s remarkable electron storage-ring X-ray source and specialised beamlines have been
continuously refined, pushing the limits of technology and redefining state-of-the-art
performance. As a consequence of this policy, the ESRF is currently operating at extremely
high efficiency and productivity; over 4000 scientists visit the ESRF annually to carry out their
demanding research projects, resulting in over 1400 refereed publications each year, based on
the accelerator complex operating at an availability level of over 98%.

The attractiveness of the ESRF to Europe’s scientific community remains undiminished.
Between 2000 and 2006 the number of applications for beamtime increased by almost 30%;
during this period the ESRF’s capacity to satisfy this increased demand remained essentially
unchanged. This growth in interest has been accompanied by a significant development of
new scientific fields, notably in the environmental and culture heritage sciences. These areas
of research, at the interfaces between classical disciplines, are expected to grow rapidly over
the next few years. As a result, the incremental approach to accelerator and beamline renewal
must now be accompanied by a major step-wise upgrade, a unique opportunity to reconfigure
the beamlines to prepare for tomorrow’s radically different scientific challenges.

The Council’s requirement that the ESRF develop a long-term plan for the next 10 to 20 years
has led to the development over the last 4 years of the Long-Term Strategy
(http://www.esrf.eu/files/Upgrade/LTS_060706.pdf). This project, in partnership with the
User community across Europe and with the essential advice of the SAC, involved identifying
key areas of future scientific development, where synchrotron light will make essential and
unique contributions. These scientific “highlight fields” are nanoscience and nanotechnology,
pump-and-probe experiments and time-resolved science, science at extreme conditions,
structural and functional biology and soft matter, and X-ray imaging. 
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To prepare the ESRF for tomorrow’s science a vigorous programme of instrumentation
development will be needed, encompassing new detectors, focusing optics and beamline
engineering at the nanometre level, and advanced sample environments. Much of this work
should be carried out in partnership with our colleagues from the European network of
synchrotron sources, centres which complement the ESRF and with which the ESRF enjoys
strong scientific and technical links. The comprehensive volume of experience and knowledge
gained during the construction and operation of the ESRF will continue to be of great benefit
to these new sources, providing an invaluable store of scientific and technical know-how.

Our ambitious Upgrade Programme, the ESRF Scientific Programme 2008 - 2017, is the
natural evolution of the scientific challenges described in the Long-Term Strategy document.
The following chapters of this volume provide considerable detail on the ESRF’s new scientific
and technical capabilities. All aspects of the programme are considered, starting with the
new science to be enabled by the Upgrade, the technology, engineering and infrastructure
requirements and, finally, the budget and personnel implications.

This Upgrade Programme is essential to maintain the ESRF’s role as the leading European
provider of hard X-ray light, providing answers to essential future scientific questions, and
safeguarding the large investment by the Member countries. However the programme cannot
be financed from within the ESRF’s current investment budget. Of the total cost of 287 million
euros spread over 10 years, some 210 million euros of new investment is required; the balance
will come from the investment part of the ESRF’s standard budget. This additional investment
will lead to a radically enhanced ESRF with a suite of very long beamlines capable of focusing
to nanometre spot sizes, revolutionary technical infrastructure support, and upgraded high-
reliability accelerators providing even higher brilliance and stability. This programme is
excellent value for money; a new facility providing similar performance for a large number of
specialised beamlines would require investment of the order of 1 to 2 billion euros.

In summary, for a relatively modest investment by the partners of the ESRF, a radically
upgraded hard X-ray synchrotron radiation facility will emerge from the 10 year period of
renewal, during which the Users will still have access to a large fraction of the beamlines. The
renewed and enhanced ESRF will be in excellent shape to face the scientific challenges
(environment, energy, health, new materials …) of the twenty-first century.

W.G. STIRLING
Director General of the ESRF

September 2007
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A ten year Upgrade Programme of the European
Synchrotron Radiation Facility (ESRF) will greatly
enhance its scientific capabilities for new research, to better
respond to the problems and needs of modern society. 

The ESRF

The ESRF is Europe’s international centre for
synchrotron radiation based X-ray research (one of
three high energy synchrotron sources operational
worldwide). Eighteen member states contribute to
finance the Facility, which receives over 4,000
academic and industrial scientists annually. Four
scientific publications per day are produced based on
results obtained here. The Upgrade Programme is
necessary to maintain this success, and to open new
fields of opportunity.

Scientific case and project context

Science and technology are rapidly advancing towards
the nanometre scale, manipulating atoms one by one
or in small groups. X-rays are an ideal tool to study
nanoobjects, as X-ray wavelengths are perfectly
matched to this length scale. The Upgrade will focus
on extending the capabilities of the ESRF in five
highlight areas: 

• Nanoscience and nanotechnology
• Pump-and-probe experiments and time-resolved 

science
• Science at extreme conditions
• Structural and functional biology and soft matter
• X-ray imaging

The Upgrade Programme will create opportunities for
new science at the ESRF by developing the
engineering technology, scientific instruments and
necessary site infrastructure, all of which will be
available to users and collaborators throughout
Europe.

Key objectives of the Upgrade

• Eighteen new and upgraded experimental stations (beamlines)
for new and improved science – with a strong emphasis on
nanoscience made possible by the routine delivery of
nanosized X-ray beams.

• Delivery of enabling technologies – nanocompatible
engineering and optics, extended range of extreme
environments, vastly improved X-ray detectors and
data analysis tools.
• Enhancement of the X-ray source – more than doubling
the intensity of the X-ray beams with improved
stability, and creating additional flexibility for novel,
even more efficient uses of the X-ray source.
• Construction of 21,000 m2 of additional space – for
extended nanofocus beamlines and for new support
infrastructure.
• Development of collaborations and partnerships with academia,
other synchrotrons, and industry – ensuring key
technologies for the benefit of the broad community.

Project status

An outline of the ESRF Upgrade was enthusiastically
received by the ESRF governing bodies in June 2006.
The Upgrade Programme is one of thirty-five projects
included on the European Strategy Forum on
Research Infrastructures (ESFRI) roadmap, which
identifies the key new research infrastructures
corresponding to the long-term needs of European
research communities.

The ESRF has launched pre-project studies of the
Upgrade, drawing on its own resources whilst still
operating at full capacity. The project is now at a
stage where fresh investment is required to allow the
project to proceed.

Schedule and estimated cost

The Programme is ready to start in 2008 and will
cover ten years. The estimated total investment of
287 M€ breaks down as follows:

• Capital 238 M€, of which 77 M€ will 
be financed from the regular budget

• Recurrent 28 M€ in addition to the regular  
budget

• Personnel 21 M€ for additional support staff
(30 maximum).

Executive summary
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The ESRF

The international site accommodating the ESRF, the
ILL (Institut Laue-Langevin) and the EMBL (European
Molecular Biology Laboratory) Grenoble Outstation is
unique in the world with a high-energy third-
generation light source and a high-intensity neutron
source located together. This provides cutting-edge
research, education and training and is an outstanding
opportunity for Europe to develop a set of
complementary facilities with the ESRF Upgrade
Programme and with the separate ILL 20/20 Upgrade.

The ESRF’s 6 GeV storage-ring light source, built in
the early nineties, is the first insertion device based
(“third-generation”) synchrotron radiation source. The
ESRF has been successful, both in terms of technical
innovation and in generating a very large volume of
new and exciting science. With over 4000 scientists
visiting each year, resulting in more than 1400 refereed
publications, the ESRF is recognised as one of the
world’s most innovative and productive synchrotron
light sources. This success is also measured by requests
for beam time from the community of users of the
ESRF, consistently exceeding the available beam time
by a large factor and increasing by 30% over the years
2000 to 2006. The number of ESRF member states has
also grown from the original twelve to the present
eighteen subscribing countries. Inspired by the success
of the ESRF model, several ESRF member countries
have decided to construct third-generation national
light sources (SOLEIL in France, PETRA-III in
Germany, DIAMOND in the United Kingdom, SLS in
Switzerland, MAX IV in Sweden, and ALBA in Spain).

An essential element of the ESRF’s success has been the
continuous refurbishment programme that has enabled
ambitious science-driven technical innovation in crucial
areas such as X-ray optics, detectors, sample
environment, control systems, and accelerator physics.
The technological advances mentioned above, the
outcome of more than ten years of research and
development in synchrotron science, now permit an
ambitious renewal and upgrade programme covering all
aspects of the ESRF’s activities.

Why an Upgrade Programme?

Synchrotron radiation science owes its success to its
impact in the science of materials considered in the
widest sense. The ESRF offers first class facilities for a
wide range of scientific programmes and aims to
maintain and improve its engagement in these areas.
This will continue to enable existing scientific
communities to tackle both fundamental and applied
problems.

Introduction

Extending the five year ESRF Medium-Term
Scientific Plan, this report describes the science
and technology programme of the ESRF and
proposes an exceptional, far-reaching and
ambitious Upgrade to be implemented from 2008
to 2017. This Upgrade Programme is designed to
support the scientific communities of the ESRF’s
Member and Scientific Associate countries to better
address the future scientific challenges facing
society: health, energy, environment and climate
change, new materials and nanotechnology. It will
deliver beamlines with remarkable new capabilities
and a unique associated environment that will
greatly enhance the scientific impact of the ESRF
to an extent that cannot be achieved with the
normal ESRF annual budget.

The ESRF Science and Technology Programme
2008-2017 consists of four Parts and the
Annexes. Part 1 describes the scientific challenges
that ESRF scientists, users, and the Scientific
Advisory Committee anticipate for the next ten
years. X-ray experiments designed to answer these
questions will require new technologies to be
developed, as outlined in Part 2. Finally, Part 3
presents the extensions to the accelerator and
source, and facility infrastructure needed to
implement the new technologies, whilst a summary
of the project budget, staffing and planning is
presented in Part 4. The series of Annexes includes
a set of Conceptual Design Reports describing
potential new beamlines at the ESRF.
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Although the ESRF is Europe’s leading provider of
hard X-rays (up to 500 keV in energy), as it stands
today the ESRF cannot answer fully the scientific
questions that are expected to arise in the medium-
term future. The Upgrade Programme will allow the
ESRF to address these challenges by developing the
necessary site infrastructure, engineering technology
and scientific instruments, all of which will be
available to users and collaborators throughout
Europe, and to secure the forefront role for the ESRF
in synchrotron radiation based science. Although the
new light sources being built across Europe will make
major scientific contributions, the ESRF’s unique
combination of extremely brilliant and stable X-ray
beams, world-leading beamlines and instrumentation
and an unparalleled level of scientific and technical
support will continue to provide answers to the
critical scientific questions of the future.

These much improved scientific capabilities of the
ESRF on completion of the Upgrade Programme will
have their greatest impact in the following five
“highlight” areas:
• Nanoscience and nanotechnology
• Pump and probe experiments and time-resolved
science
• Science at extreme conditions
• Structural and functional biology and soft matter
• X-ray imaging

Developments made in these areas will directly
promote and stimulate the science underlying the
European Union priority themes of health, energy,
environment and climate change, new materials and
nanotechnology.

The Upgrade Programme will require a total
investment of 287 M€ over ten years of which the
ESRF will fund 77 M€ from its regular budget.
In comparison, the creation of a wholly new
synchrotron centre with the capabilities of the
upgraded ESRF would cost between one to two
billion euros, with a considerable lead time before
being operational. The special investment proposed
for the ESRF Upgrade is particularly cost effective,
being based on an existing, operational investment
made by the member countries. The Upgrade
Programme can be initiated rapidly to respond to the
requirements for the unique capacity of the ESRF
across all areas of synchrotron based science.

Strategic considerations

The development of the Upgrade Programme has
been guided by the following strategic considerations:
• The strength of the ESRF has always been centred
on the quality and high degree of specialisation of its
beamlines including an unparalleled service to its
users. This approach will be maintained.
• The ESRF Upgrade Programme will take into
account the new synchrotron radiation sources in
Europe and elsewhere. The updated beamline portfolio
must match the scientific demands of its Member
Countries, including those that do not benefit from a
national source.
• The scientific case for storage ring based
synchrotron radiation research must take into account
X-ray free electron laser (XFEL) sources such as the
one planned in Hamburg. The ESRF will cultivate and
develop new ideas to be fully exploited later at XFELs.
• At a time characterised by a great need for new and
expensive research infrastructure in many areas of
science, the upgrade of the ESRF must be
economically attractive.

These points have all contributed to the decision to
maintain the present number of public beamlines at
the ESRF. Nonetheless, the Upgrade Programme will
provide the potential for a small expansion. Up to five
more beamlines could be realised if justified during
and after the proposed ten years duration of the
Upgrade. Over the next ten years the Upgrade
Programme will be implemented such that the ESRF
will continue to operate at almost full capacity.
During the timescale of the project, the scientific
opportunities and the details of how beamlines will be
upgraded will continue to evolve. The Upgrade
therefore intentionally leaves scope to be refined and
redirected during the project lifetime.

The uniqueness of X-ray synchrotron
radiation beams

Ever since the discovery of X-rays by Wilhelm
Röntgen in 1895, X-rays have been used as the tool
to probe matter at all levels of detail. X-rays are
able to penetrate matter in a non-destructive way
and to provide information on its structure,
dynamics, processes, and chemistry. 

The evolution of storage ring light sources from the
parasitic first-generation to the dedicated second-
generation and the current third-generation
machines, like the ESRF, with small emittance and use
of undulators as X-ray sources, has led to a revolution
in the use of X-rays to study matter. Synchrotron
light sources based on electron storage rings provide
intense X-ray beams for a remarkably wide range of
scientific studies. Synchrotron light has become an
essential tool for investigations in archaeology,
biology, chemistry, materials, medicine,
palaeontology, physics and many other scientific
disciplines, due to the unique combination of X-ray
brilliance, source stability, energy spectrum,
coherence and polarisation properties. Storage ring
light sources such as the ESRF will continue to
provide an irreplaceable service to the scientific
community requiring analytical tools based on X-rays.



Highlights of ESRF science

• Particles
returned to Earth
by the Stardust
spacecraft from
comet Wild 2
have yielded
precious
information about
the origin of the
solar system.
Although the

particles are tiny, the X-ray beams available at the
ESRF can be even smaller, enabling researchers to
illuminate the cometary material and in some cases
determine the distribution of elements within the
particles without damaging them. These results
describe the overall composition and chemistry of
the samples returned by Stardust.
Reference: See special edition of Science (2006) 314,
1731-1735.

• The oxygen-storing protein myoglobin has been
“filmed” at work in exceptional detail. The motion of
the protein, which plays a central role in the
production of energy in muscles, was recorded using
ultra-short flashes of X-rays. The new insight in the
functionality of myoglobin has led to a deeper
understanding of the molecular processes associated
with respiration.
Reference: See Schotte F., Lim M., Jackson T.A.,
Smirnov A.V., Soman J., Olson J.S., Phillips G.N.,
Wulff M., and Anfinrud P.A. (2003), Watching a Protein
as it Functions with 150-ps Time-Resolved X-ray
Crystallography, Science, 300, 1944-1947.

• The coherence of the ESRF’s X-ray beams opens
the possibility to exploit phase contrast imaging to
observe detail at unprecedented levels within a
sample. 3D X-ray holo-tomography based on phase
contrast was employed to look inside precious
opaque amber resin containing fossilised insects and
spiders from the Carboniferous period. The study of
these organisms permits a reconstitution of

environments existing up to hundreds of millions
of years ago.
Reference: See Tafforeau P., Boistel R., Boller E.,
Bravin A., Brunet M., Chaimanee Y., Cloetens P.,
Feist M., Hoszowska J., Jaeger J.-J., Kay R.F., Lazzari V.,
Marivaux L., Nel A., Nemoz C., Thibault X., Vignaud P.,
and Zabler S. (2006), Applications of X-ray synchrotron
microtomography for non-destructive 3D studies of
paleontological specimens, Applied Physics A, 83, 195-202.

• Understanding the heat transfer mechanisms from
the Earth’s core and mantle to the outer layers is of
great interest since it can explain natural phenomena
such as earthquakes, volcanoes, movements of
tectonic plates and formation of mountains. Based on
experiments at the ESRF reproducing the conditions
deep inside the Earth, it was found that iron-bearing
magnesium silicate perovskite, the Earth’s most
abundant mineral, transforms, when pressure is
applied, to a state where radiation could play a far
more important role in heat transfer in the lowermost
part of the mantle. This novel mechanism is changing
our vision of the dynamics of the deep Earth. 
Reference: See Badro J., Rueff J.-P., Vankó G.,
Monaco G., Fiquet G., and Guyot F. (2004), Electronic
Transitions in Perovskite: Possible Nonconvecting Layers
in the Lower Mantle, Science, 305, 383-386.

• Ribosomes are the intracellular “machines” that
fabricate proteins
according to the
instructions contained
in genes. These
complex
macromolecules, found
inside cells, are made up
of both proteins and
strands of RNA.
Determining the
atomic-resolution
structure of the
ribosome, using the
brilliant X-rays of the
ESRF, has helped to
better understand their
mechanism of action, in
particular the effect of
antibiotics on the production of proteins in a
bacterial ribosome.
References: See Schlünzen F., Zarivach R., Harms J.,
Bashan A., Tocilj A., Albrecht R., Yonath A., and
Franceschi F. (2001), Structural basis for the interaction of
antibiotics with the peptidyl transferase centre in
eubacteria, Nature, 413, 814-821; Carter A.P., Clemons
W.M., Brodersen D.E., Morgan-Warren R.J., Hartsch T.,
Wimberly B.T., and Ramakrishnan V. (2001), Crystal
Structure of an Initiation Factor Bound to the 30S
Ribosomal Subunit, Science, 291, 498-501.
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a) Radiography in propagation phase contrast mode of
opaque amber blocks from Charente-Maritime, France

(990 mm of propagation distance, pixel size: 5 µm).
b) Examples of virtual 3D extraction of organisms

embedded in the opaque amber. 

http://www.mrc-lmb.cam.ac.uk/ribo/homepage/index.html
http://www.nasa.gov/mission_pages/stardust/main/index.html
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Added value of the ESRF Upgrade

The Upgrade Programme will develop a multi-
disciplinary, cross-fertilised research environment.
The ESRF has a concentration of engineering,
technical and scientific knowledge that exists
nowhere else; the Upgrade will build on this to create
an exceptional environment for new science to grow.
The principal components of the Upgrade
Programme are:
• The reconstruction of about one half of the ESRF’s
beamlines, to have much improved performance with
an emphasis on nanofocus capabilities;
• A prudent programme of improvements to the
accelerator complex to maintain and upgrade the very
high brilliance and reliability of the ESRF’s X-ray
source, and in parallel, the preparation of a longer
term design for a new higher brightness lattice;
• A wide-ranging programme of instrumentation
development to underpin the beamline and source
improvements;
• The construction of an extension to the
experimental hall of 21,000 m2 permitting sixteen new
long beamlines with lengths between 105 and 140
metres for nanofocusing applications and to house
new infrastructure;
• The development of productive science-driven
partnerships, embracing both academia and industry,
based on the wealth of knowledge available at the
ESRF. Partnerships currently envisaged include soft
matter science, high magnetic fields, and materials
engineering, underpinned by the expertise of the joint
ESRF-ILL theory group.

• Enhanced beamlines for new science
The Upgrade Programme encompasses the
reconstruction of eighteen beamlines. The new and
refurbished beamlines will answer new scientific needs
with enhanced techniques and performances. A
central theme of the Upgrade is the construction of
long beamlines with highly specialised nanofocus
capabilities, delivering even brighter “hard” X-ray
beams. The future of synchrotron science is closely
bound with experiments that probe samples with
several techniques at the same time to obtain the
most complete picture of the material or process
under study. Special attention will be paid to the
development of imaging techniques with high spatial
resolution and to their combination with X-ray
scattering and spectroscopy methodologies.

This report contains over forty proposals for beamline
developments (these Conceptual Design Reports are
included in Annexe I). Not all of these can be
accommodated within the Upgrade Programme.
Some proposals are mature whilst others require
further development and key enabling technologies to
be in place. Prioritisation into phased beamline
developments will be made with the guidance and

input of the Science Advisory Committee and the
ESRF user communities.

• Enabling technologies, tools and
infrastructure

All ESRF beamlines will benefit from renewing
beamline components such as detectors, optics,
sample environments and sample positioning,
supported by a longer term programme to maintain
and refurbish the accelerator complex at the heart of
the ESRF’s activities. These developments underpin
the science at the beamlines and are the key enabling
technologies for the ESRF Upgrade. The ESRF is not
alone in requiring new technologies, tools and
techniques to enable science: international
collaborations and partnerships will be formed to help
drive developments in nanotechnologies, optics,
computing and especially detector developments for
the benefit of all synchrotron sources in the European
Research Area.

The ESRF Science and Technology Programme 2008-
2017 outlines the necessary enabling technologies
and infrastructure. These tasks will be initiated at the
start of the Upgrade Programme to allow time for
preparation for the new beamlines. The core tasks of
the programme, as presented in this report, are the
development and implementation of:
• Instrument test stations to allow dedicated online
testing of new hardware and software, open to all
scientists and engineers interested in synchrotron
radiation;
• X-ray optics systems to provide stable nanosized
X-ray beams;
• Sample environments and sample management
protocols for extreme conditions, fragile, precious or
nanoscale samples;
• New detectors to enable new science;
• Upgrades to the accelerator complex;
• Experimental hall extensions for long beamlines;
• Computing hardware and software systems to
manage experimental workflow from experiment
inception to publication.

Context with other light sources

This is a period of remarkable development for
synchrotron radiation science in Europe and across the
world. A number of third-generation light sources are
operating or are under construction, whilst several
advanced free electron laser projects are in the planning
or realisation phase. Below, the ESRF Upgrade
Programme is positioned within this evolving context.

The main European light sources are listed in
Annexe IV of this report together with summaries of
the current status and plans. Also described are the two
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other operational high energy storage rings, the
Advanced Photon Source in the USA and SPRING-8 in
Japan, both of which are currently also considering
upgrades.

• National synchrotron sources in the EU

A number of new national light sources are being
constructed or are becoming operational within the EU.
These sources typically need to match the national user
requirements. The ESRF, as the European synchrotron,
is not driven by individual national requirements but
has the ability to respond to target science at the
European scale by developing unique opportunities with
specific and innovative instrumentation combined with
local skills. In this respect the ESRF has historically
been and will continue to be the “nursery” of new
synchrotron science in terms of skilled staff and
instrumentation. It is important to note that several of
the ESRF’s Member and Associate countries do not
possess national-level synchrotron radiation facilities –
the ESRF is their principal synchrotron resource.
Consequently, the ESRF’s suite of beamlines must
complement those available on national sources
particularly where harder X-rays are concerned (see
below), but must also provide a reasonable coverage of
all fields as required by those member nations without
their own national facilities.

Several high performance soft X-ray synchrotron
sources have been operating for a number of years.
Notable amongst these are ELETTRA (Italy) and
BESSY (Germany), both of which have made significant
scientific advances across a wide range of disciplines.
The intensity of these soft X-ray sources, coupled with
innovative photon and electron optics, has opened the
path to new, non-destructive, chemical species and
magnetic atom selective microscopies, which in some
cases have pushed spatial resolutions to the nanometre
level. Whilst there is some overlap with activities at the
ESRF this work is largely complementary to ESRF
studies.

At the hard X-ray end of the spectrum (energies greater
than 50 keV), the only European source which can rival
the ESRF performance will be PETRA-III (Germany), to
be operational from 2009 (at which time the DORIS
facility may be unavailable). Whilst PETRA-III will
clearly be an outstanding low emittance source, the
relatively small number of beamlines and high national
demand is expected to have a minor impact on the
overall European community which makes use of the
ESRF’s forty-three beamlines.

Direct impact on the ESRF is expected from the new
medium-energy sources (SLS, SOLEIL, DIAMOND and
ALBA). It is interesting to note however that the start-up
of the Swiss Light Source has only led to a slight
decrease in usage of the ESRF by the Swiss community.
While DIAMOND and similar synchrotrons will have

very high brilliance for X-ray energies up to at least
20 keV, a consideration of all factors governing the
experimental signal strength (beamline divergences,
apertures, etc.) shows that the cross-over energy where
ESRF beamlines become superior is relatively low, and is
calculated to lie around 10 keV.

• High-energy synchrotron sources
worldwide

The ESRF is one of only three operational high-energy
synchrotron sources worldwide. The two others,
comparable and competitive to the ESRF, are the 7 GeV
Advanced Photon Source in the US and the 8 GeV
SPRING-8 in Japan. Both are producers of hard X-rays
covering a broad spectrum of energies and techniques.
The APS and SPRING-8 facilities are at present
exploring options for their futures and are strongly
committed to upgrade and renewal programmes for the
coming years. The central scientific concerns are very
similar to those of the ESRF, covering as they do the
future problems of society. The ESRF Upgrade is critical
therefore, for the European Research Area, its associated
universities, institutes and industry to maintain their
competitive edge on the world stage. Today, the ESRF
has the opportunity to lead the development of 21st
century synchrotron radiation provision.

• Free-electron laser sources

The impact of the various free-electron laser projects on
the ESRF is expected to be less direct. The very low
energy sources already operating provide experimental
facilities for atomic and molecular spectroscopies and
have strong programmes in biological fields (e.g. bio-
medicine) in energy regimes far from those of the ESRF.
The successful operation of the VUV FEL (FLASH) at
DESY is opening up new and exciting fields of science
on ultra-short timescales. The ambitious soft X-ray and
X-ray projects such as FERMI at ELETTRA and the
European XFEL at DESY are several years away from
routine operation and similar projects in the US and
Japan are at comparable states of advancement. Whilst
these projects will make new time domains accessible,
initially their major customer base will lie principally
with the high power laser and atomic-and-molecular
scientific communities. A significant period of test and
development is foreseen before the X-ray FELs will
become routine user facilities with reliable and well
understood operation modes like the ESRF and the
other third-generation synchrotron sources.

ESFRI 2006 Roadmap

The ESRF Upgrade Programme is highlighted as one
of thirty-five infrastructure projects identified on the
European Strategy Forum for Research Infrastructures
(ESFRI) 2006 Roadmap. The roadmap was built by



9ESRF Science and Technology Programme 2008-2017

ESRF Science and Technology Programme 2008-2017

consultation with expert groups on the basis of project
science, pan-European nature and maturity. As one of
the mature projects on the roadmap, the ESRF has
applied for specific Framework Programme 7 funds to
catalyse the Upgrade preparation and initiation and to
help study optimisation of the ESRF organisation for
the future. The application was very well received and
at this time contract negotiations are being finalised.

Training, education and
dissemination

The ESRF contributes significantly to the education of
young researchers in their use of large research
infrastructures. In contrast to most other large-scale
facilities in Europe, the ESRF users come from almost
all scientific areas, conferring a special role on the
ESRF in terms of the training of researchers. Young
scientists, PhD students and post doctoral fellows
comprise more than half of the 6000 user visits to the
ESRF each year to perform experiments, thereby
learning to work in an international environment and
to appreciate the opportunities a large facility has to
offer. Many PhD students have obtained their degree
based on research performed at the ESRF, not only
those supported by the thirty existing ESRF PhD
studentships, but also a large number of students from
universities and research centres are working at the
ESRF. The trainee programme enables many students to
spend to up to one year working at the ESRF. It should
also be noted that only around one third of the ESRF
scientific staff (scientists and post doctoral fellows)
hold permanent positions. As a result of this
recruitment policy, the ESRF has trained many of the
scientists now working at other synchrotron facilities.

Every year more than ten workshops or schools are
organised by and held at the ESRF, attracting young
researchers to learn more about synchrotron science
and ensuring effective paths for knowledge transfer.
A major contribution is made by the ESRF to the
HERCULES course (Higher European Research
Course for Users of Large Experimental Systems): more
than 1100 young scientists from all over Europe have
been trained. During the last two years HERCULES
was extended with one week HERCULES Specialised
Courses, providing in-depth training on specific topics.
These courses organised at the ESRF are recognised by
many European Universities as a preparation for a PhD.

Being visible in the public eye is also important. The
ESRF is active in participating in, and co-organising,
events such as the Euroscience Open Forum, Science
on Stage (in cooperation with its EIROforum partners),
the Fête de la Science, open days and site visits for the
public. As part of the international ESRF-ILL-EMBL
site development scheme (not part of the Upgrade), a
well equipped visitor and exhibition centre is planned.

This will enable the public (including school children,
tomorrow’s citizens) to explore the use of synchrotron
light and neutrons in science.

The Upgrade Programme will keep the ESRF at the
scientific forefront, ensure that the ESRF maintains its
attraction for young scientists, and continue to
contribute to the training in and dissemination of
cutting edge synchrotron radiation based research.

Links with industry

The ESRF is accessible to industrial research teams and
is involved in many fruitful partnerships with industry.
Industry can use ESRF beamlines through the peer-
review system for projects of scientific excellence with
the obligation to publish results. Currently between
20 and 25% of the peer-reviewed experiments have a
direct impact on applied research and industrial needs.
Attracted by the high performance of the beamlines,
the reliability of the source, the outstanding and
customised service provided, and the possibility to
exploit commercially the results obtained, industry is
increasingly accessing the ESRF for proprietary
research. In this case there is no requirement to publish
the results, though industry does have to pay for the
beam time. The income generated is used to improve
the performance of the beamlines to the benefit of
both academic and industrial users. The Upgrade
Programme will enhance the unique facilities offered
by the ESRF, helping to keep a competitive edge for
European industry.  

A substantial part of the ESRF’s industrial activity
comes from pharmaceutical companies that use the
macromolecular crystallography beamlines for drug
design. Other beamlines are used to carry out
experiments for cosmetics, food products, plastics,
papermaking, environment, chemistry, construction,
metallurgy or other areas such as microelectronics.
More and more techniques are being requested, such as
powder diffraction, microdiffraction, EXAFS for studies
on catalysis for the automotive industry, and
microtomography.

The ESRF is engaged in other kinds of cooperation and
partnerships with industry. This includes collaborative
contracts for the design and manufacturing of
prototypes of innovative equipment, projects within
the Framework Programmes of the European Union
where both academic and industrial groups are
involved, and in co-financing of students or post-
doctoral fellows. Industry’s interest in the developments
made at the ESRF has stimulated the implementation of
a more pro-active policy on technology and knowledge
transfer, through licensing to industrial partners. With
the new developments achieved as part of the Upgrade
Programme, technology transfer by the ESRF will
increase over the next years. 
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PART 1 - SCIENCE AT THE ESRF





Part 1 of the ESRF Science and Technology
Programme 2008-2017 is the backbone of the ESRF
Upgrade Programme. It presents the results of the
discussions and work formally started in 2003,
which was then referred to as the ESRF Long-Term
Strategy. As part of this work, discussions were held
with the ESRF Community as a whole, the Users
Community, the different ESRF committees and
counselling bodies, as well as researchers from
other synchrotrons, to identify new science and
techniques and combinations thereof that would
lead to new challenging experiments over the next
ten to twenty years. The ideas produced were
summarised in the paper “New Scientific
Opportunities at the European Synchrotron
Radiation Facility”, which was presented to the
ESRF Council in June 2006 and received with
enthusiasm.

Five scientific themes were identified as the core
programmes that should drive the science
performed at the ESRF by its users over the
following decade: 
• Nanoscience and Nanotechnology
• Structural and Functional Biology and Soft Matter 
• Pump-and-Probe Experiments and Time-Resolved Science
• Science at Extreme Conditions
• X-ray Imaging 

The chapters of Part 1 are written in the spirit of
these five areas. They unite the present and
medium-term scientific goals with the foreseeable
scientific challenges of the future and aim to satisfy
the scientific and technical expectations of the
ESRF Users’ Community for the next ten to twenty
years. 

The new science is dependent on evolving the
existing beamlines into a portfolio of new
beamlines, enhancing the accelerator and source
complex and creating new scientific infrastructure.
Of particular importance are new instrumentation
(optics, sample environment and positioning,
detectors, data retrieval, storage and analysis), the
extension of the experimental hall, ancillary
laboratories, and scientific partnerships. In this
context, operational issues such as safety,

administration and personnel matters will need to
be addressed. In other words, the scientific case is
the foundation of the ESRF Upgrade Programme
presented in this book. 

The new science presented in this part is based on
ideas of how the existing beamlines could evolve.
These ideas are collected in the Conceptual Design
Reports (CDRs) of both completely new and
upgraded beamlines, presented in full detail in
Volume 2. It should be noted that, despite the high
degree of detail of the CDRs, they have not been
finalised. The proposed CDRs have been developed
over the past year by ESRF scientists with some
input from the Users’ Community. Validating these
still requires a careful and thorough refinement that
fully involves the interested users, who are an
inherent part of the general ESRF scientific
programme. As such, they stimulate the necessary
subsequent discussion before they can be
implemented. At present, the CDRs total more than
forty beamlines and experimental stations whilst, as
mentioned in the Introduction, the number of ESRF
public beamlines should remain more or less the
same. The number of CDRs therefore needs to be
reduced. A very similar strategy was successfully
used in the ESRF Foundation Phase Report (Red
Book) to identify the beamline programme, which
then evolved into the present thirty-one ESRF
public beamlines.

Part 1 comprises five chapters. Each chapter is
introduced by an extended abstract that summarises
specific scientific challenges and links it to other
aspects of the Upgrade Programme. In particular,
it refers to its dependence on technical and
engineering programmes such as building and
infrastructure, accelerator and source, beamline
instrumentation and computing. Relationships to
industry and existing and new Partnerships,
including possible funding from the European
Commission, are pointed out. References to the
relevant CDRs are also given in each section. The
science described in Part 1 is complemented by
Part 2 which describes the corresponding
technology and engineering challenges. The
infrastructure necessary to enable the Upgrade
science is described in Part 3.

Overview to PART 1

Science at the ESRF
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The first scientific area refers to “Nanoscience and
Nanotechnology”. The highly important role that
synchrotron radiation science will play at the
nanometre scale is mainly detailed in chapter 1.1.
It should be noted, however that this scientific
theme is present, to different extents, in all chapters
of Part 1. The new science arises from the great
challenge in understanding how matter works when
considering ensembles composed of a few 103 to
109 atoms. Different and increasingly important
scientific issues range from “simple” cases, whereby
these atoms are all equal or belong to a few species,
to the extreme complexity of situations where these
ensembles contain atoms of many different kinds in
non-equivalent positions or chemical states. Aspects
of nanoobject confinement on surfaces, the
changing ratio between “volume” and “surface”
atoms in particles of 10 to 100 nm sizes, their
hierarchical organisations and behaviour under
specific conditions make nanosciences of great
relevance in many different scientific areas. In all
these cases, advanced techniques are required to
analyse and understand how a specific “nanoworld”
works when the sizes are too small to use visible
optical methods. Consequently, nanoscience is also
present: i) in chapter 1.2 dedicated to biology and
soft matter, ii) in chapter 1.3 dedicated to chemical,
physical and engineering properties of materials,
iii) in chapter 1.4 dedicated to dynamics and
correlation effects in materials at their constituting
level, i.e. at the bonding among valence electrons
and fundamental magnetic properties, and iv) in
chapter 1.5, investigating the potential of
synchrotron radiation science in new areas of
applications including medicine, palaeontology,
environmental science and human heritage studies.
Science at the nanometre scale depends crucially
upon the development of even more advanced
engineering and technology to study smaller and
smaller objects as described in chapters 2.1 and 2.2.

The second scientific area “Structural and Functional
Biology and Soft Matter” is presented in chapter 1.2.
The benefits of tightly focused beams, scientific
infrastructure, and stable and highly performing
sample environments and positioning have already
become apparent due to recent revolutionary
approaches in these disciplines. The possibility of
rapidly screening many small samples, the
development of highly sophisticated sample
environments such as micro- and nanofluidics and
optical tweezing techniques, will allow extremely
complex systems to be analysed. These experiments
will produce enormous amounts of data and require
very advanced data analysis, storage and handling
capabilities. Scientific challenges include, for
example, the basic mechanism of molecular
machines and cellular reproduction, as well as the

complex architectures of advanced forms of
organisation in soft matter materials. The support in
theoretical modelling of these processes is going to
be of critical importance. In this context, a serious
reflection must start very soon on whether the joint
ESRF-ILL theory group should focus more on
theory and modelling in soft matter problems.

The “Pump-and-Probe Experiments and Time-Resolved
Science” scientific area is described in chapters 1.3
and 1.4. The increasing interest in time-resolved
phenomena is underpinned by the scientific case of
new large accelerator complexes such as X-ray free
electron lasers (XFEL) and energy recovery linacs
(ERL), whereby the study of materials with time
resolutions able to record (film) the movement of
clusters of atoms, single atoms and even electrons
could become possible. Some of this work has been
pioneered at third-generation sources and in
particular at the ESRF, and will continue to grow in
the coming years as a test bed for the science to be
developed at these new accelerators over the next
decades. Some work, however, will be very specific
to third-generation sources (for example, whenever
the high degree of wavelength tunability in X-ray
spectroscopy is necessary and when work is carried
out in the frequency domain). The ESRF also
expects to remain more effective than XFEL sources
when using a time resolution longer than 100 ps.
The technological developments required by pump-
and-probe and time-resolved science are presented
in chapter 2.3.

A very attractive aspect of synchrotron radiation is
the capability to study minute quantities of matter.
This is the case under extreme thermodynamic
conditions of pressure, temperature and magnetic
field, which can be maintained only in a very small
volume or over a short time. An ambitious
programme called “Science at Extreme Conditions” will
extend the ranges of pressure, temperature and
magnetic field. Such sample environments are
necessary for: i) materials science and chemistry
ranging from fusion as a new source of energy to
Earth and planetary science, cosmology, and the
synthesis of (new) materials under very high
temperature and pressure (chapter 1.3), ii)
fundamental physics of materials under high
pressure, temperature and magnetic field and the
combination of these parameters at the extreme
values (chapter 1.4), and iii) environmental science
under extreme and harsh conditions (chapter 1.5).
The ESRF theory group will have an important role
to play in this, to stimulate and suggest ideas of
experiments addressing the most challenging open
problems in today’s solid-state physics. The
availability of extreme conditions depends upon
developments in highly specialised sample
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environments, which are described in chapter 2.4.
Also proposed in chapter 2.4 is a facility to produce
very high magnetic fields on samples on X-ray
beamlines, under both pulsed and continuous (DC)
conditions. This facility would be unique
worldwide, and enable the study of both magnetic
and geometric structural properties with atomic
resolution of materials under fields up to 30 T in
DC mode and 50 T in pulsed mode.

Similarly to the highlight area of science on the
nanometre scale, the broad technique-oriented area
of “X-ray Imaging” is present throughout this part.
All of the aspects addressed and subsequently
developed are intimately related to the shape and
size of the X-ray beams, and in the way the X-rays
are detected. New X-ray imaging capabilities
present very attractive and innovative applications
of synchrotron radiation in areas such as medicine,
environmental science, palaeontology, human
artefacts, archaeology, etc. This is due to the
capability of X-rays to probe both small and large
samples and to access chemical and magnetic
properties, often in a non-destructive manner.
These appealing and fascinating possibilities, for
which the ESRF is already conducting important
pioneering projects, are presented in chapter 1.5.
As mentioned above, the technological aspects are
elaborated in Part 2. 

The combined chapters of Part 1 give an overview
of the exciting science that the Upgrade will
enable. These scientific areas address the most
relevant aspects of today’s scientific challenges to
enable tomorrow’s everyday technologies:
Nanoscience for its impact in large data processing,
storage and communication; Condensed-matter
physics and chemistry, especially at its extreme
conditions, for its impact on new energy
programmes and transportation strategies; Biology
and soft matter, for their relevance in new medical
insights and health issues, as well as for the
development of new “intelligent” materials; And
finally, X-ray imaging, for its numerous
applications, amongst which, an understanding of
our environment and improving pollution issues,
and contributing to a better insight of the past of
our planet to better address the future of our
society. The Upgrade Programme will not only
benefit the ESRF and its users, but its strong
collaborative aspect with other light sources,
academic institutes and industrial partners will
mean that new science and its related technical
developments will be promoted even further.



Science context

The characterisation of samples at the nanometre
scale will play a central role in both fundamental
and applied sciences in the near future. New
challenges can be expected as part of the
developments within this field. Synchrotron-based
X-ray techniques (diffraction and scattering,
imaging and spectromicroscopies) are pivotal to
nanometre-scale science.

The nanosciences offer great potential to create
new materials with tailored properties that
strongly depend on the specific hierarchy of
chemical or physical components, organised at
different length scales. The function and
behaviour of these new materials can therefore
only be understood if their microscopic structure
and dynamics over all length scales down to the
molecular and atomic levels are also known. New
and specialised X-ray analytical instruments are
needed for the study of these materials. Their
characteristics will need to be enhanced towards
ultra-high spatial resolution, high sensitivity and
more precise 3D information, which ultimately
can be developed to include time resolution and
chemical selectivity.

Based upon the ten years of experience of the
ESRF with microbeams, the area of “nanoscience
and nanotechnology” is one of the five pertinent
broad scientific themes that make up the
foundations of the Upgrade Programme.

Added value of the Upgrade

Future developments in nanoscience activities
require specific problems to be addressed. This
part of the Programme will be based upon three
key components:
• Development of several long nanofocus
beamlines enabling hard X-ray nanoprobes
(50 to 20 nm beam size) and in situ experiments.
• Advancing innovative X-ray-based
methodologies with special emphasis on imaging
techniques and their combination with X-ray
scattering and spectroscopic techniques and use of
X-ray beam coherence.
• Furthering expertise in sample handling,
visualisation and off-line characterisation

techniques. The development of ancillary
infrastructure and associated specialised
laboratories shared between the different
beamlines will form an important element of this
project.

This ambitious programme on science at the
nanometre scale will be carried out by thoroughly
coordinating both its technical and scientific
aspects. This will be essential in developing
effective and productive science-driven
collaborations around specific scientific projects,
which involve expert teams. This part of the
Upgrade Programme will be one of the main
driving forces towards new strategic developments
in beamline instrumentation and managing
nanoscale samples. Its success will provide unique
instrumental, methodological, and scientific
opportunities for the development of nanoscience
in its fundamental physics aspects which will impact
biology, medicine and materials sciences. Some
aspects of other important scientific areas such as
environmental sciences, and earth and planetary
sciences will also benefit from this programme.

Key questions

Highly automated X-ray based synchrotron
nanoprobes can provide the unparalleled
multilevel information necessary to explore new
nanoscience domains and to answer a broad range
of high impact scientific questions such as:

1. What are the driving phenomena behind
pollution processes involving nano-particles (e.g.
global dimming, ash particles, colloid transport)?
2. How can electro-migration be minimised in the
manufacture of microelectronic components?
3. What are the roles of trace metals in
neurodegenerative diseases?
4. How do extremophile bacteria adapt metabolic
processes to their environments?
5. How do quantum dots behave under strain?

The new X-ray nanoprobes of the Upgrade
Programme will help scientists to understand and
find answers to problems such as those listed
above by providing unique information on 3D
location, quantification and chemical state of trace
elements at unprecedented sensitivity and spatial

1.1. Science at the nanometre scale
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resolution, and, ultimately time dependence.
Furthermore, hard X-rays enable specific sample
environments so that real systems in their near
native environments can be studied.

Expected user communities 

Science at the nanoscale, through its very nature,
addresses scientific questions over a broad range
of disciplines. These disciplines are linked to
topics covered by other chapters of this report.
The ESRF nanoscience programme will have a
major impact in nanotechnologies by providing
innovative and unique analytical tools. Scientists
and engineers working on new challenging
projects in microelectronics, medicine and
environmental sciences are specifically targeted.
Furthermore, the Upgrade Programme will also
enhance visibility for the ESRF in European
nanoscience activities and foster a strong proactive
role in attracting new expert partners, who are not
normally users of synchrotron light.

Enabling technology and infrastructure

The success of nanoscience at the ESRF is
dependent upon a strong programme of enabling
technologies that puts its emphasis on small beam
production and stability. 
• Buildings and infrastructure: A major part of the
programme involves constructing long nanoprobe
beamlines into the extended experimental hall (see
chapter 3.2). The technical implications of this are
substantial for low vibration and thermally stable
environments. The building and infrastructure
programme involves the creation of a dedicated
space for a Technical Platform for Nanoanalysis.
• Accelerator and source: The increased photon flux
and brilliance will be of benefit to this scientific
area.
• Beamlines and instrumentation: These technologies
impose specific stringent infrastructure issues
related to new long beamlines (e.g. mechanical and
thermal stability) and nanofocusing X-ray optics
with a highly stable nanofocus beam pinned on
the sample and with high sensitivity detectors.
Development of sample environments for
nanoscale samples is essential (e.g. proper
management of radiation damage induced by
nanobeams will be a key issue of this programme).
• Computing: The programme will be particularly
demanding as far as data storage capacity and
sophisticated beamline control are concerned.

Partnerships

Nanotechnology and nanoscience are already
promoted through several networks and
partnerships. The ESRF is planning to develop a
Technical  Platform for Nanoanalysis which will
contribute to an improved synergy between the
nanoscience user community and synchrotron
scientists.

Industry and technology transfer

Developments at the ESRF will greatly benefit
European industry, especially through partnerships
enabling new technology.
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1.1.1. Introduction 

X-rays are routinely used for the non-destructive
characterisation of materials at the macroscopic,
mesoscopic, and atomic levels. A significant part of
the ESRF Science and Technology Programme 2008-
2017 therefore puts forward science cases dealing
with the nanoscale and several chapters give examples
of nanoscience in differing situations. This chapter is
more specific and concentrates on the dramatic
evolution of synchrotron-based instruments in terms
of spatial resolution and detection limits. Indeed, the
performance envisaged for the new nanoprobe
beamlines, as proposed within the framework of the
Upgrade Programme, will make possible new ways of
characterising material at the nanoscale. Nanoscale is
a new term used to describe scale, whereby the
properties of materials depend on size and shape, as
well as composition, and differ significantly from the
same properties in the bulk. Particular attention will
increasingly be placed on understanding how a
material behaves from the atomic/nanometre level via
microstructure to macrostructure levels using
advanced analytical techniques and computer
modelling. It is hoped to improve both conventional
bulk materials, such as steel or wood, and new
functional materials for increasingly smaller, smarter
devices, in the fields of microelectronics and
nanomedicine to give two examples. Analysing
samples on the nanometre scale will therefore be
crucial for both fundamental and applied sciences (for
more background see an overview in the “European
White Book on Fundamental Research in Materials
Science”, 2005).

Using nanoscience to create materials with specific
chemical and physical hierarchies in order to achieve
tailored properties is a concept that has been widely
recognised. It is important to assess these systems as a
whole, as their structural, dynamic, electronic and
magnetic properties will be closely related. Measuring
some of these properties using techniques such as
high resolution transmission electron microscopy,
scanning probe microscopy and various kinds of
spectroscopic methods has become routine but
limitations of these are, nonetheless, apparent. In this
case, synchrotron-based X-ray analytical techniques,
such as diffraction, scattering, imaging, and
spectromicroscopies, play a major role in
complementing existing tools. Routine focal spot sizes
of about 50 nm (or even smaller) will allow
conventional X-ray-based techniques to be used in
combination with local probing. Furthermore, the
physical penetration of hard X-rays enables specific
sample environments to be developed in order to
study realistic systems in their near-native
environment rather than making use of model
systems. A unique and key feature of hard X-rays
remains their ability to provide data in situ in
environmental chambers such as high or low

temperature, high pressure, or wet cells. The Upgrade
Programme will, indeed, make it possible to put these
methods fully into practice. The production of hard
X-ray nanobeams is not possible without a significant
amount of technical development being carried out.
The development of long beamlines will, for the first
time, allow the source size (in both directions) to be
fully exploited, whilst keeping the working distance
large enough to accommodate innovative in situ
experiments (see chapter 2.2). 

When using a single focusing element, the size of the
focal spot is limited by the demagnification of the
source size, and the diffraction limit (see
Figure 1.1.1). In theory, a small beam could also be
produced using a more complicated optical
arrangement on a shorter beamline. In practice,
however, the number of X-ray optical components
should be restrained whenever possible in order to
minimise beam degradation from sources such as
mirror slope errors, absorption in refractive elements,
and thermal and vibrational stability (see chapters 2.1
and 2.2). It should be noted that no single class of
focusing optics is expected to be universally
applicable and the demand for improved diffractive,
refractive, reflective, and beam-concentrating optics
will continue to develop (see chapter 2.1). Hard and
soft X-ray focusing optics are now reaching almost
similar level of performances with focused beam sizes
below 20 nm. However, these remarkable
achievements remain at the demonstration stage and
are still far from routine. Besides they have to be fully
integrated into stable and reliable X-ray microscopes.
Such implementations will require not only
outstanding quality optics, but also ultimate control
of all experimental and environmental parameters (e.g.
temperature, vibration). It is worth noting that, in

Figure 1.1.1: Optical demagnification: Assuming perfect
imaging, the size of the focal spot, s, is given by the size of
the source, ∑, multiplied by the distance from the focusing
element to the focal spot, q, and divided by the distance

from the source to the focusing element, p. The minimum
spot size is limited by the geometrical demagnification,

sG = ∑ x q/p and the diffraction limit, sDL = 1.22 λ/sin α.
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many cases, the probe dimensions (particularly in the
horizontal direction) are no longer limited by the
focusing device performance but rather by the
geometrical laws of optics, i.e., the source size, the
source-to-optics and optics-to-sample distances. For
higher X-ray energies, this situation is aggravated
when the optical devices display chromatic focusing
behaviour since the increase of the focal length with
decreasing X-ray wavelength tends to lower the
demagnification of the source image. The
construction of long beamlines exceeding 100 m will
offer not only the possibility to produce small probes
but also to obtain longer working distances, providing
more space for specific sample environment. A
disadvantage of this scheme is the flux loss due to
limited aperture of the focusing optics.

Over the coming years, competition will become
fierce as far as the worldwide simultaneous
development of laboratory instruments and dedicated
synchrotron beamlines is concerned. In this light, a
synergic development of synchrotron-based analytical
techniques will allow a unique ensemble of
capabilities to be offered for the study of complex
systems. This chapter covers three specific topics:
surface and interfaces, soft condensed matter and
biology, and hard materials. This division helps to
distinguish between developments in different fields,
but there is an obvious overlap of this chapter with
other science chapters.

The programme on science at the nanometre scale
will be put into place in such a way as to ensure that
both technical and scientific projects are coordinated
correctly. This, in turn, creates the essential
foundations needed to develop specific scientific
projects involving expert teams. This part of the
Upgrade Programme will be one of the major driving
forces for source, X-ray optic, X-ray detector and
beamline engineering developments (Figure 1.1.2).
At the same time, the development of ancillary
infrastructure and associated specialised laboratories
shared between the different beamlines will constitute
an important element of this project, with the
development of advanced expertise in sample
handling, visualisation and off-line characterisation
techniques. 

The new infrastructure envisaged as part of the
Upgrade Programme will allow a Technical Platform
for Nanoanalysis to be created and related scientific
areas to be developed. This is a unique opportunity
for the ESRF. The latter has pioneered most hard
X-ray imaging techniques. The potential of
combining diffraction-based techniques and real space
imaging methods will be crucial to future
enhancement of its experiments. Coherent diffraction
imaging is, for example, one of the areas in which the
ESRF has to develop new expertise. The long-
standing experience of the ESRF in developing

instruments with micrometre or sub-micrometre
lateral resolution will serve as a useful base in
developing these new programmes. These constitute a
valuable opportunity for the ESRF to become a
federating partner in various fields of nanoscience. 

1.1.2. Single objects at surfaces and
interfaces 

Unique structural, chemical, and electronic properties
are a result of the reduced dimensionality of surfaces
and interfaces. The increasing size of the unit cells
now forthcoming requires increasingly large data sets,
whilst limiting the measurement time needed to
prevent decay. However, surface science has
expanded into areas which were usually considered as
being too “dirty” to be associated with this discipline,
such as heterogeneous catalysis, solid/liquid interfaces
and friction, electrochemical plating, corrosion,
batteries and fuel cells, soft condensed matter and
biology. High penetration power and/or high
momentum resolution of X-rays permits the study of
surfaces/interfaces under real conditions and on a
wide range of length scales. Higher brilliance, smaller
beams, and vastly better detectors are needed to limit
differences between the analysis of structure and
properties on the atomic, nano, and mesoscopic
scales, and to better exploit the time domain. The
enhanced performances of both the ESRF source and
beamlines will foster further developments of
techniques such as coherent diffraction imaging, hard
X-ray photoemission spectroscopy and microscopy,
and photon correlation spectroscopy. This will allow
the structural, chemical, and electronic properties of

Figure 1.1.2: Synchrotron radiation-based microanalytical
techniques provide multi-scale information which will be

pushed even further with the development of nanoprobes.
Progress in performance implies a significant research and
development programme in the fields of X-ray source and

optics, detectors and data processing. The integration of the
relevant instrument into a coordinated interdisciplinary
framework is one of the fundamental aspects of the

Upgrade Programme.
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surfaces and interfaces on a range of length scales to
be thoroughly characterised.

Microelectronic devices

Microelectronic devices have entered the nanoregime.
Complementary metal oxide semiconductor
technology (CMOS) will show 20 nm feature sizes by
2011 with crystalline and amorphous functional parts
and nanometre-sized quantum dots already contained
in optoelectronic devices. The electronics industry
needs proper analytical tools for diagnostics and for
its own further development. The increasing surface-
to-volume ratio with shrinking device sizes means
that the properties of a multitude of interfaces have
become increasingly important and can dominate
device performance. At the ESRF, the proposed
nanobeam projects have been designed with this in
mind. Coherent diffraction imaging (CDI) can assess
the shape, size, strain and composition of individual
nanostructures. However, it is worth noting that for
CDI to develop from one of the most exciting
emerging X-ray imaging techniques explored today, it
will require substantial instrumental (highly coherent,
bright and stable beamlines) and theoretical
developments (model reconstruction) to reach
maturity. Although ESRF is in the forefront for most
of the X-ray imaging techniques, we are still far
behind the other sources active in CDI. There is no
doubt that the Upgrade Programme, in many aspects
(source, beamline, detectors) will offer a key
opportunity to boost the development of this method.

The EXAFS, XRD, and SAXS techniques can
determine structure and microstructure, and AXRD,
ASAXS, XFS and HAXPES can probe elemental
composition (Figure 1.1.3). XFS offers a larger
probing depth (>>20 nm) and HXPS, with its high
energy resolution (100 meV at 10 keV), can reveal
specific chemical environments in the bulk and at
interfaces with probing depths of about 20 nm
(Zegenhagen et al., 2005). X-ray photoelectron
spectroscopy will strongly benefit from the increased
brilliance of the machine, allowing energy resolution
far below 100 meV, whilst delivering adequate flux in
the hard X-ray range.

Furthermore, the recent trend for optoelectronic
devices to go towards nanotechnology will mean that
new optical analysis tools will be required with site
selectivity at the atomic level. Structural defects at the
nanoscale, such as local lattice distortions, point
defects and dopant positions, determine the quantum
confinement effects, electronic state fluctuations and,
consequently, the optical efficiency. These properties
have, up until now, been studied separately by various
analytical methods. However, in order to completely
understand the quantum effects, it is necessary to
study the physical relationship between local atomic
coordination and the related electronic properties.
There are currently no analytical tools allowing both
types of information at the nanoscale to be accessed
at the same time.

The combined use of X-ray excited optical
luminescence (XEOL) and an X-ray nanobeam to
probe the site selectivity of optical centres is an
approach that could have considerable potential.
The site selectivity is based on inner shell excitations
(X-ray absorption spectroscopy) and detection of the
induced recombination of electron-hole pairs (XEOL)
(Zhang et al., 2002). The feasibility of this approach
has already been demonstrated (Martinez-Criado et
al., 2006), although it is currently limited by the
lateral resolution of the X-ray probe. The migration
of this XEOL spectrometer to a new nanoprobe
beamline will enable the properties of single quantum
structures to be accessed and provide unique
information on non-linear phenomena, emitting
processes and the role of excitons and polaritons on
the optical properties of the emitting channels.
Ultimately, XEOL 2D maps can be reordered
together using elemental maps to correlate light
emission with composition.

Hetero-epitaxial growth

Hetero-epitaxial growth is an important modern
means of creating metastable materials with specific
properties, which do not exist in their bulk forms.
However, if the symmetry and the unit cell size of
substrate and epilayer do not match, the films will

Figure 1.1.3: CMOS field effect transistor structures
currently have lateral dimensions of down to 45 nm with

layer thicknesses of several nanometres. The whole depth of
layer structure can be accessed by hard X-ray photoelectron
spectroscopy (HAXPES). The interfacial oxide of the metal
gate can be identified using photoelectron kinetic energies
>10 keV, which exhibit a probing depth of >10 nm. The

ESRF Upgrade will satisfy the requirements of industry and
fundamental research to analyse and study key structures

like these on the nanoscale.
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grow most often in domains or by the formation of 3D
islands (Stranski-Krastanov growth). This strain-
driven, self-organised growth mode shows promise in
its fabrication of structures, whose size, up until now,
has not been able to be reached using other (mostly
lithographic) techniques. The corresponding quantum
confinement effects that can be exploited in new
devices depend on structural properties such as
morphology, strain and composition of the structures.
Epitaxial films can have superior properties in
comparison to their bulk counterparts such as
extremely high critical currents in the case of
superconductors. Nowadays, in determining the
structural properties of these films and their interfaces,
the ensemble average is sampled. TEM could be used
but necessitates destruction of the sample. With a
sufficiently small X-ray beam size, it will become
possible to determine the anisotropic properties of an
individual nanostructure, e.g. by CDI, XPS (HXPM),
SEXAFS, or XPEEM (possibly in combination with
XSW, Figure 1.1.4) (Yasufuku et al., 2006).

CDI provides a non-destructive 3D X-ray diffraction
microscopic tool. The ultimate resolution is set
uniquely by the X-ray wavelength in order to address
some important issues in quantum dot semiconductor
materials, e.g. imaging the morphology of dots,
internal strain, imaging thin interfacial layers at the
substrate/quantum dot interface, and locating defects
in the nanostructures. The phase problem in X-ray
scattering can be solved by phase-retrieval techniques
based on over-sampling and the structural information
can therefore be obtained without the assumption
(and possible bias) of models.

The CDI approach, both in the forward scattering
direction (Figure 1.1.5) and at lattice Bragg angles
(Figure 1.1.6), opens the door for the non-destructive
and quantitative 3D imaging of a wide range of
individual nanostructures. The ESRF Upgrade
Programme is expected to increase the ESRF
brightness and further development of CDI. This will

open up new possibilities for the 3D imaging of
crystalline and non-crystalline materials, as well as
disordered solids at nanometre-scale resolution.

Low dimensional magnetic systems at surfaces

The study of nanodots, wires and low dimensional
systems can be seen as challenging both at present
and for the foreseeable future. In chapter 1.4,
nanomagnetism is explored by studying the ensemble

Figure 1.1.4: Nucleation of the 90 K
superconductor YBa2Cu3O7 on SrTiO3 (001):
a) STM image of nanometre-size islands; b)

model-independent XSW/HXPS image of the
internal atomic structure (Lee et al., 2006);
c) resulting structure. Using X-ray standing

waves in combination with HAXPES reveals the
structure of the nuclei.

Figure 1.1.5: Forward scattering direction CDI. Ge truncated
pyramids on Si, with a base length of 200 nm, are

illuminated under grazing incidence and exit angle with
coherent X-rays (ID01). The resulting coherent GISAXS
pattern shows streaks of intensity perpendicular to the

pyramids’ facets. The fringes reflect the coherent character
of the scattering process. Due to sufficient over-sampling of

the pattern, phase retrieval can be used to reconstruct a
model-free image of the pyramids. The development of this
technique necessitates a coherent stable beam and will allow

lensless, 3D imaging of arbitrary objects with
nanometre dimensions.
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average of nanoparticles. These are often prepared on
surfaces to better control the objects to be studied.
Specialised infrastructure is required to prepare such
objects on surfaces, but X-rays make it possible to
study their magnetic and dynamic properties in
reduced dimensions with unprecedented sensitivity. A
step beyond this means studying individual magnetic
nanostructures at surfaces. This is only possible if
nanosized beams with isolated nano-objects can be
produced. This challenge requires not only state-of-
the-art photon beams but also the requisite
nanosample preparation and characterisation tools.
Figure 1.1.7 shows a scanning tunnelling microscope
(STM) image of nanoscale CoPt bimetallic islands on
a platinum surface. Using an X-ray nanobeam, a single
object can be studied and analysed, by utilising the
unique element specificity of X-ray absorption

spectroscopy, which is not possible by other means.
For example, the magnetic properties of the cobalt
perimeter atoms could be studied separately from
those of the core atoms. These experiments can be
seen as challenging as they not only need small
beams, but a complex sample environment with low
temperatures and high magnetic fields.

Nanobeams, combined with isotope sensitivity, are a
unique way of probing dynamics and electronic and
magnetic properties on atomic length scales.
Visualisation of spin states in thin films, atomic layer
by atomic layer, is currently feasible (see section 1.4.2).
However, fast pixel detectors (see chapter 2.5) and
pulsed magnetic fields (see chapter 2.4) are mandatory
in order to access spin-dynamics down to the
nanosecond scale. Both are envisaged within the
framework of the Upgrade Programme. On the
nanoscale, objects may have unusual dynamic
behaviour: phonon folding, phonon softening and
phonon lifetime will need to be accounted for. In a
first feasibility study, the question of surface phonons
was addressed: are the dynamics of surfaces different
from the bulk? And how “thick” is a surface? Thin iron
films have been prepared from the isotope 56Fe which
is not Mössbauer-active. One monolayer of the
Mössbauer-active 57Fe isotope was then successively
incorporated at the surface and in deeper layers. This
altered neither the chemical nor the structural
properties. Nuclear inelastic scattering results show
unambiguously that the phonons at the surface behave
quite differently from phonons in the second layer,
which resemble nearly bulk-like behaviour.

Figure 1.1.6: CDI at Bragg angles. Coherent diffraction
pattern from a 1 µm gold crystal measured close to the

centre of a (111) Bragg peak. By rocking the sample
through the Bragg peak and recording slices through the
3D coherent diffraction pattern, a 3D real space image of
the crystal is obtained from phase retrieval algorithms and
reconstruction (ID01). No model assumptions are needed

and the strain distribution in this free-standing crystallite is
obtained. In the future, the challenge will be to determine

without a priori model, the strain and composition in
individual quantum dots coherently strained during growth

due to the lattice mismatch with the substrate. A highly
stable sub-micrometre X-ray beam will be necessary in

combination with coherent flux.

Figure 1.1.7: Tailoring magnetic properties in bimetallic
islands: A 3D view of an STM image of one-monolayer-high
islands with a platinum core (grey) and an approximately
three-atom-wide cobalt shell (yellow). Understanding the
different contributions to the magnetic properties coming

from perimeter and core atoms is important for tailoring the
magnetic properties of materials (Rusponi et al., 2003). The
small beams and complex sample environments enabled by

the Upgrade Programme will allow the properties of the
cobalt shell atoms to be studied.
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Furthermore, the density of phonon states is different
in two orthogonal directions, such as [110] and [001]
at the surface (Figure 1.1.8) (Slezak et al., 2007). This
is in line with simultaneous investigations by nuclear
forward scattering, which probe the electronic and
magnetic properties with the same sensitivity. A
specialised infrastructure is needed to prepare such
objects. It could then be envisaged to study individual

nanostructures at surfaces, interfaces, and in buried
layers. This will require nanosized beams to be
produced in combination with isolated nano-objects.
This is challenging as it requires not only state-of-the-
art photon beams but nanosample preparation and
characterisation tools. Both this environment and
nanobeams will become available within the
framework of the Upgrade Programme. A Partnership
for Surface Science would enable in-house and
external expertise to be combined and the necessary
resources to be optimised.

Surface dynamics

Understanding processes based on nanoclusters
requires detailed information on the laws governing
the dynamics of these systems. Nowadays, surface
techniques based on synchrotron radiation provide
important information on the time evolution of
macroscopic properties, such as average dimensions,

Figure 1.1.9: Left: A 6 nm thick nickel film on amorphous silicon oxide. After de-wetting at about 500°C, a coalescence of large
nickel clusters is observed. Right: Time autocorrelation function of 10 nm nickel particles (data courtesy of C. Boragno and R.
Felici, unpublished results). The combination of time-dependent surface small-angle scattering measurements together with

photo correlation measurements allows the study of macroscopic and microscopic time-dependent phenomena such as those
involving auto aggregation of metal particles. These phenomena are of fundamental importance in a variety of catalytic reactions.

Figure 1.1.8: Experimental phonon density of states for the surface
(S), subsurface (S-1) and deep single atomic (D) layers near the
Fe(110) surface projected to [110] and also to [001] for S. Insets
show NRS time spectra, giving access to electronic and magnetic
properties, measured with the beam along [110], i.e. parallel to the
magnetisation. Dashed lines show α-57Fe foil results (all data are
from room temperature measurements). The Upgrade Programme
will provide extended in situ preparation and characterisation tools
that will allow the study of more sophisticated and pertinent
structures. Furthermore, the combination of the isotopic probe-
layer technique with the anticipated nanometric focusing
capabilities, not only for depth but also for lateral mapping, will
become accessible allowing the study of single nanoscale objects.
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correlation lengths or shape, in situ during the
formation or the reaction. Coherent beams are still
poorly used in these studies because of the lack of
coherent beam intensity. X-ray photocorrelation
spectroscopy (XPCS) has already been employed to
provide information on the dynamics of liquid
surfaces (Madsen et al., 2004) and it can create new
opportunities for elucidating the dynamic properties
of nanoclusters at surfaces, including their diffusion
properties (Figure 1.1.9). This is important for
understanding the coalescence of the clusters,
resulting in the formation of particles with increased
dimensions and, generally, reduced reactivity. This
type of study is a challenging task because it requires
very stable beamline parameters such as beam flux
and position. The flux is, moreover, crucial due to the
limited number of scattering objects. Clusters at
surfaces have dimensions of a few nanometres and
densities of less than 108 mm-2. In particular, the use
of a pink beam monochromator will be essential in
providing the incident flux necessary for studying the
phenomena at realistic timescales.

Relevant Conceptual Design Reports:
• CDI: Coherent X-ray Diffraction Imaging and
Microdiffraction 
• HXPM: Hard X-ray Photoelectron Microscopy 
• NR-NSM: Nuclear Resonance – Nanoscale
Materials 
• SMILE: Spectro-Microscopy and Imaging at Low
Energies 
• SMS: Resonant Soft X-ray Magnetic Scattering 
• SURF: Surface Diffraction 
• XMAN: X-ray Spectroscopy and Multi-Imaging
Analysis  

Key enabling technologies and infrastructures:
See end of chapter.

1.1.3. Soft condensed matter and
biological systems 

The development of nanobioscience as both a
fundamental and applied science area has led to active
research at the border between macromolecular
crystallography and traditional soft matter science.
The intrinsic nature of soft and biological materials
calls for a hierarchical investigation as macroscopic
function can only be understood if research on
microscopic structure and dynamics over all length
scales down to the molecular and atomic levels is
undertaken. 

As demonstrated by recent developments in scanning
microdiffractometry (Riekel, 2000), synchrotron
radiation nanoprobes are unique in their potential
impact on research. The combination of new high
resolution imaging, spectromicroscopy, X-ray
fluorescence and X-ray diffraction will significantly
contribute to how the full picture of biological
models is put together. Some illustrative examples are
given in this section to emphasise the specific
potential of nanobeams, although these subjects are
described in detail in a dedicated chapter (1.2).

From microfluidics to nanofluidics 

Microfluid technologies developed dramatically during
the 1990s and applications in biology, chemistry,
physics and engineering became routinely available.
Microfluidics covers a wide range of technologies and
methods that allow micro and nanolitre fluid volumes
to be controlled. The development of labs-on-a-chip,
for instance, has proved to be successful in performing
high throughput biological assays and new chemical
syntheses due to the incomparable control of fluid
flows (short mixing times, well defined shear rates,
high thermal transfers, etc.) that they offer.

Microfluidics also offers access to time-resolved
studies of various processes taking place in mixing
flow cells. Indeed, in such a system, the time
dependence of the kinetic process triggered by
mixing of the fluids is mapped into a space-dependent
data set. This is an extremely powerful technique, as
time-resolved information can be retrieved by
performing quasi-stationary measurements at several
locations along the direction of flow. The timescales
investigated can be tuned with currently available
microfluidic cells from a few milliseconds to a few
hours by changing the flow rate (Pfohl et al., 2003).
Such experiments are thus well suited for X-ray
techniques since it is possible to perform
measurements of fast dynamic processes with long
acquisition times, and with a continuously refilled
sampling volume. X-ray-induced damage is therefore
significantly reduced. Combined approaches will also
profit from microfluid technology. The possibility of
large-scale protein crystallisation studies using
microfluidic chips could therefore find applications in
crystallising large complexes or membrane proteins
(Hansen and Quake, 2003). The possibility of rapidly
assessing crystal quality by in situ scattering
experiments also exists.

Recent developments in nanoscience and
nanotechnology can naturally be extended towards
nanofluidics for similar control of liquid flow and
molecular behaviour at the nanoscale (Eijkel and Van
den Berg, 2005). Micro and nanofluid technologies
have the potential to revolutionise the X-ray studies
of soft condensed matter. Ultra-fast mixing processes
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will offer a powerful alternative to current stop-flow
techniques. Using custom-made hydrodynamic
focusing cells with a few micrometre-wide channels
and nanometre sized beams would allow the
microsecond timescale (Knight et al., 1998) to be
reached. The onset of protein conformational changes
or beta-sheet to alpha-helix transitions could be
studied (Kauffmann et al., 2001) through the evolution
of SAXS parameters, such as the radius of gyration.
Nano(micro)fluidics also has promising applications
in mimicking complex biological functions such as the
control of the power stroke of artificial muscles
through pH jumps (Geoghegan et al., 2006).
Mastering the technology of microfluidics will be one
of the key challenges for the ESRF in order to obtain
access to custom-made microfluid chips, microjets
and microdrop generators for a large range of
applications. A current example (Figure 1.1.10) can be
found in a mixing-droplet apparatus, which makes
possible microsecond time resolution in a
stroboscopic experiment (Lee, 2003). The same
equipment could also allow flash freezing techniques
of mixing intermediates. Specific technical
developments are required to integrate micro and
nanofluid technology into nanofocus beamlines.
Sample manipulators, such as optical tweezers, in
fluidic environments will be one of the main
challenges for the reproducible positioning of small
biological objects or crystals in a micro or nanobeam.
This will, for example, allow the radiation dose to be
distributed over multiple samples during data
collection in a pseudo-stroboscopic experiment.
Related techniques are already available in cell-sorting
microfluidics experiments. The creation of optical
trap arrays by holographic techniques allows particle
sorting and probing complex flow phenomena on the
micrometre scale (Di Leonardo et al., 2006).

Nanomedicine 

The applications of nanotechnology in medicine are
especially promising, and areas such as disease
diagnosis, drug delivery targeted at specific sites in
the body and molecular imaging are being
investigated intensively. New materials and devices
such as scaffolds for cell and tissue engineering and
sensors are being designed in order to monitor various
aspects of human health. Many of these applications
are not envisaged for the next ten years or more,
owing partly to the rigorous testing and validation
protocols that will be required (Wagner et al., 2006). 

For example, an important part of these future
developments involves metal-based nanomaterials
(magnetic nanoparticles for magnetic resonance
imaging, ZnO or CdSe quantum dots, TiO2, Au and
Fe nanoparticles for cell targeting) (Michalet et al.,
2005). These nano-objects are of variable size from a
few nanometres to a few hundred nanometres and can
take the form of a nanoplatform holding hundreds of
small molecules (Figure 1.1.11). Different sizes mean,
however, different uptake routes in cells. Devices
smaller than 50 nm can easily enter most cells and
those smaller than 20 nm can transit out of blood
vessels. Imaging will play an increasing role in
understanding the characteristics of nanomaterials
since it complements bulk measurement methods such
as scattering and spectroscopy by providing location-
specific information in heterogeneous systems. 

Amongst several other techniques, the advent of the
synchrotron nanoprobe as a multimodal nanoimaging
tool is expected to play an important role in this field.
An extensive development programme on
cryopreservation of the sample during acquisition
makes X-ray fluorescence nanoprobes suitable for

Figure 1.1.11: Dendrimers is one example of multifunctional
nanotechnology-based devices for biological and medical

investigations. The X-ray fluorescence nanoprobes planned
in the Upgrade Programme will be essential tools that

provide access to three key parameters on metals integrated
into these devices, i.e. spatial distribution (localisation),
concentration (dose), and chemical state (coordination). 

Figure 1.1.10: A mixing-droplet apparatus. The stroboscopic
image shows the onset of ejection of 30 µm diameter water
droplets from two piezo-driven inkjet heads at about 2 m/s
velocity. The inkjet heads are aligned to allow fusion of the

droplets in flight. The X-ray detection system has to be
synchronised with the ejection of the droplets. Advances in
nanofluidics, like the drop mixer, linked with a Soft Matter
Partnership, will be essential for the proper development of

innovative science in soft condensed matter.
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wider application. X-ray fluorescence nanoprobes
appear to be a unique analytical technique with the
spatial resolution to examine intact hydrated samples
at the nanometre scale. This technique is capable of
both imaging, and chemical determination and
speciation. Several nanoprobe beamlines are proposed
in the Upgrade Programme, offering a unique
coupling between high-resolution/high detection
efficiency/spectroscopy and giving access to the three
key parameters: spatial distribution (localisation),
concentration (dose) and chemical state
(coordination), which must be systematically
addressed in this science area. Amongst numerous
possible applications (see also section 1.5.2), two
specific examples are given below:

• Nanomaterials and nanodevices for novel therapeutics and drug
delivery systems: Through the recent progress in
multifunctional contrast agents for medical imaging, a
number of new compounds have been produced that
are directly responsive to biological activities. Efforts
are being made to produce new diagnostic molecular
imaging agents, but the most challenging part of this
is delivering these multifunctional compounds to well
identified targets. Multi-elemental X-ray fluorescence
nanoprobes combined with ultra-fast frozen cell
preparations will allow metals (iron, gadolinium, etc.)
incorporated in these nanostructures to be detected
and will yield critical data that can be used to
streamline their design.

• Toxicological considerations of nanomaterials: The same
unique physical and chemical properties that make
nanomaterials so attractive may be associated with
their potentially toxic effects on cells and tissues
(Medina et al., 2007). The existing and emerging uses
of nanoscale materials have given rise to growing
concerns about their unintentional health and
environmental impacts. For instance, the metal oxide-
based nanoparticles (TiO2, ZnO, Fe3O4, Al2O3, and
CrO3) and quantum dots mentioned above have a
core made up of relatively toxic metals (Cd, Se, etc.).
Ultrastructural X-ray imaging methods using
synchrotron nanotomography coupled to elemental
and speciation nanoanalysis will be particularly suited
to studies on the interaction of nanomaterials with
lung cells or other biological structures.

Relevant Conceptual Design Reports:
• MINADIF: Micro- and Nano-Diffraction 
• SFINX: Scanning Fluorescence and Imaging at
the Nanoscale using X-rays 
• SMILE: Spectro-Microscopy and Imaging at Low
Energies 
• XMAN: X-ray Spectroscopy and Multi-Imaging
Analysis  

Key enabling technologies and infrastructures:
See end of chapter.

1.1.4. Hard materials at the
nanometre scale

The sub-micrometre length scale represents a field in
which fundamental challenges and opportunities in
materials science are abundant. This length scale is at
the frontier of current theoretical understanding as
bulk models begin to fail due to growing
surface/volume ratios. This is also at the limit of
quantum events, and of current experimental
techniques. Phenomena on this scale (such as
dislocations, grain boundaries, etc.) determine basic
materials properties such as hardness. The current
models describing these properties are very
approximate, as there has simply been no method
available to probe bulk structure on the sub-
micrometre scale. 

It is therefore proposed to implement an array of
techniques aimed at collecting both stochastic and
spatially resolved information about materials structure
and microstructure at the nanoscale. Using diffraction-
based techniques, it is possible to map not only grain
locations but also their orientations, strain state and
chemical character. These are parameters of
fundamental importance in determining long-range
properties. Examples of applications are numerous:
direct mapping experiments of devices such as
electronic components with sub-100 nm features;
studies of metals, alloys, oxides and other inorganic
materials in order to determine their micro- and meso-
structure; in situ experiments to follow. An example can
be given of the growth curves of arrays of individual
crystallites, which provide information about the
heterogeneity of the processes. This information has
been unavailable up until now and is crucial to the
understanding of grain growth. The nanodomain is a
key length scale in materials science, one that fits into
a continuum of detail between the angstrom level
(atomic structure) and the millimetre scale (the
characteristic size of many samples). The tools that
will be developed aim to characterise all of these
length scales simultaneously, via total hierarchical
characterisation, as discussed in section 1.3.5.

Current techniques have made it possible to probe
the nanoscale via stochastic methods, with which
substantially smaller objects than the current spatial
resolution can be detected and characterised. For
example, growth curves of crystallites have
traditionally been studied via ensemble methods,
which only give average information and lead,
necessarily, to the formation of homogeneous models.
It is known, however, that crystal growth in a sample
is not homogeneous, and that, indeed, these
inhomogeneities are critical in the evolution of the
sample. The methods being developed mean that the
effects of differences in local environment, crystallite
size, aspect, and orientation on crystallisation and
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re-crystallisation can be seen. If these studies are
pushed to the nanoscale, classical physics begins to
collapse and material properties alter. This is suggested
within the framework of the Upgrade Programme. In
spite of great theoretical interest in these processes,
there are still very little actual data probing this length
scale. Examples showing the initial work at the
nanoscale are presented in Figures 1.1.12 and 1.1.13,
which illustrate the inhomogeneity of the growth
process in real samples, and the consequences on
global properties, in this case the particle size
distribution. In these experiments, grains of dimensions
less than 100 nm could be characterised.

A plethora of other materials have important
properties derived from the nanoscale characteristics.
The modern electronics industry depends on features
well below 100 nm. Optimised fabrication methods
and the long-term stability of these materials have
been determined in an essentially empirical manner
up to now. This is obviously not ideal given the
rapidly developing electronics industry. The use of
nanodiffraction-based methods allows such features as
the grain size, orientation or strain distribution in
nanowires of electronic circuits to be characterised;
these properties are crucial to chip performance. 

A future challenge lies in complementing
nanodiffraction with real space imaging techniques.
Several methods for 3D imaging have been pioneered
by the ESRF (see chapter 2.2) and will be further
exploited with the use of nanobeams. Significant
progress in the instrumentation and theoretical
models has led to computed tomography,

laminography, phase-contrast microscopy and, more
recently, coherent diffraction imaging. This
constitutes a set of techniques of unique potential
in materials science at the nanometre scale
(see section 1.3.5). 

Figure 1.1.13: Recovery of 38% cold-rolled aluminium.
Histograms of sub-grain domain sizes (equivalent spherical

radii) obtained from 500 diffraction spots in the as-
deformed state (blue) and after 3 min (white) and 181 min

(red) of in situ annealing at 300°C. Inset: Transmission
electron micrograph of the as-deformed material. Here
resolution could be achieved down to ~250 nm; further
improvement in high-energy nanofocusing and sample
metrology will allow much smaller length scales to be
characterised and nanocrystallisation to be studied.

R
ep

ri
nt

ed
fr

om
Sc

ri
pt

a
M

at
er

ia
lia

50
(8

),
47

7-
48

1,
H

.F
.P

ou
ls

en
,J

.R
.B

ow
en

,C
.G

un
dl

ac
h,

D
ir

ec
t

O
bs

er
va

ti
on

of
su

bg
ra

in
ev

ol
ut

io
n,

co
py

ri
gh

t
20

04
,w

it
h

pe
rm

is
si

on
fr

om
El

se
vi

er
.

Figure 1.1.12: a) Growth curves for eight grains in 99.995% deformed aluminium during annealing at 175°C,
illustrating the heterogeneous nature of crystal growth. This negates the belief that large grains grow whereas small

grains disappear. b) Transmission electron micrograph of a structure within nanostructured aluminium. Technical
developments of the ESRF Upgrade (combination of the 3DXRD method with high-energy nanofocusing) will make

it possible to examine the detailed nanostructure of such materials and to characterise poorly understood but
important aspects of early nanocrystallisation.
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An illustrative case is state-of-the-art microprocessors,
which require the integration of billions of transistors
that have to be connected by metal interconnects
with line widths down to 100 nm and below. As the
number of devices increases and the feature sizes
become smaller, the speed of microprocessors is
increasingly determined by interconnection design,
technology and materials. Whilst the dimensions of
the interconnections continue to shrink, the
formation of voids in interconnections induced by
high current densities (electro-migration) during
operation can cause an open circuit or an increase in
resistance, resulting in malfunction or speed
degradation. In addition, copper is increasingly being
employed as an interconnection material due to its
higher conductivity and better resistance against
electro-migration failure. Copper interconnects have
to be encapsulated with special metallic or dielectric
barriers to prevent copper diffusion into the silicon, as
it does not form an adherent oxide diffusion barrier
like aluminium. Therefore, the interfaces between
copper and the surrounding barriers could be an easy
electro-migration pathway, and interface or surface
diffusion may be very important for the electro-
migration behaviour of a copper multilevel
metallisation system.

New methods are needed for rapid direct and in situ
visualisation. High spatial resolution analysis is a key
issue when penetrating through several micrometres
of dielectrics. Surface-sensitive techniques, such as
atomic force microscopy or scanning electron
microscopy, either require destructive sample
preparation or provide only a limited resolution due
to electron scattering in thick passivation layers. The
high penetration depth of hard X-rays, on the other
hand, allows hidden structures such as solder joints to
be imaged, which are encapsulated or obstructed by
the electrical component itself and thus are not
accessible by traditional visual inspection methods
(Figure 1.1.14). Ultimately, these non-destructive
methods can be envisaged in quasi real time.

Due to a lack of quantitative characterisation of
various key parameters, the optimisation strategy
for microprocessor design and fabrication is
primarilly based on empirical knowledge.
Importantly, although the best initial parameters can
be determined, there is no real understanding of
phenomena effecting long-term operation and
ageing of microelectronic components which are
expected to have ten-year lifetimes. Although
electron microscopy is commonly used to study
such phenomena the very limited penetration probe
depth implies time consuming and sophisticated
sample preparation and thus prevents in situ
measurements. X-ray based nanoprobes will
complement the traditional methods by offering
measurements of the strain, texture, and chemical
heterogeneity in embedded copper features using
nanodiffraction techniques (see chapter 2.2). This
type of information will allow a better control of
the long-term reliability of microelectronic
components.

Relevant Conceptual Design Reports:
• IMPACT: Imaging using Parallel Beam and
Computed Tomography 
• MATSCI: Materials Science 
• SFINX: Scanning Fluorescence and Imaging at
the Nanoscale using X-rays 
• XMAN: X-ray Spectroscopy and Multi-Imaging
Analysis 

Key enabling technologies and infrastructures:
See end of chapter.

1.1.5. A platform for nanoanalysis

A coherent scientific and methodological
development of new nanofocus beamlines will be
technically challenging in a number of ways. Specific
developments will need to be made in sample

Figure 1.1.14: a) Copper interconnect
structures, imaged with the ID21

transmission X-ray microscope in positive
phase contrast (spatial resolution 60 nm).

b) Defects within a conducting copper
line (white circles) that could be a

nucleation site for electromigration.
c) 3D rendition of solder bumps of a flip-

chip device on a printed circuit board.
Internal voids affecting the reliability of

the device can be seen on the right-hand
side. The Upgrade will take imaging to

high spatial resolution with routine
operation of 20 nm beams.
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handling, in addition to the standard but very
complex requirements associated with optics,
mechanical and thermal stability. Maximising the
unique potential of X-ray nanoprobes to perform in
situ characterisation will require innovative strategies
for nano-object manipulation. These will be carried
out in highly controlled sample environments
customised for the specific problem under
investigation. Ultimately, these nanoprobe
instruments will rely on a very high level of
integration, in which optics, detectors, sample
positioning and visualisation systems, will no longer
be independent components, but integrated into in a
common, dynamic instrument framework. 

Creating a Technical Platform for Nanoanalysis will
be a highly effective way of encouraging continuous
scientific development and making sure that
nanoprobe beamlines are used in the optimum
manner. This facility is expected to create new
opportunities for research and development in optics,
sample environment and analytical techniques. The
following points should be specifically noted:

i) It will provide specific nanoengineering expertise
based on both our long standing experience in
beamline design and the analysis of new solutions
offered by industrial developments in
nanoengineering. Integration will be a key issue of
this programme and requires various aspects of a
given project to be coordinated carefully
(Figure 1.1.15). It is worth noting that the proposed
strategy has been created by taking into account well
established experience. The first steps in developing
suitable nanoscience instrumentation have already
been initiated by the ESRF through several pilot
upgrade projects: ID11, ID13 (nanodiffraction) and
ID22 (nanoimaging). The technological development
of these pilot projects is currently coordinated by a

Nanotechnology Platform, which was created in 2006.
This platform, involving both beamline scientists and
engineers, is, in particular, exploring all of the
engineering issues which will have to be carefully
addressed for the new nanoprobe beamlines. This will
be undertaken through in-depth technical assessments
of the current projects. These upstream activities are
expected to provide a very strong technological
background and the essential expertise and know-how
for future projects.

ii) It will offer a technology platform for sample
handling with a particular focus on integrating
scanning probe microscopes (SPM) into beamline
instruments. SPMs (AFM, STM) are extensively used
in nanotechnology to visualise and manipulate
samples of nanometre size, but their application in
real time under X-ray beams is still underexploited.
The reduced size of SPMs and their rather low cost
make them ideal for use on beamlines, providing new
tools for visualising, positioning and manipulating
nanometre sized samples. The ESRF pioneered this
kind of development in coupling SPMs and
synchrotron instruments (e.g. X-TIP, see
Figure 1.1.16). The accumulated expertise will be
applied to new projects.

Figure 1.1.16: An in situ AFM installed on a diffractometer
can serve two purposes: 1) To place nanostructures in the 

X-ray beam focus. These are too small to be resolved by an
optical microscope; 2) To use the AFM tip to manipulate

nanostructures. The figures show a first (destructive) attempt
at a nanoindentation on a germanium pyramid and the

resulting change in the reciprocal space map measured in
situ, close to the (004) Bragg peak. This kind of setup will
become a tool for in situ studies of nanotribology and/or

elasticity of structures on the nanoscale in a (sub)-
micrometre focused X-ray beam.

Figure 1.1.15: The Upgrade Programme infrastructure will
require a coordinated development of various beamline
instruments which, if applied to the same object, would

constitute a unique analysis platform. This synergy will be
essential in developing specific effective and productive

scientific projects involving expert teams and science-driven
collaborations.
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iii) It will coordinate the development and operation
of a characterisation and preparation laboratory. An
increasing number of experiments on beamlines will
require pre-characterisation and specific sample
preparation protocols. Basic equipment such as
electron and light microscopes, SPMs, FIB, and laser
cutting will be required in surface and materials
sciences, soft matter and biology (Figure 1.1.17). This
expensive equipment will require specific skills if it is
to be operated efficiently. Consequently such
resources will be centralised and shared between the
different beamlines. 

iv) It will be an efficient research and development
platform for new science-driven projects using
combined techniques (imaging, diffraction and
spectroscopy). This proposed collaboration between
highly specialised beamlines will be an exclusive
advantage of the project. It will rely on good
coordination between the different beamlines for a
given science programme. It will be ensured, for
example, that sample handling strategies are made
compatible between the different beamlines involved
in a specific programme.

v) Finally, on a more general level, a partnership will
be created with external laboratories specialised in
nanotechnologies and nanoanalytical tools. This will
provide the foundations necessary to develop
effective and productive science-driven collaborations
around specific scientific projects. New networking
and outsourcing strategies will then be created.

In conclusion, the Upgrade Programme will allow a
Technical Platform for Nanoanalysis to be created
through construction of satellite laboratories and
dedicated infrastructure. This platform will constitute
a unique analytical platform, even on a worldwide
level, by providing coordinated access to various
beamlines and laboratory instruments. These new
resources will have an impact not only in nanoscience

activities but will also benefit the other science and
technology areas proposed within the framework of
the Upgrade Programme.

Key enabling technologies and infrastructures for
science at the nanometre scale:
• New buildings for long beamlines and space for
new, dedicated infrastructure.
• A dedicated infrastructure for sample preparation
and handling is crucial for the full exploitation of
nanoprobes and associated user-driven scientific
programmes. 
• Detectors: diffraction and imaging experiments
will rely on the development of new detectors. 
• Nanocompatible engineering and technology (e.g.
optics, high precision components) and software
(e.g. specialised ray tracing).
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Science context

The 21st century has been described as the
century of biology, following the 20th century of
physics. The vast amount of genomic information
being produced is just starting to be exploited
and, with the concurrent developments in
molecular biology and biophysical analytical
techniques, the coming years will continue to see
unparalleled progress in the biological sciences.
At the heart of understanding how life works is
the knowledge of the structure and organisation
of life’s molecules at various levels of detail: from
the atomic resolution only uncovered in
macromolecular crystallography through the
protein-complex level revealed in small angle X-
ray scattering to the sub-micron level of modern
day X-ray imaging. The information provided by
these techniques is complementary and high
quality synchrotron light and beamlines are
absolutely critical to their current and future
success. 

Complex systems such as large macromolecular
complexes, biopolymers, self-assembled
nanomaterials, biomimetic systems and interfaces
require multidisciplinary approaches for their
structures to be revealed and their functionality to
be understood. X-ray-based techniques play a
central role in obtaining this information which
helps in developing new drugs, in understanding
diseases and viruses as well as improving the
understanding of molecular machines through all
hierarchical levels.

X-ray based soft-matter studies provide essential
information on the behaviour of materials that
play key roles in everyday life. Broad spatial and
time ranges are essential to allow full
characterisation and understanding of these
materials, especially in the cross-over from
mesoscopic to macroscopic behaviour. The
microstructure and dynamics of complex and out-
of-equilibrium systems (such as polymer
processing) continues to generate new scientific
challenges and quantitative X-ray scattering
experiments will be essential to resolve these
issues. Exploring the pathways of self-assembly of
hierarchical systems and understanding the role
of competing interactions and the complexities
that lie beyond the hierachical structures will be
key to engineering new materials. 

Added value of the Upgrade

The Upgrade Programme will provide the
integration of many different techniques to study
much more complex biological and soft-matter
systems at both the functional and hierarchical
level. The study of biological systems outside
macromolecular crystallography is a key element
of an integrated view of biology in action. It
enhances the cross-fertilisation between biological
and soft-matter science, and will open new
possibilities to study self-assembled soft-matter
and biological systems.

More specifically, science will benefit from:
• Access to smaller sample volumes, larger length
and shorter timescales by building optimised
beamlines and sample environments and making
use of the unique filling modes of the ESRF
storage ring.
• Broadening of the spatial and time ranges that
can be probed by synchrotron radiation.
• Convergence of scattering and imaging
techniques.
• Linked development and delivery of SAXS 
(X-ray at ESRF) and SANS (neutrons at ILL)
techniques to a wider community.
• Development of new experimental tools to
handle nanoscale samples will revolutionise sample
manipulation of fragile biological and soft-matter
samples. New and optimal ways to handle
radiation damage will also be exploited.
• Construction of a beamline dedicated to the
imaging of large-scale biological assemblies such
as cells, virus particles and large molecular
assemblies.
• Reconstitution of the macromolecular
crystallography beamlines as a “village” of closely
co-located and linked facilities with access made
possible by remote control. Central to this
proposal will be a dedicated sample screening
facility to identify those samples out of the
thousands tested that are suitable for redistribution
to specialised MX beamlines for optimised data
collection.
• Regrouping soft condensed matter beamlines as
a “village” with linked or shared facilities. This will
foster interactions between soft condensed matter
beamlines and facilitate the establishment of
partnerships. In particular, proximity to the MX
village will allow expansion of the interface with
biological sciences.

1.2. Structural and functional biology, soft matter
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Key questions

The ESRF Upgrade will provide the infrastructure for
cutting edge multi-disciplinary research in life
sciences and soft matter to answer questions such as:

1. What is the structure, function and organisation of
complex biological machinery?
2. What are the causes of human disease and how
can disease be better treated?.
3. How are biological systems hierarchically
organised from atoms to micrometres?
4. How do complex fluids flow in confined
geometries? For example: How can tertiary oil
recovery from microporous rocks be optimised? 
5. How can defect free nano-templates be fabricated?
6. What are the relationships between the
mesoscopic structure and macroscopic properties of
soft matter?
7. What are the kinetic pathways of natural and
synthetic material self assembly?

The ensemble of changes proposed will make possible
the study of currently inaccessible problems within the
fields of structural and functional biology and soft
matter. The new infrastructures will thus enable
significant advances in the creation of knowledge and
wealth within the European Community.

Expected user communities 

The study of the scientific disciplines of structural and
functional biology, and soft matter unites chemists,
physicists and biologists with materials and chemical
engineers in the investigation of the underlying
properties of complex systems. Macromolecular
crystallography (MX) will continue to draw from the
expanding European MX community providing
facilities for both academic and commercial
laboratories. The use of multi-disciplinary techniques
to reveal the hierarchical nature of biological and soft
matter requires multi-disciplinary teams using a
number of different beamlines. The ESRF Upgrade
will stimulate growth in the field by enabling new
experiments and by providing supporting
infrastructures and partnerships. In addition, it will
provide the access methods necessary to promote
multi-disciplinary synchrotron research for biologists.

Enabling technology and infrastructure

• Buildings and infrastructure: Several long beamlines are
planned. Optimal use of the MX facilities implies

close co-location of the beamlines with sample
“warehouses” for effective beamline operation.
Closer physical links with the soft condensed
matter beamlines will enhance collaboration and
cross-fertilisation. Laboratory facilities and sample
preparation space will extend soft and fragile
condensed matter science.
• Accelerator and source: The increased photon flux
and brilliance will benefit both areas by allowing
the use of parallel end-stations served by one sector
with canted undulators.
• Beamlines and instrumentation: The following
developments are required: high sensitivity, large
area detectors together with extended dynamic
range and faster framing rates; specialised detectors
for ultrafast framing and energy resolution; X-ray
optics producing beams down to a few nanometres
across; highly integrated mechanical and optical
apparatus for nanofocus applications; nanosample
handling techniques, such as microfluidics and
optical tweezers, instrumentation for sample
positioning and ways to minimise radiation damage.
• Computing: The programmes will require higher
data storage capacity and archiving possibilities and
continuous development of the automation
framework and online data analysis. Theory and
modelling are important backing for this scientific
area.

Partnerships

The Partnership for Structural Biology (partners:
ESRF, ILL, EMBL, IBS) provides a focus for
structural biology. A similar new science-driven
partnership in soft condensed matter is planned.
The ESRF is implicated in many EU Framework
Programme projects, for example: SPINE2,
Bioxhit, Saxier, and the Centre for Integrated
Structural Biology.

Industry and technology transfer

Pharmaceutical companies will continue to use MX
facilities for lead development and this is expected
to remain a major source of the industrial income
for the ESRF. Production of equipment developed
for the MX beamlines (e.g. sample changer, high
precision diffractometer) has been licensed to
industry. High brilliance SAXS/WAXS is used by
industry to resolve certain critical problems related
to formulation and kinetic effects undermining the
shelf-life of personal care and pharmaceutical
products.
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1.2.1. Introduction

The study of complex systems requires a multi-
disciplinary approach in order to provide as full a
picture as possible.

A combination of complementary high- and low-
resolution techniques is required in order to fully
understand highly complex, multi-component
biological systems (Abad-Zapatero, 2007).
Synchrotron-based facilities, both current and
planned, will play a major role in this regard. This
chapter outlines those that will be created at the ESRF
as part of the Upgrade. However, the ESRF cannot
develop such facilities in isolation. Advanced studies
of biological systems require specialised laboratories
and long-term collaborations with external partners.
The development of adequate laboratory facilities,
which also allow partnerships to be hosted, will
become crucial for the future of cutting-edge
biological science at the ESRF. Interaction with the
joint ESRF-ILL theory group will also be essential to
share knowledge on complex biological processes
such as protein folding or particle dynamics in a
microfluidic environment.

The soft and fragile matter section of this chapter
deals with relatively complex systems, which share
certain physico-chemical characteristics of model
biological systems. These complex systems also have
attributes similar to those involved in hard condensed
matter physics. Conventionally, soft-matter systems
are characterised by a microstructure, delicate
energetics and the strong influence of thermal
fluctuations leading to their macroscopic softness.
The complexity arises directly from these defining
properties and their response to external fields. For
instance, a subtle interplay between packing effects
and external deformation or short-range attraction
can transform certain systems to an out-of-equilibrium
state with glass-like features. These kinetically
arrested states form a new class of fragile materials
which is closely associated with soft matter (Cates
and Evans, 2000). These systems also mimic the
crowding present in certain biological environments. 

A major challenge for the science described in this
chapter will be the handling of issues related to the
damage caused to the sample by exposure to X-rays.
Radiation damage remains a significant problem and
must be tackled if the full potential of the ESRF
Upgrade Programme is to be achieved. For MX, the
problem is alleviated by the expedient of cryo-cooling
the sample during the diffraction experiment.
However, even when maintained at 100 K, most
samples show significant deterioration resulting from
X-ray exposure. The ESRF is at the forefront of
research into this problem and further efforts will be
needed. For soft condensed matter research, the
problem is trickier because samples must be

maintained in specific thermodynamic states within a
confined experimental configuration. Dealing with
radiation damage will thus remain a topic of active
research.

This chapter covers a very broad range of
synchrotron technology and experimental science
showing how complex biological and soft-matter
systems may be studied. Approaches, such as small-
and wide-angle X-ray scattering (SAXS/WAXS)
techniques, that look at whole systems provide low
or, at best, pseudo-atomic resolution models of
biological systems and allow in situ studies of out-of-
equilibrium processes. Grazing-incidence techniques,
currently limited to model systems, provide structural
information on biological surfaces such as membranes.
Reducing the beam size to the nanoscale will provide
opportunities for studying the surfaces of objects such
as single cells. Coherent diffraction imaging with
nanometre spatial resolution will provide a new
window for visualising hierarchically organised
structures and an extra tool complementary to those
offered by electron microscopy and visible light
microscopy. In contrast to these relatively low
resolution methods, the approach currently used in
structural biology provides atomic level precision to
address questions of biological function. This is done
by refining the crystal structures of macromolecules
of interest, often as components of systems, to near-
atomic resolution. 

1.2.2. Structural and functional biology 

Over the last 20 years, macromolecular
crystallography (MX) has become the predominant
tool used for the investigation of structure/function
relationships in biology. This is the result of
numerous technological improvements and, in
particular, regular access to third-generation
synchrotron sources. These have produced data
which have led to around 80% of the macromolecular
crystal structures currently deposited in the Protein
Data Bank (PDB) (Figure 1.2.1, http://www.rcsb.org).
The demand for synchrotron beam time is also being
influenced by the funding of a number of structural
genomics programmes (Norvell and Machalek, 2000
and references therein) which, following an initial
investment in protein production technology, have
now contributed approximately 1000 new structures
to the PDB. The current, unprecedented demand for
MX beam time and the need to support high-
throughput experiments at high intensity with high
accuracy has led to the development of automated
sample changers and data collection facilities
(Cipriani et al., 2006; Beteva et al., 2006). These
facilities, coupled with an unrivalled level of user
support, mean that the scientific output of the ESRF
MX beamlines is unrivalled. In order to maintain this
position as world-leader within this field, areas in

http://www.rcsb.org
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which the ESRF will invest in the near future are
outlined below. 

Large macromolecular complexes 

Over the past decade, it has become apparent that
cells are more than collections of individual
macromolecules (Alberts, 1998). Whilst single
proteins can catalyse biochemical reactions, it has
now become clear that many proteins function as part
of large macromolecular complexes and that higher
cellular functions depend on carefully orchestrated
protein interaction networks. These cellular networks
are organised in a hierarchical manner and are
extremely carefully regulated to allow proper
functioning of the cell. Some of these macromolecular
assemblies are tightly integrated and withstand
isolation and purification. Others, however, exist only
transiently; often they are variable in composition and
undergo remodelling in response to specific signals.
Here, the challenge for the structural biologist is to
isolate or reconstitute such modules in a
physiologically relevant configuration and under
conditions amenable to structural studies. However,
crystals of such complexes typically have variable
quality and result in low resolution diffraction data.
Studying these systems using crystallography will
therefore require the diffraction properties of very
many samples to be screened before an appropriate
data collection can be made. However, it may be
years before high-resolution diffraction is observed
and many alternative complementary techniques will
also required so that the system of interest can be
understood. An example of a complementary
technique can be found in cryo-electron microscopy.

This technique has provided many useful insights into
supramolecular organisation since, when combined
with high-resolution crystal structures of the
individual component parts of a complex, the low
resolution provided by Cryo-Electron-Microscopy
can allow the elucidation of interactions between the
different subunits of the complex (Figure 1.2.2).
However, the incorporation of atomic resolution sub-
component structures into low-resolution envelopes
means that significant overlap is required between the
data available from the two techniques. In these cases,
the collection of very low-resolution diffraction data
(to allow significant overlap with cryo-electron
microscopy) should be obtainable from poor quality,
weakly diffracting macromolecular-complex crystals,
whilst, at the same time, the collection of atomic, or
near-atomic resolution data should be possible from
crystals of the complex’s component parts. Both
scientifically and technically speaking, this represents
a real challenge.

Membrane proteins, often part of large complexes
(cf. Amunts et al., 2007), perform a huge range of
biological functions, including respiration, signal
transduction and membrane transport. They are
therefore important drug targets. An analysis of
genome sequences indicates that up to 30% of the
proteins encoded in eukaryotic cells are membrane
proteins. More biochemists are developing an interest
in membrane proteins and, alongside
crystallographers, a wide range of these are now
being studied. As a result, the number of membrane
protein crystal structures determined has increased
significantly over the past few years. Nonetheless,
structure determination of membrane proteins remains
challenging. It is often difficult to obtain purified
samples in large quantities. In many cases, modern
molecular biology tools (i.e. selenomethionine
incorporation) cannot be used and researchers must
exploit metal ions or other scatterers intrinsic to the
protein if phases are to be developed in order to
reveal its three-dimensional structure. This latter
aspect usually requires data collection at longer
wavelengths (around 1.6 to 2.3 Å) as well as careful
experimental design. This approach also requires the
careful monitoring of the potential photoreduction of
the metal centres (this is true for any metallo-protein)
and the complementary use of X-ray diffraction with
other spectroscopic techniques is called for. The
study of the dynamics of intact biological membranes
awaits further experimental developments and lies
within the scope of developments proposed later in
this report (Section 1.2.3).

Protein-ligand interactions

Medicinal chemistry is also a field ripe with
possibilities for the development of new life-saving
drugs. Rational drug design has advanced enormously

Figure 1.2.1: The growth of structures based on synchrotron
collected diffraction data being deposited in the PDB. In
2006, synchrotron data accounted for nearly 80% of all

deposited X-ray structures.
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over the past decades, in particular due to the use of
tools such as high-throughput X-ray crystallography
and structural biology. There are still, however, huge
technical challenges and a more accurate
understanding of protein structures could lead to drug
molecules being designed to attack particularly
susceptible, or favourable, sites in protein–protein
complexes. The role of protein crystallography in the
drug discovery cycle has also changed dramatically
over the last ten years. As novel structures can now be
solved on shorter timescales than were possible before
the availability of automated third-generation
beamlines, the use of structural biology has become
mandatory in the earliest stages of drug discovery,
lead compound identification and optimisation. The
same advances that led to the reduction in the time
required for de novo structure determination have also
dramatically decreased the time needed for the
resolution of protein–ligand structures. This has
resulted in novel, fragment-based drug design
approaches and the use of structure-based
combinatorial chemistry. The appropriate use of
automation in this area will remain a major factor in
maintaining European competitiveness in an area that
should remain a significant European wealth
generation asset for years to come. Vaccine
development has yet to fully explore the advantages
of a structure-based approach. However, even though
the interplay between an antigen and the immune
system is more complex than the interplay between a
drug and its protein target, there will be benefits in
extending rational drug design to cover this aspect in
the future.

Microcrystal diffraction experiments

For some proteins crystallisation experiments will
only ever produce extremely tiny crystals. Optimising
data collection from such microcrystals will remain a
significant challenge for the foreseeable future.
However, pioneering work undertaken at the ESRF
allows us to be confident that the technological
challenges associated with these samples are
surmountable and can be accommodated within an

experimental setup compatible with the highly-
automated environment needed for MX (Figure 1.2.2).
Nevertheless, if experiments with microcrystals are to
achieve their ultimate potential, there is a need for
tight integration between “demonstration of principle”
experiments on adaptable nano- and micro-focusing
facilities and the more prosaic “real-world”
requirements for dedicated facilities. It is expected
that a number of interesting opportunities, for
example the blurring of boundaries between
diffraction and scattering, will emerge from this work
as X-ray beam sizes tend towards the size of the
macromolecules themselves, providing overlap with
work described in section 1.2.3.

Experiment automation for challenging problems

It should be remembered that the collection of
suitable diffraction data is merely the first step
towards elucidating the three-dimensional structure
of a biomolecule. The key factor in de novo structure
determination lies in producing phases to use in the
calculation of the Fourier transforms that reveal the
electron density distribution of the biomolecules in
the crystal. This potentially difficult process has been
transformed by the availability of automated, intense
and reliable MX beamlines. The variation of photon
energy and the tuning of an experiment to precisely
the correct energy (with sub-electronvolt accuracy)
have been vital in providing the experimental power
needed to drive the explosion of structural biology.
Key to the use of the anomalous dispersion
technique, where the “signal” is usually of the order
of a few percent of the measured amplitude, has been
the ability to collect extremely accurate structure
factor amplitudes. Such measurements have benefited
from instrumentation developments and in a more
direct manner, by detector enhancements and new
crystallographic software. Developments in these two
areas must continue and the Upgrade can make a
significant impact in extending and catalysing these
programmes. As science pushes investigations
towards more complex systems, the limits of
experimental techniques will be explored. To extend

Figure 1.2.2: (a) Crystals and associated
diffraction patterns achievable from tiny
macromolecular crystals (Márquez et al.,

2007); (b) The structure of a plant
photosystem I supercomplex at 3.4 Å

resolution, obtained from microcrystals and
data collected on ID23-2 (Amunts et al.,

2007). The Upgrade will make data
collection routine from crystals such as

these and smaller. Special techniques will be
developed for sample support, location and

centring to handle the micrometre sized
“crystals” expected in the future.
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these further, highly optimised beamlines suitable for
microbeams, long-wavelength experiments and large
unit cell (>1000 Å cell edge) data collection will be
required, as will facilities allowing extensive,
automated screening prior to full X-ray diffraction
experiments.

Recent experimental results have revealed the wealth
of biological diversity that still needs to be examined.
The work of the Global Ocean Survey (GOS)
demonstrates the degree of ignorance that exists
concerning the range of biological life present within
supposedly well examined biospheres. To understand
the origins and mechanisms of biological
environmental adaptation (i.e. the basic process of
evolution), the links between amino-acid sequence,
protein structure and environment need to be
developed. Taking into account the fact that some
estimates place the number of distinct microbial
species per cubic metre at about 25,000, significant
scientific use of the automation tools already under
development may be readily imagined. A different
view of the biological realm via the study of complex
multi-protein systems will also require the use of
automation tools to make it possible to optimise the
resolution obtainable from the sample available. 

Pioneering work on ribosome crystallography has,
over a twenty year period, and using a
multidisciplinary approach, led to an atomic-level
understanding of the ribosomal machinery
(Figure 1.2.3). Following on from this, a project that
will surely benefit from the use of similar methods is a
study aimed at understanding how the eukaryotic
spliceosome functions. This is currently being
investigated at low resolution (Figure 1.2.4).

It is reasonable to assume that even more complex
systems will also become amenable to X-ray
diffraction experiments if provided with the necessary
combination of dedicated research scientists and well-
adapted X-ray beamlines. 

Figure 1.2.3: The progression in the level of
understanding of the ribosome structure

over a 20-year period. From electron
microscopy reconstructions (Oakes et al.,

1986), to today’s structure of the 70S
ribosome.
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Figure 1.2.4: A refined reconstructed model for the
supraspliceosome. The ESRF Upgrade will speed up research

on complex and important biological systems such as this
by providing a unique state-of-the-art portfolio of

beamlines covering the length scales using techniques from
SAXS studies to single particle diffraction imaging to

specialised crystallography beamlines. (a) The correctly
orientated native spliceosome volume placed on the

corresponding class average (class 5). (b) An idealised
supraspliceosome particle. The main features of the refined
model are: (1) The small subunits of the four constituent

sub-complexes (blue S) lie at the centre of the particle and
are in close contact. (2) The large subunits (magenta L)

form the outlying regions of the particle and do not interact
directly. (3) There is an approximate 4-fold arrangement of
the particle. (4) A hole leading into the cavity (red circle) is

positioned opposite the base of the small subunit of the
neighbouring sub-complex (Cohen-Krausz et al., 2007).

R
ep

ri
nt

ed
fr

om
(C

oh
en

-K
ra

us
z

et
al

.,
20

07
),

C
op

yr
ig

ht
20

07
,w

it
h

pe
rm

is
si

on
fr

om
El

se
vi

er
.

C
ou

rt
es

y
Ji

m
La

ke
,U

C
LA

,L
os

A
ng

el
es

http://www.sciencedirect.com/science/journal/00222836
http://rna.ucsc.edu/rnacenter/noller_lab.html


1.2. Structural and functional biology, soft matter

38 ESRF Science and Technology Programme 2008-2017

The ESRF is currently in the unique position of being
able to contribute its knowledge towards
understanding major biological questions that remain
unanswered. The experience gained over a decade of
discovering, developing and understanding the tools
necessary for structural biology research at third-
generation sources has allowed a radical assessment of
progress towards creating the ultimate MX facilities.
In order to satisfy the demands of structural biology
foreseen during the second and third decades of the
twenty-first century, it is vital that beamlines are
available that allow the collection of both ultra-low
and ultra-high resolution data. This should also be the
case for facilities allowing the collection of diffraction
data at long wavelengths, the optimal collection of
variable wavelength data, data from microcrystals and
from crystals with very long unit cell axes. The
integration of UV and other spectroscopic techniques
with X-ray diffraction experiments and the possibility
of the screening of many hundreds of samples
followed by transfer to the most appropriate beamline
is another necessity. This will be possible when the
geographical proximity of future MX beamlines at the
ESRF is optimised.

Relevant Conceptual Design Reports:
• HISAXS: High Throughput Small Angle X-ray
Scattering 
• MASSIF: Massively Automated Sample
Screening Integrated Facility 
• MINADIF: Micro- and Nano-Diffraction 
• MX-BIB: Biological Imaging Beamline
• MX-MAD1 and MX-MICROFOCUS:
Macromolecular Crystallography using Multi-
Wavelength Anomalous Dispersion and Microfocus 
• MX-MAD2: Macromolecular Crystallography
using Multi-Wavelength Anomalous Dispersion
with Microfocus
• SAXS: Small Angle X-ray Scattering 

Key enabling technologies and infrastructures:
• Reconstitution of the MX beamlines as a village
• Detectors: Large size, high sensitivity
• Laboratory space for interdisciplinarity e.g. SAS -
MX - CDI techniques 
• Automation
• Integrated software solutions

1.2.3. Soft condensed matter:
biological applications 

The study of functional biological systems is a key
element to obtain an integrated view of life in action.
As stated in the introduction to this chapter, both high
(atomic) resolution and large scale/bulk information is
required to fully understand a functional biological
system. Experiments that measure these latter
properties of biomaterials use the techniques
developed in this section, which are complementary
to the atomic resolution science presented in
section 1.2.2. The imaging of biological matter, adding
to the range of techniques to study life, is described in
chapter 1.5. The three key areas considered in more
detail in this section show that X-ray-based soft
condensed matter techniques are becoming
increasingly used for biology-oriented experiments.
The Upgrade Programme will provide access to
smaller sample volumes, larger length scales and
shorter timescales for dynamic processes. New
experimental tools such as microfluidics or optical
tweezers will revolutionise sample manipulation
techniques and the study of complex flow phenomena.
The establishment of science-driven partnerships,
including support facilities and the backing of a
modelling/theory group, will be necessary in order to
stay ahead in this competitive field.

The study of hierarchical structures

Scanning microSAXS/WAXS can provide composite
“diffraction images” of functional biopolymers with
local reciprocal space information. For example, the
diffraction image of a Norwegian spruce “latewood”
cell (Figure 1.2.5a) using a 3 µm X-ray beam
provides local structural information on the cellulose

Figure 1.2.5: (a) Composite image of wood cell recorded
with a 3 x 3 µm2 mesh which has laid the basis for future

experiments making use of nanosized beams for
much greater spatial resolution; (b) cricket flow-sensor

sectioned by a micro-laser cutter. Beamlines with
nanobeams and access to improved preparation techniques
will be developed with the Upgrade to allow samples such

as these to be handled and investigated at increased
spatial resolution.
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fibril orientation in the S2 layer (Lichtenegger et al.,
1999). Studying the smaller S1-type wood cell wall,
however, would require beam sizes down to about
100 nm. 

The lack of appropriate data reduction software for
the extraction of structural and morphological
information from the “diffraction image” has until
recently limited the size of composite diffraction
images to a few hundred pixels of patterns. The
introduction of batch processing software now
allows treatment of “diffraction images” with 104 or
more pixels (Davies, 2006).

Whilst standard sectioning techniques could be used
for the study of wood cells, the flow sensing system
of a cricket had to be separated from the cricket
body by micro-laser sectioning techniques for
scanning microSAXS/WAXS (Seidel et al., 2007)
(Figure 1.2.5b). This highlights the need to develop
new sample preparation techniques. The use of
advanced micro-laser sectioning techniques and
possibly confocal techniques for the study of
embedded biological objects will become more
widespread in the future. It is also foreseen that a
composite image, as shown in Figure 1.2.5a, will be
generated online during data collection and that
online analysis tools for extracting structural
information will become available. It will also be
necessary to integrate optical and spectroscopic
techniques into the experimental setup in order to
maximise the information obtained from a single
experiment. For example, the combination of
microRaman with microSAXS/WAXS (Davies et al.,
2005) could be used to study amorphous phases
encountered during protein aggregation or
biomineralisation. The routine availability of
complementary techniques is an important asset in
catalysing the development of biomimetic systems

such as the extrusion of spider silk (Vollrath and
Knight, 2001). The integration of microfluidic
technology and rheological modelling into the
experiment environment will also be necessary to
achieve this.

Beam sizes down to about 1 µm, currently being
used for studies involving biopolymer crystals of
about 10 to 100 µm3 volume (Riekel et al., 2005),
provide opportunities for replacing low-resolution
fibre diffraction by high-resolution single crystal
studies. This has already been demonstrated for A-
amylose (Popov et al., 2006) (Figure 1.2.6a). The
challenge lies in decreasing the accessible crystal
volume to the 1 to 10 µm3 range for biopolymer
crystals and all the way up to crystals of large
macromolecular complexes. This is only possible if
new approaches with sub-micrometre beams, single-
photon-sensitive 2D-detectors, advanced sample
environments, and sample handling are developed
and techniques such as averaging scattering data
from multiple crystals (Riekel et al., 2005) are
introduced. It has been demonstrated (Li et al., 2004,
Coulibaly et al., 2007) that crystals of this size are
tractable for macromolecular structure
determination, although radiation damage will
remain an issue and must be addressed. Thus the
sericin precursor crystals shown in Figure 1.2.6b may
become amenable to structural studies in the future.

At the cellular level, SAXS/WAXS studies on
components are usually performed on extracted and
purified materials. Performing such studies under
physiological conditions on cell substructures
(including single cell nuclei) such as the plastid
family of organelles which includes such diverse
members as amyloplasts and chloroplasts is highly
interesting. Indeed, SAXS/WAXS patterns have
already been collected from potato starch

Figure 1.2.6: (a) A-amylose crystals; (b) sericin precursor crystals (sample courtesy of D. Knight, Oxford
University). The Upgrade Programme will enable crystals such as these to become amenable to single crystal

structure studies using high intensity nanofocused beams.
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amyloplasts
(Figure 1.2.7a), which
suggest that similar
studies for other plastids
may be feasible. It is
envisaged that nano-
SAXS/WAXS techniques
could be used to study the
chromatin organisation in
cell nuclei and its change
during mitosis, provided
that the radiation damage
issues can be managed. 

An emerging technique
for the imaging of cells
and other biological
specimens is lensless
imaging based on
coherent diffraction
(Figure 1.2.7b), which has
the potential to achieve 1
nm resolution (see also
chapter 2.2). To date, a
resolution of 30 nm has
been obtained for a yeast
cell using soft X-rays in
pioneering work at ALS
(Shapiro et al., 2005)
(Figure 1.2.7b). The
implementation of this
technique at the ESRF can
be built on the in-house
expertise in hard X-ray
coherent scattering.
XANES is a
complementary technique
for cellular level

Figure 1.2.8: (a) Langmuir compression isotherms measured using GID for different hydrosteric acids at room temperature
(Cristofolini et al., 2005); inset: sketch of the molecular conformation at the air–water interface as a function of the surface
pressure; (b) schematic GISAXS geometry; (c) GISAXS pattern evolution during self-assembly upon drying of ~ 5.5 nm Co

magnetic nanoparticles dispersed in toluene. A schematic image of the process is shown below (courtesy Y. Chushkin, ESRF-ID10);
(d) water droplet on a Si-surface; a Au colloid solution spread on the water droplet is at the origin of the upper GISAXS pattern
recorded with a 300 nm beam; the modified lower GISAXS pattern is due to dried gold colloids at the silicon surface (courtesy:

S. Roth, DESY-Hamburg; ESRF-ID13). The experimental instruments and environment used to perform these nanoGISAXS
experiments will need to evolve and become routine as part of the Upgrade.
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Figure 1.2.7: (a) Single potato starch amyloplast on a
copper grid. The inset shows a single scattering

pattern from the granule obtained using a 1 x 1 µm2

beam (courtesy: H. Lemke, Copenhagen University).
(b) Image of yeast cell at 30 nm resolution obtained

by coherent diffraction using 750 eV photons
(Shapiro et al., 2005), image courtesy E. Lima

(Lima E., 2006). At the ESRF, the Upgrade includes
development of the coherent diffraction technique to
image fragile single particles at high resolution. For
example, the ideas include a beamline dedicated to

biological diffraction imaging (CDR: MX-BIB).
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measurements and XRF for mapping elements such
as sulphur or metal ions at the nanometre scale
(Daly et al., 2007). The combination of structural,
imaging and spectroscopic techniques will provide a
new level of understanding of the biochemical
processes that are at the origin of functional
biopolymers.

Scattering from surfaces

Surface scattering of X-rays from organic layers using
grazing-incidence techniques exploiting diffraction
(GID), wide-angle and small-angle scattering
(GISAXS), as well as X-ray reflectivity (XRR), are
already well developed at the ESRF. The Langmuir-
Blodgett trough setup on ID10B enabled molecular
orientation at liquid interfaces to be studied as a
function of surface pressure, temperature and sub-
phase composition (Figure 1.2.8a). The
crystallography of two-dimensional membrane
proteins will be an important subject to be developed
(Lenne et al., 2000). The experimental setups will
need to evolve for smaller beam sizes so that
diffraction and scattering on surfaces can be
performed in a non-scanning way. The additional
integration of Brewster angle microscopy could
provide a complementary in situ probe for surface
morphologies.

The GISAXS setup is shown schematically in
Figure 1.2.8b. A pilot experiment on in situ growth
and the lateral organisation of metallic colloidal
nanoparticles at the liquid/liquid interface in a
specifically designed Langmuir trough allowed the
kinetics of the particle–particle structure factor
variation to be studied (Figure 1.2.8c). NanoGISAXS
is of interest for the study of gradient materials or of
materials on non-planar surfaces (e.g. fibres). This
technique can be used for studying gold colloids at
the interface of a water droplet with a silicon surface
(Figure 1.2.8d). It will be interesting to see whether

single cell membranes become amenable to such
studies. Further development of micro/nanoGISAXS
for GISD is essential for carrying out studies of
chemical reactions at confined liquid/liquid
interfaces.

The dynamics of structures and processes

From early on in research employing synchrotron
light, muscle scattering has been a driving force for
advancements in synchrotron radiation
instrumentation. Advances have been so noteworthy
that it is now possible to probe angstrom-scale axial
motions of myosin heads during the working stroke
(Reconditi et al., 2004). Efforts are continually being
made to address the issue of control of biochemical
conditions using demembranated fibres. This will
result in a new type of study relating biochemical
activity to the structural and mechanical transitions.
Using smaller beams may mean that it becomes
possible to extend these in situ studies to large
regulatory proteins involved in muscle activity such as
tropomyosin or even to the single sarcomere level
(Iwamoto et al., 2005). 

Protein folding and aggregation can be studied by
stopped-flow techniques down to the millisecond
timescale. Shorter timescales are, in principle,
accessible via microfluidics technology (Figure 1.2.9a)
combined with microbeam mapping (Riekel et al.,
2004), which has the additional advantage of
requiring only small sample quantities and allowing
combinatorial approaches. Complementary
techniques are inkjet systems using less than 100 pl
droplet volumes (Haberkorn et al., 2003) or nanojets
(Cojoc et al., 2006). Studying protein folding at the
microsecond timescale will require nanoSAXS and
custom-made nanofluidic cells to be combined. Fast
structural processes can also be initiated by the fusion
of filled vesicles via optical traps in a microfluidic
environment (Cojoc et al., 2006) (Figure 1.2.9b).

Figure 1.2.9: (a) A hydrodynamic focusing microfluidics cell; (b) two liposome
aggregates (A,B) trapped in a glass capillary by optical tweezers. These images
typify the type of developments required in the sample environment and the
experimental apparatus and sample manipulation/ support required to handle

the tiny, fragile samples that will be studied on the upgraded beamlines.
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The further development and modelling of efficient
optical, electrical and magnetic traps for sample
manipulation in a confined environment creates a
fascinating and critical challenge, that of making it
possible to undertake effective experiments using
minute and fragile samples.

Relevant Conceptual Design Reports:
• GISD: Grazing incidence scattering and
diffraction 
• HISAXS: High-throughput SAXS 
• INELX: Inelastic X-ray scattering 
• MINADIF: Micro- and nano-diffraction 
• SAXS: Small-angle X-ray scattering 
• SFINX: Scanning fluorescence and imaging at
the nanoscale using X-rays 
• SMILE: X-ray microscopy 
• XPCS-CXS: X-ray photon correlation
spectroscopy and coherent X-ray scattering 

Key enabling technologies and infrastructures:
• Condensed matter theory
• CCD-based and pixel-detectors 
• AFM integrated into beamlines
• Chemical and biochemical laboratories at
beamlines 
• Advanced imaging, manipulation and section
techniques laboratory at beamlines
• Office and laboratory space for soft condensed
matter partnerships 

1.2.4. Soft and fragile matter:
microstructure, dynamics and out-of-
equilibrium phenomena 

Scattering techniques (X-rays, light and neutrons)
have significantly contributed to our understanding of
equilibrium microstructure and dynamics, and out-of-
equilibrium processes in soft matter. However, in
recent years, real-space imaging and manipulation
methods have also gained tremendous importance.
These approaches have certain advantages in
revealing qualitative features. Nonetheless, scattering
techniques remain essential for seeking deeper
structural, dynamic or kinetic information. The
complementary nature of scattering and imaging
techniques is crucial in unravelling the full richness of
soft matter. An upgrade of the ESRF portfolio of soft-
matter beamlines is essential to extend the current
limits of scattering techniques to unexplored regions
of the mesoscopic scale. These instrument
developments need to be complemented by both the
ability to synthesise model systems and the
availability of state-of-the-art sample environments

and modelling in terms of advanced computational
methods. In this respect, the development of a Soft
Matter Partnership together with ILL will be a major
step forwards in the exploitation of scattering
techniques on the Grenoble international site. For
industrial applications of scattering techniques,
advances in the modelling of polydisperse and multi-
component systems will also be an important
development.

Equilibrium microstructure and dynamics 

The investigation of phase behaviour, equilibrium
microstructure and dynamics remains an essential part
of soft-matter research. The relationship between
mesoscopic structure/dynamics and macroscopic
physical properties is of both fundamental and
practical interest. For example, self-assembly is one of
the key features of many soft-matter systems such as
surfactants, block copolymers, biomaterials, etc.
(Robinson, 2003). Exploring these self-assembled
hierarchical structures and their response to external
fields constituted a substantial part of soft-matter
research in the past. The focus has been shifting to
understanding the kinetic pathways of self-assembly
leading to desired structure and function, the role of
competing interactions and the complexities that lie
beyond hierarchical structures. 

The use of different scattering techniques provides
complimentary information. For example, high-
resolution small-angle and ultra-small-angle X-ray

Figure 1.2.10: Scattering from a dilute suspension (<1%) of
casein micelles over a wide scattering vector range under

normal physico-chemical conditions. The ability to detect low
scattering signals of a few percent above the buffer level is

critical in deriving the shape and size of the calcium
phosphate particles reticulated in the protein matrix –

detector improvements are essential if this is to be improved
further. The inset shows a sketch of the overall globular

structure referring to the fitted model.
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scattering (SAXS and USAXS, respectively) are
widely used to elucidate the bulk microstructure
whilst grazing incidence SAXS/diffraction
(GISAXS/GISD) provide the corresponding
information at interfaces. The equilibrium dynamics
at the pertinent length scales can be studied using
X-ray photon correlation spectroscopy (XPCS). This
is currently limited by the signal-to-noise ratio for fast
dynamics at large momentum transfers due to the
limited coherent photon flux available. The proposed
upgrade and the linked advent of fast detectors will
extend the current limits to the sub-microsecond
range. Implementation of the near-field X-ray
scattering technique (NFXS) would, in principle,
extend the limits of USAXS and XPCS to extremely
small scattering vectors (q) ~10-4 nm-1. The
exploitation of anomalous effects in small-angle
scattering (ASAXS), GISD and reflectivity provides
unique information about charge distribution in bulk
and at interfaces (e.g. oil–water interfaces,
polyelectrolytes, etc.). 

The development of high performance detectors with
single photon sensitivity, high spatial and time
resolution and dynamic range is of central importance
for the advancement of different scattering
techniques. In static structural studies, the
improvement in the detection limit below 0.1% of the
solvent scattering would enable high-resolution
information not readily accessible to any other
technique to be extracted. Figure 1.2.10 depicts the
scattering from a dilute non-interacting suspension of
casein micelles – the main protein component of milk.
The high intensity in the low q range and low
scattering signal in the high q region provide
information about the globular micelles and the
encapsulated calcium phosphate particles,
respectively. In this case, the ability to detect low
scattering signals of a few percent above the buffer
level is critical in deriving the shape and size of the
calcium phosphate particles. A similar detection
capability is also crucial in the in situ investigations of
aerosol systems (volume fraction around 10-8 to 10-6),
grazing incidence diffuse scattering experiments to
distinguish interface scattering from the bulk and
anomalous scattering studies with solutions of soft
matter and biological macromolecules.

That faster detectors can extend the accessible time-
range of XPCS to the sub-microsecond region has
already been demonstrated in the vicinity of Bragg
peaks and specular reflections on free-standing
smectic liquid crystalline membranes (Sikharulidze et
al., 2002). Figure 1.2.11 shows the typical intensity
autocorrelation function for specular and off-specular
scattering indicating a transition from an oscillatory
damping to simple exponential behaviour. With the
proposed upgrade, such studies could be carried out
with diffuse scattering on a much wider range of
systems. Finally, one could envision using

polarisation-dependent XPCS to investigate the
rotational dynamics of rod-like objects, as well as
magnetic effects (coarsening and dynamics of
magnetic domains, magneto-hydrodynamics, etc.).
Such studies are today at the limit of feasibility
because of the significant loss in flux associated with
defining the polarisation state of the X-rays and/or
performing the polarisation analysis of the scattered
intensity.

Complimentary to static and dynamic X-ray
scattering discussed above, inelastic X-ray scattering
(IXS) techniques probe the collective dynamics in
liquids and disordered molecular systems at
mesoscopic length scales. In this region, the
thermodynamic and transport coefficients of atomic
systems are dependent on length- and timescales
(Boon and Yip, 1991). Within the framework of the
Upgrade, the currently inaccessible crossover region
between the macroscopic and the mesoscopic ranges
will become accessible to IXS and will provide
information over the unexplored space and time
domains (up to 600 Å and 300 ps). A more in-depth
description of this technique can be found in chapter
1.4. Nuclear resonance scattering (NRS) is another
technique that bridges the mesoscopic and
macroscopic ranges, thanks to the intrinsic energy
resolution provided by nuclear transitions (nano-
electronvolt range). In particular, the Rayleigh
scattering of Mössbauer radiation allows nano-
microsecond dynamic processes to be studied on a
spatial scale from 0.1 to 100 nm. A mature
spectroscopic technique will then be able to be
produced in collaboration with the detector upgrade
(detailed in chapter 2.5). 

Figure 1.2.11: Intensity autocorrelation functions of 2.83 µm
thick smectic liquid crystalline membrane at the specular
position (1) and off-specular positions (2, 3) illustrating a
transition from damped oscillatory to simple exponential

decay (Sikharulidze et al., 2002). Inset shows the Bragg peak
position. With an increase in coherent flux and faster

detectors, such studies could be carried out with diffuse
scattering on a much wider range of systems.
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Confined geometries and buried interfaces

The nanoscale investigation of buried liquid–liquid and
liquid–solid interfaces in soft matter is a challenging
problem. The combination of GISAXS using high-
energy X-rays (20 to 30 keV) with a micrometre beam
size is a sensitive tool for these investigations and the
Upgrade will strengthen the ESRF capability in this
domain. Figure 1.2.12 presents a simple demonstration
of this in a study of the ordering of nanoparticles at a
liquid–liquid interface. Similar studies can be extended
to more realistic systems. For instance, recent
experimental advances have made it possible to address
certain long-standing issues in this field, e.g. the
depletion layer at the interface between water and a
hydrophobic surface (Mezger et al., 2006) which is

important in many fields of physics and biology. The
dynamics of a liquid interface can be probed by XPCS
but, at present, such studies are only feasible for very
slow dynamics (glassy systems) (Streit et al., 2007), or at
sub-micrometre length scales at solid–liquid interfaces
(Madsen et al., 2005). It is expected that the Upgrade
will allow other systems, such as liquid crystals, liquid
metals, and nanoparticles, to be investigated on much
smaller length scales than that accessible today. 

Similar studies can be extended to solid–liquid
interfaces in confined geometries such as microfluidic
devices. Understanding the effects of roughness and
surface morphology on the flow-fields at nanometre
scales have not been performed so far. Such studies
are essential prior to exploiting these flow devices for
static and dynamic X-ray scattering experiments.
XPCS combined with microfluidics is an extremely
promising method to investigate the effect of
confinement on the dynamics of soft matter (colloids,
polymers, proteins, etc.). These studies necessitate the
Upgrade in particular to obtain the required coherent
flux in a sub-micrometre beam. Development of
micro- and nanofocusing optics is essential for
pushing the limits of GISAXS and XPCS in confined
geometry and at interfaces. 

Probing the interfacial film organisation at
liquid–liquid interfaces using GISD provides access to
the elastic properties of Langmuir and Gibbs layers.
Figure 1.2.13 illustrates that the lowering of the

Figure 1.2.12: Ordering of gold nanoparticles (5 nm) at the
liquid–liquid interface of toluene and water (a). GISAXS

pattern (b) and the corresponding cuts along the plane (c)
revealing the preferential ordering of particles at the

interface. The combination of improved detectors, dedicated
experimental infrastructures, high-energy X-rays (20 to

30 keV) and micrometre beam sizes are important aspects for
this study and will be available following the Upgrade.

Figure 1.2.13: Illustration of membrane undulations at a
liquid–liquid interface (a). Lowering of the surface energy (γ)

pushes the undulation modes to lower q values (b) allowing the
small bending rigidity (κ) to be determined. The liquid–liquid
interface provides the ability to tune the surface energy (γ).



surface energy is an ideal means to probe small
bending rigidity of membranes. Thin film dynamics
have been widely explored with XPCS and, for
instance, it has been observed that liquid thin films in
a partial wetting condition are static, i.e. the capillary
waves are absent on length scales much below the van
der Waals cut-off (Gutt et al., 2007). At present, such
XPCS experiments are limited to millisecond range
and length scales greater than 100 nm due to the
limitations in coherent flux and detectors.
Investigations on smaller length scales, enabled with
the Upgrade, could be carried out, for example, to
find the point where thin liquid film starts behaving
as a liquid, or to better understand the influence of
the interactions with the substrate. 

Out-of-equilibrium processes 

The equilibrium states discussed in previous sections
can be driven out-of-equilibrium by a jump in any
thermodynamic variable, application of an external
deformation, the effects of hydrodynamic flow or
competing attractive and repulsive interactions. This
topic involves a myriad of issues such as the kinetic
pathways of the ordering process, for example, self-
assembly of amphiphilic molecules, the relationship
between microstructure/dynamics, and bulk rheology,
universal dynamics of kinetically-arrested states, etc.
Scattering techniques are ideally suited for addressing
these issues. 

(a) Kinetics of self-assembly

The self-assembly of amphiphilic molecules leads to a
variety of fascinating structures. Some of these
systems mimic more complex biological entities, for

example, a phospholipid unilamellar vesicle is a model
for the cell membrane. Moreover, such self-assembled
systems have important practical applications such as
vectors for drug delivery, nanotemplates and reactors.
At present, relatively simple micellar transformations
(e.g. spontaneous self-assembly of unilamellar vesicles)
as schematically depicted in Figure 1.2.14a can be
studied reasonably well (Weiss et al., 2005). If the
instrumentation and infrastructure were improved, the
kinetic pathways of more intricate systems such as
complexes of phospholipid membranes and DNA
(Rädler et al., 1997; F. Artzner, unpublished) shown in
Figure 1.2.14b would become feasible in the future.
High-resolution Bragg peak analysis of well oriented
samples using SAXS and GISAXS is an important
technique to elucidate the structure and elastic
properties of these systems. One of the key questions
to be answered is how kinetic competition in self-
assembly results in unique structural features. This has
important implications not only in understanding how
Nature has achieved a desired function via optimised
self-assembly processes over millions of years of
evolution, but it also has direct applications in nano-
and biotechnologies. The large variety of systems to
be studied include the complexes of amphiphilic
molecules or block copolymers with biopolymers in
bulk and at interfaces. Real-time SAXS, USAXS and
GISAXS experiments could provide unique
information, inaccessible up to now. Undertaking
complementary dynamic scattering experiments (with
XPCS) on such transient systems is more challenging
but could become feasible when the corresponding
kinetics are slower. 

Many natural and industrial processes occur under
open non-equilibrium conditions. An example is the
pyrolytic production of nanoparticles (Beaucage et
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Figure 1.2.14: Schematic representation of (a) transformation of micelles to unilamellar vesicles
and (b) complexation of phospholipid vesicles and DNA to form quasi-long-range ordered sliding

columnar phases. Upper right corner presents the corresponding SAXS pattern from these
systems. The kinetic pathways of self-assembly for the latter have not been explored so far but

could be feasible following the improvement in infrastructure and detectors.



al., 2004). Figure 1.2.15 pictorially depicts the
experimental setup for flame spray pyrolysis. A key
question is how the precursor spray droplets
fragment at sonic speeds and evaporate at high
temperature (2500 K) to initiate nucleation and
growth of nanoparticles. A detailed understanding of
these processes is important for the optimisation of
industrial production and also at the same time
interesting from a fundamental point of view (e.g. the
dynamics of fragmentation of spray droplets). The
main challenge is that underlying processes involve
rapid kinetics (sub-millisecond range), multiple

length scales (e.g. micrometre sized droplets or
nanometric particles), and low volume fractions
(~10-6). At present, the nucleation and growth of the
nanoparticles can be probed by SAXS but there is
little information about the injection, fragmentation,
and evaporation of the droplets (the region
indicated by a question mark in Figure 1.2.15b).
Development of a long pinhole USAXS instrument
would allow in situ studies of this type of transient
process. Note that light scattering is not suitable for
this study due to strong optical emission from the
flame.
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Figure 1.2.16: (a) Speckle pattern
showing the coherent SAXS from a
suspension of colloidal spheres in a
near-vitreous solvent. (b) Dispersion

relations extracted from intensity
fluctuations of the speckle pattern at
two temperatures while approaching
the glass transition of the solvent. The

linear Γ vs q behaviour at low T is
indicative of the onset of collective

motion. The two-dimensional speckle
pattern demonstrates the importance
of the detector in terms of low noise
and high spatial resolution for this
type of study (see chapter 2.5 for
detail on the Upgrade detector

programmes).

Figure 1.2.15: Flame spray pyrolysis (a) is a promising technology for industrial production of a variety of
ceramic nanoparticles. A key question is how the precursor spray droplets fragment at sonic speeds, evaporate

and then initiate the nucleation of nanoparticles. This is a multi-scale transient process occurring in the sub-
millisecond range (height above the nozzle is a kinetic time). At present, the nucleation and growth of

nanoparticles can be studied but access to droplet dynamics is limited (see the power law scattering in (b)).
A long pinhole USAXS instrument, as planned in the Upgrade (see CDR SAXS), would allow

simultaneous investigation of spray droplet fragmentation (dashed scattering curves in (b)), and nucleation
and growth of nanoparticles.
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(b) Dynamics of arrested states 

In recent years, kinetically-arrested states in short-
range attractive systems (colloids, clays, micelles,
proteins, etc.) have been the subject of considerable
theoretical and experimental analysis (Sciortino and
Tartaglia, 2005). Predictions of mode-coupling theory
and computer simulation have allowed the unification
of dynamic arrest scenarios in an apparently diverse
class of systems and revealed striking similarities with
the glass transition. Whilst USAXS provides
quantitative information about subtle changes in
interaction potential (Narayanan et al., 2006), XPCS is
suited to the exploration of slow dynamics (e.g.
ageing) in these soft glassy systems. The ensemble-
averaged intermediate scattering function obtained
using multispeckle XPCS can be directly compared
with the theoretical predictions. Recent studies of
these soft glasses in the bulk and fragile molecular
glasses at the air/liquid interface (Streit et al., 2007)
revealed striking similarities as demonstrated by their
hyperdiffusive and strongly intermittent dynamics.
Figure 1.2.16 illustrates the transition from diffusive to
hyperdiffusive behaviour of colloid dynamics in the
vicinity of the glass transition temperature of the
solvent (Caronna et al., 2006). Further work is needed
to establish the connection between the so-called
dynamic heterogeneities and collective dynamic
behaviour in this case. At the moment, XPCS can
only access the slower α-relaxation which freezes out
in the glassy state but the Upgrade, together with
faster 2D detectors, could provide access to short-
time relaxations present in these systems. This is
essential to compare the glass transition of fragile
molecular glasses to kinetic glass transitions
frequently encountered in soft matter (e.g. gelation
and the colloidal glass transition). 

A complete statistical mechanical description of
slowly relaxing glassy states is a major theoretical
challenge (Kurchan, 2005). Nevertheless, recent
advances in computational resources and techniques
have made length- and timescales relevant for X-ray
scattering and spectroscopy experiments more
accessible to computer simulations. These
computational techniques include Newtonian and
Brownian molecular dynamics, Monte Carlo, Lattice
Boltzmann equation and structure optimisation. The
input from theory and simulation is essential for the
proper interpretation of results from advanced
scattering experiments.

Relevant Conceptual Design Reports:
• GISD: Grazing Incidence Scattering and
Diffraction 
• HISAXS: High  Throughput Small Angle X-ray
Scattering 
• INELX: Inelastic X-ray Scattering 
• MINADIF: Micro- and Nano-Diffraction 
• NR-NSM: Nuclear Resonance - Nanoscale
Materials 
• SAXS: Small Angle X-ray Scattering 
• SMILE: Spectro-Microscopy and Imaging at Low
Energies 
• XPCS-CXS: X-ray Photon Correlation
Spectroscopy and Coherent X-ray Scattering 

Key enabling technologies and infrastructures:
• Availability of high-spatial resolution and large-
dynamic range 2D detectors.
• Development of high-time and high-spatial
resolution detectors.
• High performance (stability and coherence
preservation) microfocusing optics.
• Advanced data analysis methods based on
analytical theories and computer simulations.
• Precision sample environments for surface and
bulk studies.
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Science context

Understanding a material’s structural properties
and chemistry is central to many areas of
academic and industrial importance including
catalysis, the design, synthesis and
characterisation of novel materials, Earth and
planetary sciences, and fundamental physics.
The availability of high brilliance X-ray beams
has led to significant developments in these
areas and scientists from many fields of research
depend on having regular access to dedicated
instrumentation exploiting synchrotron
radiation.

Structural knowledge is crucial in modern
chemistry for understanding and controlling
catalytic processes, polymorphism in the
formulation of pharmaceutical products, energy
storage and transport, and the interaction of
molecules with surfaces, etc. Techniques such as
single-crystal and powder X-ray diffraction and
EXAFS are powerful probes. Structural changes
and dynamics in materials on the timescale of
molecular processes can be tracked using “pump-
and-probe” X-ray experiments with a resolution
in the microsecond to picosecond range.

Studies on matter under extreme conditions lead to
an understanding of the chemistry, fundamental
physics and mechanical properties of matter. The
key to many of these studies lies in the combination
of high pressure and high temperatures to mimic
the conditions used in synthesis and those of
planetary interiors, for example, and the use of high
brilliance X-ray beams to analyse the tiny quantities
of matter available.

Material properties depend strongly on structural
features over a broad length scale from the
atomic to millimetre. However, studies at the
intermediate sub-micrometre scale are
particularly important in metals, ceramics and
similar materials as they involve intergranular
interactions such as dislocations, cracks,
interfaces and surface layers, and require
improved tools for their investigation.
Synchrotron-based X-ray techniques have great
potential to make the full, hierarchical
characterisation of materials possible through
the use of nanometre beams to probe sub-micron

features. The derived information can be
combined with the development of
computational techniques to allow the
rationalisation and eventual prediction of
material properties. 

The ESRF has extensive experience in the high-
energy, time-resolved, powder and high-pressure
diffraction techniques that are vital to all of the
areas detailed above.

Added value of the Upgrade

The Upgrade Programme will enable scientists to
tackle experiments with smaller samples, over
enhanced length scales, shorter timescales and,
crucially, involving in situ reactions and structures
under non-ambient conditions.

Scientific value will be added by the
development of:
• Nanofocus beamlines for hard X-ray diffraction
and imaging down to 20 nm, to study nanoscale
samples under extreme conditions and complete
the tools for the total hierarchical characterisation
of materials.
• Sub-millisecond diffraction and imaging
allowing subsecond tomography for materials
dynamics. 
• Routine high-pressure facilities for megabars of
pressure at very high and low temperatures and a
large volume press for materials synthesis and
characterisation.
• A high-energy beamline for structural studies of
liquids, amorphous materials and
surfaces/interfaces.
• Structural dynamics with the application of
improved and additional probe techniques for
crystals and solutions. Experiments at the ESRF will
be highly effective for timescales greater than the
100 ps range and are essential in laying the sound
foundations for future experiments at the X-ray free
electron laser (XFEL).

Key questions

Modern materials science and chemistry depend on
an intimate understanding of a system’s behaviour
and structure, both of which can be explored using
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synchrotron radiation over a very wide range of
length scales, timescales, and under an immense
variety of applied conditions.

1. How can structural and spatial information be
correlated across many orders of length scale to
rationalise and predict materials’ physical and
chemical properties?
2. Can in situ methods aid in the optimisation of
the processing of advanced materials and chemical
procedures?
3. How can the performance of car exhaust
catalysts be optimised?
4. What are the chronology and kinetics of the
fundamental steps in a chemical reaction
sequence?
5. How do the interiors of the Earth and related
planets function?

The next generation of high resolution diffraction
and spectroscopic instruments available at the
upgraded ESRF will offer the opportunity to
investigate such concepts at the fundamental level.
For materials science, the emphasis is on hard
energies and focused beams.

Expected user communities 

Materials scientists will be given access to superior
structural information from the atomic to the
micrometre scale and larger. These techniques
benefit researchers studying materials fatigue, crack
growth, and component failure, which in turn are
relevant to welding, aerospace components, and
surface treatments, etc. Through rapid in situ
structural and spectroscopic methods (pump and
probe), physicists and chemists investigating
fundamental chemical pathways will obtain details
of complex processes from measurements over all
relevant spatial and timescales leading to a detailed
understanding of the mechanisms involved. The
Upgrade will promote fundamental and applied
research for structural chemists that use high-
resolution diffraction and spectroscopic techniques
to develop new materials, e.g. for hydrogen storage
and batteries or catalysts, or to improve
pharmaceutical formulations. Through novel sample
environments geophysicists will reveal the
fundamental physical and geochemical properties
for Earth and planetary sciences. Materials scientists
developing novel, ultra-resistant materials at the
forefront of technology will also profit from
advanced high-pressure cells combined with laser or
resistive heating.

Enabling technology and infrastructure

These scientific areas will benefit from the
developments planned within the framework of
the Upgrade, especially in detectors and nano-
instrumentation.
• Buildings and infrastructure: A part of the proposed
programme involves long nanofocusing beamlines.
Space for new infrastructure such as specialised
sample preparation and characterisation is
required.
• Accelerator and source: This programme relies upon
timing modes in top-up operation, overall machine
stability and smaller source emittance. Cryogenic
and canted undulators are needed. Higher flux and
brilliance are an advantage.
• Beamlines and instrumentation: Nanofocusing
beamlines are required with their associated
specific stringent infrastructure issues: mechanical
and thermal stability and X-ray optics.
Development of extreme sample environments for
routine use. Requirement for high sensitivity and
high speed X-ray detectors. High levels of
component integration will be needed.
• Computing: The programme will be particularly
demanding in data storage capacity and
sophisticated beamline control. Online analysis of
data is essential.

Partnerships

Several networks and partnerships in
microelectronics, bulk metallic glasses, high
pressure, fuel cells, etc. are desirable. Collaborative
access to a large-volume press is an important part
of developing the technique and the user
community. The FaME38 partnership (ESRF, ILL,
EPSRC) provides support to enable European
materials engineers to make the best use of the
advanced neutron and synchrotron X-ray scientific
facilities at the ILL and ESRF.

Industry and technology transfer

The Upgrade Programme is closely linked to
industrial applications. The aeronautical,
automotive, microelectronics and pharmaceutical
industries are of particular importance; companies
directly use proprietary beam time for sample
analysis. The full hierarchical characterisation
platform includes a proposal for a dedicated
engineering beamline to cater for industrial
materials analysis.

1. Science at the ESRF

51ESRF Science and Technology Programme 2008-2017



1.3. Structural properties and chemistry of materials

52 ESRF Science and Technology Programme 2008-2017

1.3.1. Introduction

Structural knowledge forms the basis of modern
materials science and chemistry. The development of
new materials and the optimisation of synthetic
chemical processes depend on a detailed
understanding of a system’s microscopic structure –
the arrangement of and interactions between the
fundamental constituents of a system – and how these
evolve, either spontaneously, or under the influence
of externally applied conditions (such as changes in
temperature, pressure, concentration, applied load,
etc.). Synchrotron-based methods can probe structure
and structural evolution over a very broad range of
length scales (from the nanometre to the millimetre),
timescales (down to hundreds of picoseconds),
temperatures (up to thousands of degrees), and
pressures (up to several megabars). Thus as well as
providing methods to study, understand and improve
processes and materials of technological and industrial
importance, synchrotron radiation provides
techniques to study matter under extreme conditions,
relevant within the realms of planetary and Earth
sciences.

This chapter therefore deals with the impact of the
Upgrade Programme in the areas of chemistry, matter
at extreme pressures and temperatures, and materials
science. These closely-related areas have benefited
immensely from synchrotron radiation in the past.
The Upgrade Programme will provide ways of
handling even more challenging problems. Routine
access to nanometre sized beams and better detectors
combined with the ESRF high-energy X-rays will
make it possible to study individual grains, smaller
samples, shorter timescales and in situ studies in
reaction vessels and structures under non-ambient
conditions. 

Structural information can be effectively obtained
through single-crystal diffraction, powder diffraction
and EXAFS (section 1.3.2). Improved resolution in
powder diffraction makes it possible to determine
crystal structures ab initio, even from structures as
substantial as protein complexes. The areas of
applications are numerous: from catalytic processes to
supramolecular chemistry, where atoms assemble to
form large functional complexes and entangled
structures. The Upgrade will markedly improve the
possibilities by providing faster acquisition times and
expanding the capability to include liquids,
amorphous materials and quasi-crystals.

Structural chemical information is also important
when broken down along the timescale so that
reactions can be followed (section 1.3.3). Pump-and-
probe techniques allow chemical reactions to be
“filmed” to provide records of molecules in action.
The ESRF beamlines will provide a highly effective
resource for time resolution greater than 100 ps

complementary to the XFEL experiments on the
femtosecond timescale. The time-resolved structures
of both large and small molecules in crystals and in
solution using crystallography, SAXS and
spectroscopies will be accessible using the improved
techniques and facilities provided by the Upgrade
Programme.

Pressure and temperature are thermodynamic
variables that cause changes in states and drive
chemical reactions (for example, hydrogen at extreme
pressures is predicted to become metallic).
Section 1.3.4 describes the physics and chemistry of
matter at extreme conditions. Demand continues to
grow steadily for high-pressure experiments in a
number of areas such as Earth and planetary science,
fundamental physics, mineralogy and the synthesis of
new materials under non-ambient conditions. This is
due to the breakthrough in diamond-anvil cell
technology, coupled with the well-collimated X-ray
beam from the ESRF (a micrometre-sized beam is
required given the cell acceptance). The Upgrade
Programme will allow extended extreme conditions to
be routinely applied at the ESRF beamlines and an
increase in capacity for high-pressure experiments.

The discipline of materials science (section 1.3.5)
looks at the relationship between the structure and
properties of materials, which forms the basis for
designing new engineering materials. In order to
understand this relationship, their structure has to be
studied on a variety of length scales from the atomic
(sub-nanometre) to the bulk scale (millimetres). This
knowledge has clear relevance for industry and, as
part of the Upgrade, a bending magnet beamline
dedicated to industrial materials science is planned.
Knowledge of how materials react under stress or
under the influence of varying environmental
conditions is also of paramount interest (e.g. for the
aerospace industry). The unifying objective is to
provide a set of beamlines that covers the entire range
of length scales (angstroms to micrometres to
millimetres) and time (sub-milliseconds to hours to
even weeks).

1.3.2. Chemical crystallography and
structural chemistry

Understanding the properties of materials requires
knowledge of their structure at the atomic level. This
is best obtained via single-crystal diffraction
measurements if the material forms suitable crystals,
which is frequently not the case for modern materials
systems or for novel chemical compounds made by
innovative synthetic routes. Synchrotron-based
techniques allow materials to be characterised
irrespective of their state of crystallinity via different
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diffraction and spectroscopic methods. These reveal
long-range or local structural details for glasses,
liquids, poor-quality crystals (perhaps of great
fragility preserved in mother liquor), powders (which
can be multiphase), assemblies of microcrystals,
adsorbed surface layers, etc. Moreover, the evolution
of structure with materials processing or changes in
conditions is also an important feature of a system
that needs to be investigated and understood. The
improvements in X-ray flux and detectors foreseen
within the Upgrade Programme mean that structural
characterisation will be possible with increased detail
and accuracy, and on greatly reduced timescales. This
will allow ever more rapid and/or complex processes
to be studied.

Atomic-scale structure of materials

Determining the highly complex structures of the
new class of compounds formed by self-assembly
mechanisms, such as organometallic grids and
supramolecular arrays, represents a real challenge.
The structures are important as they verify the success
of the underlying synthetic strategy as well as
revealing the influence of weak chemical forces, e.g.
hydrogen bonding, van der Waals interactions, etc.
The crystals are usually small, fragile, and of broad
mosaicity. Solving such structures entails determining
thousands of parameters and is quite impossible with
conventional instrumentation. Numerous materials of
this kind have been characterised using beamline
ID11: the quality of the beam allows the collection of
so much data, of such statistical quality, simply to
overwhelm the problems and hence lead to the
solution of the structure (e.g. Barboiu et al., 2003). A
novel crystallographic approach involves collecting
data from an assembly of microcrystals. By using a
focused beam, only a few crystallites are irradiated
and diffract. Software to track the individual
crystallites as they are rotated in the beam allows the
collection of a single-crystal-like pattern from
essentially a few grains of powder, so enabling
complex and robust refinements. Within the Upgrade
Programme, this approach will be generalised and its
applicability extended greatly. Atomic-level structure
represents the base length scale of “simultaneous
hierarchical characterisation,” described in
section 1.3.5. When reasonable single crystals are
available, the superb data allow the study of fine
details such as electronic structures, anharmonic
motion, commensurate or incommensurate charge
ordering, charge-density waves and other
superstructures, etc.

The analysis of crystal structures from powders
requires accurate high resolution data extending to
small d-spacings with good statistics that are
optimally collected at a short wavelength, using a
parallel-beam diffractometer. Many of the most

complex systems studied as powders in recent years
have used ESRF facilities. Figure 1.3.1 presents an
organometallic structure as an example, and there has
also been recent work on proteins. Powder
measurements are, however relatively slow. It takes
many minutes or even hours to obtain a pattern that
is adequate to determine and refine a structure with
any level of complexity, especially if using a
technique that exploits multiple data sets. The novel
use of anisotropic thermal expansion to change the
degree of overlap between adjacent peaks, thus
yielding better estimates of their individual intensities
can be given as an example. Multipattern techniques
are being increasingly employed for the most
complex structures solved or refined from powders.

Powder diffraction is a powerful method for following
the structural evolution of a system using changes in
temperature, composition, time, etc., for example the
characterisation of the phase transitions of a
compound, or studying a battery during the
electrochemical cycle. A modern development
involves making measurements at many points
(e.g. temperatures), even at hundreds of points if
appropriate. The detailed evolution of the structure
can then be observed, revealing the underlying
mechanism. Such “parametric studies” provide a
wealth of information about the evolution of
crystalline systems, e.g. the details underlying the
negative thermal expansion of a material. Modern
Rietveld programs allow structural parameters to be
tied across the series of patterns by empirical or
theoretical relationships. The refinement can
therefore take place against a 3D surface (e.g. intensity
versus 2θ and temperature), which makes it possible
to refine fundamental quantities that are not normally

Figure 1.3.1: The structure of rationally synthesised giant
metal-organic framework, MIL-101, determined via powder
diffraction (Férey et al., 2005). The Upgrade will speed up

the collection of powder patterns, making possible the
systematic exploration of parametric space and resulting in

the in-depth understanding of a compound over many
hundreds of points of temperature and/or pressure

for example.
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accessible in a simple analysis. For example, rather
than refine the lattice parameters for each
temperature, it is possible to refine the thermal
expansion coefficients which define them instead. 

There is, however, a major mismatch between the
time required to obtain a powder pattern for the
analysis of a structure of moderate complexity and the
number of points for an effective parametric study of
a system. At the ESRF, it is currently impossible to
measure 200 high-resolution powder patterns for a
sample. However, this would become realistic by
accelerating the measurements by an order of
magnitude. Such an increase in performance will
result from the improvements to the source and
detectors foreseen in the Upgrade Programme, thus
extending the utility of parametric analysis.
Furthermore, the general area of powder
crystallography will be enhanced, particularly for the
most complex structures requiring a multiple-data-set
approach. An approach which is also increasingly
exploited in modern chemical technology is the
characterisation of a large number of compounds
formed by systematic variations in the conditions of
synthesis.

Materials lacking strict long-range order, e.g. glasses,
liquids, quasi-crystals, assemblies of nanoparticles,
aperiodic or disordered systems, etc., can undergo
structural analysis via the atomic pair distribution
function (PDF, the Fourier transform of the
normalised powder diffraction pattern) or EXAFS
spectroscopy. Peaks in the PDF represent
characteristic distances between pairs of atoms in the
structure (Billinge and Kanatzidis, 2004). A
theoretical PDF can be calculated from a model, such
as the postulated structure for a nanoparticle, and
compared with the experimental curve. By minimising
the differences between the two, the model can be
refined in a manner analogous to the Rietveld
method. It is even possible to access multicomponent
materials using this approach, and recently the
structure of a nanoparticle cluster of atoms was solved
via the PDF without prior structural information. The
increasing number of proposals received at the ESRF
illustrates the growing interest in PDF analysis. The
Upgrade Programme will benefit the measurement of
high quality PDFs by accelerating the data collection
by at least an order of magnitude, thereby also
encouraging in situ studies. Moreover, the improved
hard energy performance will promote the use of
anomalous scattering studies at energies above
40 keV, allowing better contrast for heavy elements,
such as in rare-earth-containing glasses, and materials
with important optical properties. Such studies would
be complementary to studies via EXAFS.

X-ray absorption spectroscopy (XAS) is an essential
probe for determining local structure around selected
atomic species, even when in very dilute

concentration. In addition, high-energy-resolution
edge measurements provide unique information on
the nature of the lowest unoccupied electronic states
(van Bokhoven et al., 2006). XAS is also well suited for
experiments under extreme conditions. Improvements
to the XAS technique in terms of acquisition time and
spot size will largely expand the thermodynamic
region where it will be possible to probe the local
structure of liquids, e.g. at the equilibrium or in the
metastable undercooled phases.

Solid-state chemistry

Solid-state chemical reactions can be followed in situ
by powder diffraction techniques, e.g. to identify
intermediate steps in the synthesis or processing of a
material, perhaps under conditions close to those used
in a real industrial process. For the fastest reactions,
such as self-propagating combustion synthesis, where
the reactions last only a couple of seconds, a time
resolution of a few milliseconds is needed. Here time
resolution takes precedence over angular resolution or
range, and a fast 2D detector (e.g. the ESRF FRELON
camera, see chapter 2.5) must be employed. A small
(focused) beam is essential as this ensures the highest
angular resolution of the diffraction pattern, and gives
the clearest picture of the chemical changes within a
small volume of the sample. Evolution towards
routine smaller beams will improve such
measurements, because the homogeneity of the
chemical processes within a smaller irradiated volume
increases and so does the capacity to resolve the
individual steps in any reaction sequence. For studies
on a slower timescale, the improvements foreseen for
high-resolution measurements (see above) will assist
the convergence of the different in situ approaches.

Absorption of organic molecules at surfaces

The investigation of the physical and chemical
properties of large molecules and molecular
assemblies on surfaces is of considerable importance
because of the technological possibilities of devices
based on organic films. Adsorption can induce
conformational changes, causing modifications in the
chemical and physical properties of the interface,
which play a major role in the performance of
devices. The interaction of large molecules with
surfaces is a complex balance of intermolecular
binding forces and molecule–substrate interactions
which may induce either displacive reconstruction
involving strong mass transport of the substrate atoms
or a complicated modification of the adsorbed
molecules.

Large molecules interacting with metal or
semiconducting surfaces have been widely studied by
scanning tunnelling microscopy (STM). This is a
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technique that provides images of the molecular
electronic states on surfaces with near-atomic
resolution. However, STM cannot directly detect the
adsorbate–substrate interface and the induced
substrate modifications must be inferred indirectly.
Surface X-ray diffraction gives access to this
important and complementary information by
providing a detailed structural description of the
substrate–adsorbate interaction. The availability of
small X-ray beams together with the possibility of
energy scans and the use of 2D pixel detectors opens
new possibilities for studying such systems. If the
choice of X-ray energy is made wisely, radiation
damage induced by photoelectrons can be minimised,
whilst limiting the exposure thanks to the 2D
detector. The possibility of using coherent beams will
give access to photocorrelation spectroscopy
measurements and, subsequently, to the dynamic
properties of such systems. 

1.3.3. Fundamental chemical reaction
processes

Rational chemical synthesis requires detailed
understanding of the mechanism and kinetics of
reactions, i.e. the sequence and rate of the
fundamental processes of electron transfer, bond
making and breaking, transport of reactants and
products, etc. Such knowledge allows new synthetic
routes to be designed, and old ones to be optimised
to give higher yields, or to proceed under milder
(more energy efficient or more environmentally
compatible) reaction conditions. A key factor in many
reactions is the role played by the catalyst in
providing an efficient route from reactants to product,
and the study of the mechanism of catalysts is an
important theme at the ESRF. The Upgrade
Programme will make it possible to study faster
processes with greater sensitivity under a wider range
of conditions, which will provide an improved insight
into basic chemical reactions. These will be coupled
with a host of complementary spectroscopic
techniques to allow the detailed picture to emerge.

Investigation of reaction pathways and catalysis 

A key objective in chemistry is to understand the
mechanism of chemical reactions at the atomic level.
This has major practical implications for the design
and optimisation of bulk processes, comprising about
80% of industrial chemical reactions. In addition to
improved efficiency and environmental concerns,
understanding reaction mechanisms is essential for
providing technologically advanced products.
Unravelling the chemical behaviour of a system is a
real challenge owing to chemical heterogeneity and

the sensitivity to external conditions (temperature,
pressure, gas conditioning, etc.). Inner-shell
spectroscopy using hard X-rays is a key technique in
doing this because it is element specific and
compatible with various sample environments.
Advancing the characterisation of chemical processes
on a variety of length and timescales, and to relate
structural and electronic changes to other parameters
of the process (e.g. performance, interconversion of
molecular species), will be achieved within the
framework of the Upgrade Programme in the
following areas:

• Synchronous spectroscopy
Different spectroscopic techniques provide
complementary information (Figure 1.3.2). Several
techniques can be applied simultaneously, such as
EDXAS/IR/Raman/mass spectrometry or
EDXAS/UV–Vis/IR. If this is combined with a time
resolution down to a few milliseconds, a wealth of
information on a chemical reaction is obtained. The
configuration of occupied electron orbitals can be
studied with X-ray emission spectroscopy (XES)
where little work has been done to date. The XAS-
XES combination is intriguing because structural
changes can be directly related to changes in the
electron configuration. 

• In situ spectroscopy
When monitoring a chemical reaction, it is crucial to
apply a change in the environment online. An in situ
cell able to provide realistic working conditions and

Figure 1.3.2: Elucidation of a new structural reactive
catalytic cycle occurring in Pd catalyst during cycling

between CO and NO feedstocks at 673 K. The complete
picture is only obtained by applying dispersive EXAFS,

infrared, and mass spectrometry synchronously, at a time
resolution of 4 Hz (Newton et al., 2007). Each spectroscopy
complements the others to reveal a complete picture of the
catalyst’s behaviour – the Upgrade will advance the use of
combined in situ spectroscopies, which, when combined

with smaller beams/detectors, will also improve spatial and
time resolution.
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allow the simultaneous applications of numerous
techniques presents a considerable engineering
challenge.

• X-ray emission spectroscopy (XES) and resonant
inelastic X-ray scattering (RIXS)
These relatively new additions to the catalogue of
spectroscopic techniques offer new insights into
chemistry and chemical processes by studying
occupied electron orbitals just below the Fermi level,
as well as low-energy (optical) excitations by a hard
X-ray probe. Overcoming current restrictions by
increasing the energy resolution and obtaining sub-
second time resolution are challenges that, once
resolved, will have a major impact.

A smaller beam creates potential for improved time
and imaging resolution. However, it must be taken
into account that many chemical and biological
systems (especially in solution) can be X-ray labile
(thermal or electron induced damage). Increased
vigilance to accommodate these effects is therefore
required. In this respect, the ESRF aims to provide the
expertise and all-embracing facilities needed for
sample characterisation. This will make the ESRF
attractive to a wider user community.

Structural and electronic characterisation of
complex species bound to surfaces

Understanding heterogeneous catalysis requires
knowledge of the interactions between a surface and
an adsorbed species. Synchrotron-based techniques
have been employed to acquire this knowledge,
e.g. EXAFS for local order determination or surface
diffraction for crystallographic and morphological
characterisation. The ESRF has pioneered efforts to
bridge the gap between idealised experiments under
UHV and catalytic reactions at more realistic
pressures and temperatures, e.g. by providing new
information on adsorbate-adsorbate and adsorbate-
metal interactions at relatively high pressures up to
1 bar and elevated temperatures. It has been shown,
for example, how the role of the metal oxide phase
for CO oxidation is important, contrary to the
general belief that the oxide was a pollutant and
inhibitor of the reaction.

A real catalyst is composed of nanoparticles and XRD
provides significant insights into the growth
mechanisms of particles appropriate for catalysis.
In situ studies show how the particles change structure
and shape during the reaction. Such studies are still
limited to an average over an ensemble of particles
simultaneously illuminated by the beam.
A breakthrough would be the study of single particles
during the reaction. Thus the availability of
nanometre X-ray beams will make the determination
of the morphology of single nanoparticles feasible via

coherent diffraction imaging. It will be possible to
zoom in from illuminating a large number of clusters,
thus determining their average structure and
morphology, to a condition where only the
diffraction from a single particle is observed (Williams
et al., 2003). Using a fast 2D pixel detector and
performing an energy scan will make it possible to
measure the interference fringes due to the particle’s
finite size and to determine its 3D shape. The studies
will be carried out in situ, varying the temperature and
exposing gases while monitoring the reaction
products. In this way, particles’ interactions with the
gases and the phenomena leading to the eventual
decrease in catalytic activity will be understood. The
proposed acquisition procedure will allow a dramatic
increase in the time resolution of the experiment,
from minutes at present to sub-second, particularly
relevant for fast reactions. The same principle can
also be coupled with an energy scan maintaining a
particle in the Bragg condition in order to perform a
diffraction anomalous fine structure (DAFS)
experiment. In this case, complementary information
gathered through XAS will be available and will be
advantageous because it obtains the signal from a
single particle.

The Upgrade will therefore enable a tremendous
improvement in the comprehension of surface
catalytic processes by making nanometric beams
available and energy scans possible. Experimental
chambers will also host other experimental techniques,
such as local probe microscopy or light spectroscopy.

Relevant Conceptual Design Reports:
• EDXAS-L: Energy Dispersive Absorption
Spectroscopy (large spot) 
• EXAFS: Extended X-ray Absorption Fine
Structure Spectroscopy 
• SURF: Surface Diffraction 
• XAS-XES: Steady-State and Time-Resolved X-ray
Absorption and Emission Spectroscopy 

Key enabling technologies and infrastructures:
• Detectors: For EDXAS-L, 2D as FRELON but
larger horizontally and faster – i.e. 10 µs dead time
(direct detection like XSTRIP eventually).
• Buildings: Optical schemes of EDXAS-S and
EDXAS-L are linked. One of the two experimental
stations could be external to the experimental hall.
• Infrastructure: Chemistry laboratory close to the
EDXAS-L beamline.

Structural dynamics

Studying chemical and biological reactions at atomic
resolution and on timescales fast enough to follow the
evolution of molecules from their initial structure
through intermediates to their final structure is a great
experimental challenge. The experimental probe has
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to be extremely fast since reactions unfold on
timescales from femtoseconds to seconds, and the
reactions have to be activated quickly and uniformly
by an external trigger. The information that could be
gleaned from such studies is the identification of the
participating atoms, the timespan, and the role of the
environment. Further information of interest relates to
the chemical state of the atoms, whether it changes,
the number of intermediate states that occur, their
lifetime and their decay path.

Nature provides us with many examples of efficient
reaction mechanisms using external energy sources
such as visible light or heat. If the structural and
chemical changes are understood they can ultimately
be emulated for use in large-scale applications.
Metalloenzymes, for example, catalyse important
chemical reactions in living organisms. The activity of
a metalloenzyme is determined by its three-
dimensional structure as well as by the chemical state
of the metal ion. Whilst the former can be studied by
X-ray diffraction, the latter is better accessed by an
element-specific technique such as inner-shell
spectroscopy. 

Synchrotron pump-and-probe experiments will form
the basis for and be complementary to future XFEL
experiments. The extreme XFEL intensity will
produce excellent scattering and diffraction patterns
in a single shot at the cost of destroying the sample.
It is therefore anticipated that synchrotron radiation
will remain superior to XFELs for slower dynamics,
i.e. timescales above 100 ps. Experience gained from
pump-and-probe experiments at the ESRF is laying
the foundations for future XFEL experiments on the
femtosecond timescale.

Two dedicated pump-and-probe beamlines are
described below, one for scattering and diffraction
and the other for spectroscopy, together with the new

science that they will enable. The Upgrade
Programme is essential for their funding, and for the
development of fast 2D detectors (see chapter 2.5).

• Filming proteins in action

Undulator beams at the ESRF are so intense that
diffraction patterns from proteins can be recorded
with one X-ray pulse. This has been used to film
protein motions to a time resolution of 100 ps. The
protein is typically activated by femtosecond laser
pulses, and the evolving structure is probed by Laue
diffraction from delayed X-ray pulses. When Fourier
difference maps from a series of time delays are
combined, the correlated motions of all of the atoms
in the unit cell are literally filmed in real time and in
three dimensions. Figure 1.3.3 shows the structure of
wild-type and mutant myoglobin measured 100 ps
after dissociation of CO. The ground state is
magenta, the photolysed state green, and the
direction of motion follows the magenta-to-green
colour gradient. Structure-function relationships in
smaller proteins have been studied in this and similar
films and it has been possible to correlate structural
changes in great detail (Schotte et al., 2004). 

Within the framework of the Upgrade Programme,
larger and more complex proteins will be studied.
New picosecond lasers and advanced 2D detectors
mean that it will become possible to investigate larger
and biologically important proteins such as
photosynthetic protein complexes (see below).
Protein activation is currently done with 100 fs laser
pulses for technical reasons, but the high peak power
makes it impossible to excite more than 10 to 20% of
the unit cells without radiation damage. If the laser
pulses are stretched to 10 ps, the peak intensity
becomes 100 times lower and the entire protein can
be excited without radiation damage. Because the
signal-to-noise is proportional to the number of

Figure 1.3.3: Snapshots of
the protein quakes in wild-

type and mutant (L29F)
myoglobin observed 100 ps

after the dissociation of
CO. The Upgrade will

permit similar experiments
to be envisaged with larger
and more complex proteins
and on a shorter timescale.
This work helps to form the

foundations of the
techniques and

instrumentation to be used
in the XFEL experiments
probing timescales faster

than 100 ps.
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excited unit cells, a dramatic increase in the
information content is expected with films at higher
resolution. 

Protein dynamics in solution are particularly important
since most proteins function in solution. In the near
future, new time-resolved SAXS/WAXS techniques will
allow the measurement of protein shape changes
during biological reactions. The proteins will be
initiated by photolysis or infrared temperature jumps,
the latter being important for protein folding. In order
to test the feasibility of pump-and-probe SAXS/WAXS
experiments in solution, the relaxed (R) to tense (T)
transition in the haemoglobin complex HbCO was
recently studied on beamline ID09B. This transition,
which involves a 15º rotation of the αβ dimers and a
1 Å displacement along the rotation axis, lowers the
oxygen binding affinity by a factor of 300. The
induced change in scattering, ∆S(Q, t), shows how the
dissociation produces a small structural perturbation
that generates stress in the protein on the nanosecond
timescale. The stress is released after 30 µs which
drives the R to T transition, which is an example of
how dissociation in one subunit catalyses dissociation
in the others (see Figure 1.3.4). Within the Upgrade
Programme, a SAXS/WAXS option will be added for
proteins with a variable length vacuum chamber
between the sample and the detector. 

In most cases, metalloenzymes contain a 3d transition
metal that is at the centre of the bio-catalytic
reaction. X-ray spectroscopic studies performed on
single crystals or solutions provide information on the
local coordination and electronic structure of the
metal ion. X-ray absorption (XAS) is sensitive to the
ligand environment while X-ray emission (XES)
directly probes energy levels and symmetries of
electron orbitals (Glatzel and Bergmann, 2005;
Glatzel et al., 2005). Owing to its strong sensitivity to

electron–electron interactions, XAS-XES also gives
direct evidence for the spin-state in the valence shell
which is related to the metal ion oxidation state.
XAS-XES can therefore address not only structural
changes but also electron transfer and spin-dynamics
in, for example, haem-containing proteins and
molecular complexes.

Many relevant systems, however, have metal
concentrations that are below the current detection
limit for time-resolved XAS-XES. It is of paramount
interest to make time-resolved X-ray spectroscopy
accessible to these systems by improving the signal-
to-background ratio. An important example addresses
one of the most fundamental reactions on Earth: the
production of dioxygen in higher plants and
cyanobacteria (Yachandra et al., 1996). A new
intermediate state (S4’) has been proposed based on
time-resolved X-ray detection at fixed absorption
energy (Haumann et al., 2005). However, until now, it
has not been possible to record a full, time-resolved
X-ray absorption near-edge (XANES) spectrum
because of poor signal-to-background ratios. A
wavelength-dispersive setup for fluorescence
detection will dramatically improve the data quality
and allow detection of the full XANES spectrum with
the required time resolution to study the elusive S3 to
S0 transition (cf. Figure 1.3.5 and section 2.3.6). 

In general, electron transfer reactions in proteins
occur on timescales ranging from sub-picoseconds to
milliseconds with a large number of relevant reactions
occurring in the nanosecond and millisecond range
(Figure 1.3.5). For naturally non-photoactive proteins,
a photosensitiser (e.g. Ru complexes) can be added
that acts as a trigger to initiate the electron transfer
processes. Structural modifications that occur during
the reaction can be disentangled from changes in the
electron configuration by comparing XAS with XES.
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Figure 1.3.4: The R (green) to T (purple) transition in haemoglobin induced by photo-dissociation of CO. Contour map of the
associated change in scattering. The local tertiary transition is instantaneous whereas the global R to T transition is delayed by

30 µs as seen by the appearance of red stripes at 0.33 Å-1 and 0.90 Å-1. This pilot study forms the basis for further
developments of this technique to study protein dynamics in solution within the framework of the Upgrade Programme.



Time-resolved X-ray spectroscopy on metalloenzymes
will thus give a fundamentally new insight into
biocatalytic reactions.

The Upgrade Programme will make it possible to
perform diffraction and scattering as well as
spectroscopy experiments on the same system at the
ESRF. The photosynthetic reaction centre is a good
example of a complex protein whose studies will
benefit from the Upgrade Programme. The dynamics
of the conformational changes in the protein complex
can be correlated to chemical and structural changes
at the active site. Should this venture prove
successful, an important step towards unravelling the
photosynthetic reaction cycle could be achieved,
which would lead to a better understanding of how
light can be harvested to drive chemical reactions.

• Dynamics of smaller molecules in solution

The first studies of the formation and breakage of
chemical bonds were made on halogen molecules such
as Br2, I2, (and HgI2) in solution by optical pump-and-

probe spectroscopy with picosecond and later
femtosecond time resolution. By probing changes in the
electronic structure, the timescale of reaction steps was
determined, but the long wavelength of optical light
excluded any spatial information. In contrast, X-ray
scattering and spectroscopy probe the distance
distribution between pairs of atoms, within and between
molecules. As the 100 ps time resolution offered by
synchrotrons cannot resolve the transition between
structures, the experimental patterns reflect the time-
dependent concentration of intermediate structures.

The spectroscopic and scattering signatures for
putative intermediates can be calculated by
combining quantum chemistry with molecular
dynamics and fitted to the data. Finally, the
hydrodynamics of the solvent, i.e. the density,
temperature and pressure as a function of time, can be
determined from the high-Q part of the scattering
function S(Q, t) (Wulff et al., 2006). The photo-
induced change in radial scattering and electron
density for bond breakage and bond formation of I2 in
CCl4 is shown in Figure 1.3.6.
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Figure 1.3.5:
Left: Tunnelling

timetable for electron
transfer in various Ru-

modified
metalloproteins (open
symbols) and for inter-
protein time constants

(coloured circles)
(Tezcan et al., 2001);
Right: Transition times
in the biocatalytic cycle
of the oxygen evolving

complex in the
photosystem II protein

complex (Haumann
et al., 2005).

Figure 1.3.6: Signatures from the breakage
and formation of bonds in a solution of
I2/CCl4 in Q-space and real space. The
data were taken 100 ps after excitation.
The I2 dissociation hole is seen at 2.5 Å
and the formation of the spin-1 state

appears at 3.2 Å. The oscillations above 4
Å are from a temperature rise in the
solvent driven by recombining iodine

atoms. The development of a beamline for
time-resolved spectroscopy on more

complex molecules forms a key aim of the
pump-and-probe part of the Upgrade

Programme (see CDR XAS-XES). 
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The study of more complex molecules with more
degrees of freedom will become possible thanks to
the advancements enabled by the Upgrade
Programme. The complex of metal ions with a crown-
ether-linked merocyanine is an example of a molecule
that can temporarily release ions upon photo-
excitation, which, in turn, can trigger intracellular
processes (Martin et al., 1996). For example, the
ejection of Sr2+ cations is driven by electron transfer
from the nitrogen in the crown to the other side of
the molecule, see Figure 1.3.7. The nitrogen region
becomes positively charged and forces Sr2+ into
solution. Optical spectroscopy indicates that the
cation is ejected in 400 ps and that it recombines
diffusively in 2 ns. This hypothesis can be tested
directly by X-ray scattering and spectroscopy, but the
first experiments failed due to low concentration and
weak solvent contrast. A tuneable picosecond laser
and more intense X-ray beams will mean that the
concentration of molecules in the excited state will
increase and the dissociation signature should be easy
to verify. The combined use of scattering and
spectroscopy and the instrumental upgrades presented
in chapter 2.3 will have a dramatic impact on the
information content in general and allow the excited
state structures to be refined to milliangstrom
precision.  

Relevant Conceptual Design Reports:
• TRD: Time-Resolved Diffraction and Pump-and-
Probe  
• XAS-XES: Steady-State and Time-Resolved X-ray
Absorption and Emission Spectroscopy 

Key enabling technologies and infrastructures:
• Detectors: Conventional CCD detector with a
200 mm diameter detection area. Pixel detector of
liquid experiments with energy (0.5 keV) and time
resolution (100 ns). Avalanche photodiodes for
time-resolved spectroscopy.
• Buildings: The pump-and-probe beamlines do not
need to be longer than 70 m. The experimental
hutch should be approximately 15 m long with
suitable lateral space for a parallel laser hutch and
spectroscopy lab. 
• Infrastructure: The beamlines need laboratory
facilities for chemistry and spectroscopy with a
second picosecond laser, and a sample-mounting
laboratory. 
• Computing support: for modelling of inner-shell
spectra (e.g. time-dependent density functional
theory or ligand field multiplets).

1.3.4. Matter at extreme pressures and
temperatures

When altering the physical properties of matter, the
use of pressure is as fundamental as varying
temperature or chemical composition. Pressure is
central to fundamental studies of matter as well as
being applied to real systems such as Earth/planetary
science and the synthesis of new materials. Earlier
limitations have been overcome by breakthroughs in
diamond-anvil cell technology and large-volume cells.
The diamond-anvil cell is small enough to fit in the
palm of your hand, yet powerful enough to generate
impressive multi-megabar (one megabar = 100
gigapascals ~ one million atmospheres) pressures.
Diamonds are transparent for a wide range of
electromagnetic radiation and the physical properties
of matter in situ at high pressure and over a wide
temperature range can be probed with various
diffraction and spectroscopic techniques to explore
fully the effects of the pressure and temperature
variables. Large volume presses, with a substantially
larger and better controllable sample volume, provide
additional and complementary information.
Furthermore, the development of laser-heating setups
has allowed a substantial increase in the investigated
temperature range compared to resistively-heated
pressure devices. 

Whilst X-ray diffraction is still the most widespread
synchrotron radiation-based technique, the advent of
third-generation synchrotron sources allows the
application of several spectroscopic methods to high-
pressure studies. These spectroscopic methods are also
capable of monitoring dynamic processes (such as

Figure 1.3.7: The crown ether-linked merocyanine molecule
complexed with strontium (SrC27H31O5N3). Photo-induced
electron transfer generates a repulsive force that ejects the

Sr2+ cation in 400 ps. The cation recombines diffusively in 2
ns. The more intense X-ray beam and a tuneable

picosecond laser enabled by the Upgrade Programme will
allow detailed X-ray spectroscopy studies of complex

molecules such as this.



materials synthesis). They offer unique possibilities in
the study of the electronic and magnetic structure,
lattice dynamics as well as elastic and thermodynamic
properties under extreme conditions.

In the following sections, several examples have been
chosen to demonstrate the expected advances made
possible by the Upgrade Programme.

Fundamental physics at high pressure

Unexpected physical behaviour at ultra-high pressures
has been the rule rather than the exception in the large
number of materials investigated. The search for such
phenomena begins logically with hydrogen. Hydrogen
is the most abundant element in the universe and with
only one electron per atom the most difficult to study
at pressure.

At low pressures and
temperatures, hydrogen
crystallises as an insulating
molecular solid, with strong
covalent molecular bonds and
weak intermolecular interactions.
Molecules are freely rotating,
resulting in a nearly spherical
charge distribution similar to
rare gas atoms. It was recognised
early on that, at high
compression, the two electrons
of the hydrogen molecule should
delocalise, resulting in the
dissociation of the molecule and
the formation of a monoatomic
metallic solid. Experimental
verification has not yet been
carried out, although recent
advances in high-pressure and
high-temperature technology
mean that the required
conditions are becoming closer
to being met.

The structural behaviour of
hydrogen has been studied with
energy-dispersive single-crystal
diffraction and, more recently,
with monochromatic diffraction.
Results collected at ambient
temperature to 150 GPa are
shown in Figure 1.3.8. The
present studies are mainly
limited to the determination of
the unit cell parameters as a
function of pressure (Loubeyre et
al., 1996). The data show a
substantial decrease in the ratio
between the hexagonal c and a

lattice parameters with decreasing volume, implying
some deviation of the molecules from spherical
symmetry. The intramolecular distance, which is
expected to increase due to weakening of the
intramolecular bond when approaching metallisation,
cannot be accurately determined. This is a result of the
limited access to reciprocal space and to unreliable
measurement of intensities. New ways of supporting
diamond anvils (see section 2.4.2), resulting in
substantially larger opening angles, will significantly
increase the size of accessible reciprocal space.
Currently, unreliable intensities are related to the weak
signal combined with a huge background. Here, new
area detectors (see chapter 2.5) can considerably
improve the detection of very weak signals. These
improvements are also needed for solving the structures
of spectroscopically observed high-pressure
modifications (Mao and Hemley, 1994).
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Figure 1.3.8: Hydrogen diffraction at extreme pressures: diffraction image at 85 GPa
(upper left) and pseudo powder pattern after integration of the two-dimensional image

(upper right). Only the three main reflections of the hcp-structure are observed. The
small high symmetry unit cell means that higher-order reflections are outside the

opening angle of the diamond cell. The pattern is dominated by a huge background
resulting from Compton scattering from the diamond anvils. Ambient temperature

equation of state (lower left) and c/a ratio (insert). Angle-dispersive data for H2 (red
points) agree well with previously measured energy-dispersive data (Loubeyre et al.,
1996) for H2 and D2 (green triangles pointing up and down, respectively). Image of

sample at 119 GPa (lower right), the diameter of the sample is ~ 40 µm. Measurements
were performed at beamline ID09. The Upgrade Programme will improve high-pressure

instrumentation for diffraction, scattering and spectroscopic experiments. These
enhancements will be of benefit, not only to the study of hydrogen, but also to other

molecular solids.
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Phonon dispersion and instabilities at high pressures
by inelastic X-ray scattering (section 1.4.3) also raise
other essential questions. The study of the electronic
band gap of hydrogen is also important for
understanding mechanisms of metallisation. The band
gap decreases with increasing pressure. As it is larger
than that of diamond, it can be estimated only
indirectly over a great pressure range. X-ray Raman
scattering (chapter 1.4) can provide direct access to
the hydrogen absorption edge including evidence for
eventual electronic changes.

The Upgrade Programme will result in improved
instruments for diffraction, spectroscopic and
scattering studies. These will not only help to solve
the numerous unanswered questions in the behaviour
of hydrogen under extreme conditions, but will also be
very valuable for the investigation of other recently
discovered or to be discovered physical phenomena at
high pressures. These include dissociation and
“polymerisation” in other molecular solids, the
occurrence of incommensurately-modulated structures
in elemental solids, the relationship between structural
symmetry breaking and complex metallic behaviour in
simple metals, the interplay between structural,
electronic and magnetic interactions in rare-earth and
transition-metal compounds, the role of structure in
macroscopic quantum effects like superconductivity,
the relationship between crystal structure and
electronic properties in low-dimensional organic
conductors, the mechanisms of structural phase
transitions, disorder in crystalline solids and transitions
in nanocrystalline, disordered or liquid materials and
many others.

Planetary science and the interior of the Earth

The study of the Earth requires a multi-disciplinary
approach to investigate its many varied dynamic
processes. These may be driven by changes in
density, electronic and magnetic behaviour, of redox
potential, or through structural modifications in
major mineral compositions. Subtle phenomena can
have global consequences. To investigate and
understand complex systems such as the Jovian
planets, with their immense inner structure based on
a fluid mix of metallic hydrogen and helium, it would
be interesting to extend the parameters currently
attainable to include such crushing pressures.

On Jupiter, the atmosphere is a dense supercritical
fluid. This is a phenomenon which occurs at high
pressure and temperature where there is no difference
between gas and liquid (Figure 1.3.9) and therefore no
sharp demarcation akin to that between Earth’s
atmosphere, land and water mass. Jupiter and Earth
have a magnetic field; the prerequisites for this is a
rotating fluid layer that is electrically conducting with
high heat-flow. On Jupiter, this comes from a fluid

mixture of helium and metallic hydrogen and on Earth
from iron sulphide-based liquids. The most direct
evidence of the internal structure of the Earth comes
from observing travel times of earthquake-generated
compression (P) and shear (S) waves through the
Earth. These data can be inverted to estimate the bulk
density of the minerals that the waves travel
through at depth, the presence of the liquid outer core
(S-waves do not travel in liquids whereas P-waves do)
and distinct strata within the Earth. Each of these is
visible due to a rapid modification of the crystal
structure of the dominant minerals at depth (Oganov
and Ono, 2004). To investigate or model the structure
of planetary interiors, precise information on these
very crystal, liquid and fluid structures and how they
respond to loading and heating is required. This is
achieved through simulation of real planetary
conditions in the laboratory.

Advancing technology has enabled investigations of
mineral properties at pressures approaching those at
the centre of the Earth, ~3.5 Mbar. This technology
is not widespread as most investigations are limited to
between one-third and one-half of this pressure range.
In addition, deeper inside the Earth, not only does the
pressure increase, but heat released from various
processes serves to increase the temperature, so that,
at the centre of the Earth, the temperature exceeds
6000 K. It is technically possible to attain such
pressures but it has never been proven that, for
example, the structure of minerals at these extreme

Figure 1.3.9: Schematic illustration of the structure of Jupiter.
The pressure and temperature ranges are much larger

compared to Earth. Jovian systems are also based on light
elements with the major component being hydrogen, which
exists as a liquid and as a dense, supercritical fluid form. At
around 25,000 km depth, hydrogen also becomes metallic,

giving rise to the enormous magnetic field on Jupiter. 
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pressures and temperatures can be observed and their
densities measured. It is less probable again that any
of the electronic or magnetic properties of minerals
under these conditions can be investigated. It is,
however, critically at these depths where the intimate
balance between electronic, magnetic, rheological and
the physical properties of minerals, that gives rise to
the most fundamental Earth and planetary processes,
can be observed (for example, the source and function
of the magnetic field and the speed of the planet’s
rotation).

Beamline ID27 represents a considerable step towards
realising these experimental and technical feats
(Mezouar et al., 2005) yet considerable upgrades in
both the source and detector technology are required
to realise its full potential in unravelling the structures
and internal processes of the Earth and other planets.
This is especially true when structural transitions are
often concomitant, or are caused by changes in
electronic structure or spin-state, which are not
resolved by diffraction alone. The simultaneous use of
complementary techniques (Raman, absorption,
emission and inelastic spectroscopies, for example) is
therefore at the forefront of geophysical
measurements at extreme conditions and still requires
improvements of the source, as well as the
experimental developments proposed in the Upgrade
Programme to succeed (see chapter 2.4). 

Static diffraction measurements are important for the
measurement of structure and observation of the
variation in density with pressure and temperature but
do not provide all of the information needed in this
context. Coupled experiments that measure dynamic
responses to loading and heating give more insight
into the mechanics of Earth processes. Dynamic
techniques cover a wide range of timescales; from
mechanical deformation and creep studies with very
long periods through acoustic and optical

measurements, like Brillouin light scattering, to THz
inelastic scattering. Indeed, some experiments have
made use of related techniques to establish elastic
properties, evidence spin transitions and other
phenomena in Earth-forming minerals under extreme
conditions (Badro et al., 2004).

Inelastic X-ray scattering (IXS) makes it possible to
determine P-wave velocities directly, and can be
constrained in combination with nuclear inelastic
scattering (NIS) and X-ray diffraction S-wave
velocities (Antonangeli et al., 2004). Furthermore, the
determination of the phonon-density of states and the
analysis of the dynamic structure give access to a host
of thermodynamic properties, which cannot be
obtained by any other experimental technique
(Mao et al., 2001). X-ray fluorescence is sensitive to
the spin-state and has been utilised to evidence spin
transitions and changes in the electronic structure in
Earth-forming minerals under extreme conditions
(Badro et al., 2004).

X-ray absorption fine structure maps of redox and
speciation under extreme conditions of pressure and
temperature yield information on possible phase
transitions and/or chemical reactions occurring in the
interior of planets. A major component of the Earth’s
mantle, ringwoodite (γ-(Mg,Fe)2SiO4) is thought to
undergo chemical decomposition at around 660 km
depth (approximately 23 GPa) and 1600°C,
corresponding to a strong seismic discontinuity, to
form (Mg,Fe)SiO3-perovskite and (Mg,Fe)O-
magnesiowustite. Figure 1.3.10 illustrates Fe K-edge
XANES maps of normalised absorbance at a defined
energy at 26 GPa before (left) and after (right) laser
heating. Analysis of the modifications in the spectra
from the hot spot region allow iron speciation at high
pressure and temperature to be extracted, yielding key
information for the modelling of the Earth’s mantle
processes.

Figure 1.3.10: X-ray near-edge absorption spectra of (Mg,Fe)SiO3 perovskites under high pressure before and after annealing.
Similar information has been obtained in combined NFS (nuclear forward scattering) and XRD measurements at pressures

beyond 100 GPa and temperatures exceeding 1000 K, resulting in the discovery of a new component, which stabilises at high
pressures (work carried out in collaboration with L. Dubrovinsky, Bayerisches Geoinstitut, Universität Bayreuth, Germany).
The Upgrade will enhance studies on these types of material under extremes conditions with improved X-ray source and

detector characteristics combined with multi-disciplinary and simultaneous measurements from the same sample and even
with in situ chemistry.
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The development of a multi-anvil device at the ESRF
will also improve our capabilities in this important
area, whereby coupling of ultrasonic interferometry
with X-ray diffraction results in a completely self-
sufficient experiment capable of measuring all of the
necessary thermodynamic information required for
modelling the Earth’s interior via combined dynamic
and static X-ray diffraction methods. These methods
can be applied elsewhere, for example to establish
primary pressure scales as a function of temperature.
The proposed multi-anvil device will be very versatile
and be able to control temperature and pressure
gradients and control redox potentials; that is, to
perform real chemistry in a controlled system. The
ability to study reactions, site-ordering and the effect
of cation occupancies on mineral stability will be
vastly improved, as will the ability to control
hydrostaticity and vary stress conditions and so
measure rheological properties under high pressure
and temperature. Another subject area that will be
offered is the study of liquids. Of interest will be their
structures, melting curves, viscosities, densities and
any phenomena associated with melting or
equilibrium chemistries, elastic softening, partial
melting and immiscibility, together with properties
such as electronic conductivity.

The Upgrade Programme puts the future of the study
of geological systems at the ESRF on to a sure
footing. The outlook is bright: recent developments
demonstrate the ability to develop new techniques
that offer further experimental avenues to aid our
understanding of Earth processes. Nonetheless, in
order to harness the full potential of the proposed
experimental programme, upgrades are required in
terms of capacity, the source, optical components and
detector developments, in addition to technical
advances in sample environment.

Novel materials synthesis and characterisation 

High pressure is an important thermodynamic
variable in addition to being a cause of modifications
of a material’s electronic structure and its crystal
packing, resulting in polymorphism. It ranks alongside
temperature and chemical potential for determining
and causing changes in the states of matter and
driving chemical reactions. One of the classical uses
of high pressure in materials synthesis is the search
for new materials in the BCNO composition pyramid
because of their potential industrial applications.
Crystals of B6O with remarkable icosahedral
symmetry (Hubert et al., 1998), obtained from the
solid-state reaction of boron and oxygen at pressures
around 4 GPa and temperatures exceeding 1300 K,
are shown as an example in Figure 1.3.11.

Recent improvements in diamond cells and large
volume design coupled to resistive and laser heating
at the high flux beamlines ID30/ID27 have permitted
the in situ monitoring of the course of synthesis of
super-hard materials with hardness values comparable
to diamond or cubic boron nitride. For instance, a
new super-hard compound c-BC2N with Vickers
hardness Hv = 76 GPa has been synthesised and
characterised in situ in the double-sided laser-heated
diamond-anvil cell at beamlines ID30/ID27
(Solozhenko et al., 2001). The in situ sequence of
formation is presented in Figure 1.3.12. This new
material replaces c-BN as the second hardest pure
phase and has a better thermal stability than diamond,
a property that is essential for machining hard metals
at high speed. Another very important example of
solid-state chemistry at high pressure is the in situ
synthesis of high Tc oxide superconductors such as
HgBa2CaCuO8+δ achieved in the Paris-Edinburgh
press available at the high-pressure beamlines.

The precise control over the stoichiometry to achieve
the highest Tc values is a very important parameter
that is easy to monitor in large volume presses. The
highest Tc recorded so far (133 K) was obtained for
HgBa2CaCuO8+δ (Hg-1234) at ambient pressure: this
value was further increased to a record breaking
Tc = 164 K at 30 GPa. The in situ XRD method makes
it possible to achieve fine control of the kinetics of
formation of all of the intermediate phases and fine
tuning of the crystal growth of the phase of interest.

The new high-pressure beamlines planned within the
Upgrade Programme will offer a new panel of
techniques that will give a new dimension to the in
situ high-pressure chemistry programme. Indeed, the
search for very hard materials is coupled to the study
of low-compressibility solids, which have high values
of the bulk modulus KT and the shear modulus G. The
precise determination of KT requires in situ XRD study
in the megabar regime and therefore requires the
ultimate performance of the high-pressure beamline

Figure 1.3.11: B6O icosahedral crystals synthesised at high
pressure and high temperature (Hubert et al., 1998).

Materials science will benefit from the ability to follow the
chemical synthesis of novel materials in situ using

synchrotron radiation.
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ID27 in terms of photon flux and X-ray beam size.
These improved performances will also be a key
factor for observing the kinetics of fast chemical
reactions. The installation of a large multi-anvil press,
with its inherently large, controllable sample
environment will naturally address questions related
to the optimisation of bulk synthesis. The use of
associated techniques means that it can also be used
for measurement of shear modulus, Young’s modulus
and other mechanical properties.

Electronic structure and magnetism influenced by
high pressure

Correlated electron systems (which are dealt with in
detail in chapter 1.4 but are also included here to
highlight the link with high-pressure experimental

environments for studying structure and material
properties) show a rich variety of behaviour, which is
due to an interplay and competition between spin,
orbit, and charge order. Pressure, in addition to
temperature, electric and magnetic fields, is one
parameter that may crucially influence those
properties. The difficulty lies in combining the
sample environment requirements of high pressure,
low temperature and external electric and magnetic
fields with the various X-ray techniques available at
synchrotron radiation sources to study the structure,
dynamics, and electric and magnetic properties of
these materials.

The “Kondo insulator” material SmS does not, for
example, order magnetically at ambient pressure.
Theory predicts, however, that a semiconducting,
magnetically-ordered state can be induced at high
pressure and low temperature. Multiple X-ray
techniques were applied in a coordinated effort to
elucidate this state: the structural and electronic
properties were studied via (resonant) magnetic
scattering (Deen et al., 2005), the dynamics via
inelastic X-ray scattering (IXS) (Raymond et al., 2002),
the valence via resonant inelastic X-ray scattering
(RIXS) (Annese et al., 2006), and the appearance of a
magnetic ground state as well as short range magnetic
correlations in the semiconductor phase via nuclear
resonance scattering (NRS) (Barla et al., 2004). Pressure
was the important common parameter. Figure 1.3.13
shows the proposed phase diagram resulting from the
measurements in all of these investigations. 

Figure 1.3.13: Upon the application of hydrostatic
pressure, SmS transforms from a “black” Kondo insulator

to a “golden” paramagnetic metal (Barla et al., 2005).
Cooling in the metallic phase induces first short range
(SRMO), and, then, towards lower temperatures, long

range magnetic order (LRMO), with a small
semiconducting pocket (S) at lowest temperatures and

intermediate pressures. Various techniques available at the
ESRF contributed to this diagram. The Upgrade

Programme aims to foster this holistic approach in order
to decipher a complete picture of the system.

Figure 1.3.12: The sequence of X-ray diffraction patterns
obtained during the formation of the super-hard cubic BC2N
from graphite-BC2N. The synthesis was performed in situ on

beamline ID30 using laser heating at high pressure
(Solozhenko et al., 2001), image courtesy of V.L. Solozhenko.
The Upgrade Programme will offer a new pool of techniques

for the in situ study of materials synthesis.
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The Upgrade Programme will open a much larger
parameter space (pressure, temperature, magnetic
field) to various X-ray techniques, with the aim of
investigating several aspects of the sample
simultaneously, under the same conditions. The
projects for in situ laser heating (5000 K) and high
static (40 T) and pulsed (60 T) magnetic fields (see
sections 2.4.2 and 2.4.5) are of particular interest. 

Relevant Conceptual Design Reports:
• EDXAS-S: Energy Dispersive Absorption
Spectroscopy (small spot) 
• HIPRE: High Pressure Technique Beamlines 
• INELX: Inelastic X-ray Scattering 
• NR-HE: Nuclear Resonance - High Energy 
• PHIXS: Phonon Inelastic X-ray Spectroscopy 
• XAS-XES: Steady-State and Time-Resolved X-ray
Absorption and Emission Spectroscopy 

Key enabling technologies and infrastructures:
• Detectors: large area, high spatial and temporal
resolution, high uniformity and low noise, high
dynamic range, high energy, energy discrimination.

1.3.5. Materials science

Materials science is the study of all of the materials
useful to mankind, from soft organic materials to
metals, inorganics and intermetallics. The aim of
materials science is to study real working
components, often under operating conditions, and a
wide array of techniques is necessary to characterise
fully the samples of interest. Functionality is
intricately related to and often determined by the
sub-micrometre structural characteristics of materials.
Furthermore, important solid-state phenomena take
place on the sub-second timescale. The Upgrade aims
to extend X-ray based methods into these domains.
The majority of real materials are at least moderately
absorbing, and it is generally necessary to use high-
energy X-rays to study them. The ESRF is and will
remain almost uniquely placed as a high-energy X-ray
source: its present and projected future capabilities in
high-energy focusing are world leading. Continued
development within the Upgrade Programme will
consolidate its stature as the world’s leading
synchrotron facility for materials science.

The overall objective of the materials science
beamlines is to provide a resource that covers length
scales from angstroms to micrometres to millimetres
and timescales from sub-milliseconds to hours or
weeks. Imaging and diffraction using high-energy
X-rays are central to this aim and will be improved
with the availability of cryogenic undulators, higher
stored current in the ring and enhanced high-energy
detectors. Surface diffraction/scattering from ordered
nano-scale objects combined with atomic-force
microscopy to identify regions of interest and to serve
as a guide for the X-ray experiments is foreseen to
obtain important physical information such as stress
fields. On a larger scale, the characterisation of (often
bulky) engineering components is crucial to both
academia and industry. High intensity, penetrating
hard X-rays together with suitable sample
environments (e.g. stress rigs) are required to analyse
these materials. The Upgrade will allow processes,
such as crack propagation, nucleation and
microstructure development during solidification,
and temperature/pressure variation, to be followed in
situ and in real time using non-invasive, high-energy
X-rays.

Full hierarchical characterisation of materials

Most materials occurring in nature such as rocks, ice
and soil appear as complex heterogeneous and
hierarchical aggregates of crystallites, domains and
dislocation structures. Man-made materials, from
synthetic products to engineering materials, are also
usually polycrystalline and inhomogeneous, as are
drugs and trace particles relevant to environmental
matters and objects of artistic or archaeological
significance. Materials science is a field in which,
where possible, “the experiment is brought to the
sample” rather than the reverse. The goal is therefore
to obtain high-quality crystallographic and micro-
structural data on even these defective samples.
Ultimately, the aim is to perform total simultaneous
hierarchical characterisation (Figure 1.3.14) of arbitrary
samples. To this end, we have developed an array of
new diffraction-based methods utilising high-energy
microfocusing and collectively referred to as three-
dimensional X-ray diffraction (3DXRD) microscopy, to
characterise polycrystalline samples over several length
scales, from the angstrom scale (crystal structure) to

Figure 1.3.14:
Characterisation of
a sample on several
length scales: from
the distribution of
grains (left) to the

crystal and
molecular structures

via 3DXRD.
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the grain distribution over the entire sample (see Juul
Jensen et al., 2006, for a recent review).

The interest in total hierarchical characterisation has
led to the development of new methods aimed at the
study of polycrystalline samples over several length
scales, from the atomic scale (angstrom-level crystal
structures, see section 1.3.2) to the grain distribution
over the entire sample (millimetres). The sub-
micrometre range (discussed in chapter 1.1) is of
particular interest in materials science as it is the critical
length scale for many intergranular interactions such as
dislocations and cracks, as well as being important for
interfaces and surface layers. It is these interactions that
ultimately give rise to the bulk properties of continuous
materials. The lack of detailed knowledge of the
distributional heterogeneity of properties on this scale
has resulted in the inability to construct rigorous first-
principles models of such basic materials properties
such as strength, fatigue resistance, and texture
development. The weakness of the present models for
these processes arises from the lack of appropriate
experimental data on the length scale of interest. This
lack of data is due in a large part to the limitations of
the methods available to analyse the structure of the
samples appropriate to studying such phenomena. Bulk
information may be collected by powder diffraction,
but such data represent an ensemble average over the
sample grains, and is uninformative on sample
inhomogeneity, intergranular interactions and the form
of distributions of properties. Data from electron
microscopy (diffraction or imaging) are of very high
spatial and angular resolution, and may be used to
study intergranular interactions and, somewhat
tediously, may be used to build up grain statistics.
However, this technique is limited to surfaces only, and
is not generally amenable to in situ experiments. X-ray
tomography is another tool for studying sample
microstructure, although the nature of the image data is
different, and very complementary, to diffraction data.

Technical developments related to the Upgrade
Programme, in particular the further development of
high-energy nanofocusing and the accompanying
advances in sample metrology and beam and sample
positioning, will allow our methods to be applied to
much shorter length scales than are currently
feasible. In particular, the sub-micrometre length
scale will be accessed. We will thus be able to
characterise the structure and microstructure of
essentially any crystalline material on multiple
length scales.

X-ray imaging and diffraction techniques in
materials science

Engineering materials science focuses on the
characterisation and understanding of thermo-
mechanical processes in structural materials. These
processes are governed by different length and
timescales which cover several orders of magnitude.
The aim of experimental techniques is to establish a
3D spatially-resolved distribution of physical
parameters describing the material properties on
variable timescales down to the sub-second regime.
The following selected examples highlight possible
materials science research areas, which would benefit
from an improved time and spatial resolution of
diffraction and imaging techniques described in
chapters 2.2 and 2.5.

It is impossible to attempt to predict crack shape
evolution in the framework of linear elastic fracture
mechanics without taking into account the actual
grain microstructure (see Figure 1.3.15; Buffière et al.,
2006). Issues like how the stress state evolves during
cyclic loading around cracks can be studied by
combining fast X-ray tomography, and the depth-
resolved diffraction technique, described later in this
chapter.

Figure 1.3.15: Three-
dimensional rendering of a

microtomographic image of a
crack (left), and of the same
crack and the grain structure

(right), showing the interaction
of fatigue crack propagation
with inhomogeneities (grain
boundaries, porosities) in a
cast aluminium alloy. The

developing technique of fast
tomography at high energies

(requiring detectors with
improved sensitivity from the
Upgrade) will greatly improve
the study of the evolution of

cracks in materials.
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Further developments of microtomographic imaging
resolution, described in section 2.2.2, to the few tens
of nanometres scale will have an enormous impact on
materials science. A good example of this can be
found in studies on liquid-metal embrittlement. It was
unclear whether the formation of microscopic grain
boundary wetting layers involves grain displacements
and plastic deformation of the grains, or if it proceeds
by diffusion and dissolution-like processes. The
simultaneous observation of grain displacements and
liquid layer thickness by means of in situ X-ray
projection microscopy experiments, using a state-of-
the-art spot size of 90 x 90 nm2, gave clear evidence
for the first scenario (see Figure 1.3.16; Pereiro-Lopez
et al., 2005). 

A second example is looking at phase evolution in
casting which is determined by the timescale of the
solidification process. The environment of casting
means that it is difficult to observe directly the
formation of stray grains, the effect of nucleating
agents or the precipitation of terminal eutectic
phases, all of which have consequent effects on the
properties of the solidifying mush and the production
of porosity, etc. Time-resolved tomography and
diffraction (CDR: HIENE) provide information of
great importance for solidification modelling, e.g. in
automotive components and aero-engine turbine
blades.

Surface X-ray diffraction/scattering coupled
with AFM

The development of reliable nanotechnologies
depends on the ability to direct the organisation
of a large number of nanoscale objects into ordered
structures of macroscopic size (micrometres to
millimetres), in a predictable and reproducible
fashion. The individual building blocks have sizes

in the range 1 to ~1000 nm. They are made of
amorphous or crystalline nanoparticles and they are
typically coated by a layer of stabilising molecules.
The core nanoparticle can be metallic, semi-
conducting, insulating, magnetic, etc. It is expected
that proper mixtures of different types of nano-
objects will yield the most interesting smart
nanomaterials of the future. 

The superstructures formed can vary from simple
short-range-ordered monolayers, to 2D arrays and
multi-layers, to extended 3D superlattices that mimic
the structure of conventional atomic solids. Typically,
these superstructures will be formed at solid surfaces
or buried interfaces by spontaneous or directed self-
assembly from liquid solutions. These phenomena are
already the object of intense research efforts (Bigioni
et al., 2006; Leunissen et al., 2005; Shevchenko et al.,
2006). The detailed mechanisms of order formation
are still, however, only partially understood. In
particular, the role played by liquids at the nanoscale
in super-order formation/transformation has just
begun to be investigated (Alvine et al., 2006). 

Studies in this context have the double advantage that
they can be tailored to investigate fundamental
scientific issues, whilst being, at the same time,
potentially prone to direct nano-technological
applications. Examples of such studies are the search
for (a) reversible structural transitions in nanoparticle
superlattices, (b) size segregation phenomena in 2D
or 3D nano-confinement, (c) Casimir-type inter-
particle forces induced by fluctuations in critical
binary solvent mixtures. 

The Upgrade Programme developments of high-
energy X-ray diffraction/scattering from surfaces and
buried interfaces will play an important role over the
next decade, enabling in situ and real-time probing of
the superstructures being formed or transformed
during nanoscale solvent evaporation or adsorption.
Moreover, the combination of a high-energy surface
microdiffraction apparatus with an atomic-force
microscope (described in the CDR HIENE) will make
it possible to measure simultaneously the average
superstructure (X-ray data) and local defects in the
nanoparticle arrangement (AFM data). Finally, the
development of special 2D detectors, described in
chapter 2.5, will allow high-energy SAXS/GISAXS
experiments to take place yielding information about
the long-range order of buried nanoparticle
superlattices.

Characterisation of engineering components

The Upgrade Programme will create new
opportunities for the characterisation of materials.
Until now, this type of work has been performed on a
variety of beamlines that are not optimised for

Figure 1.3.16: Penetration of liquid gallium in aluminium
observed by projection microscopy with a virtual X-ray
source of 90 x 90 nm2. Improvements in spot size and

detectors will enhance the spatial resolution and sensitivity
of microtomographic imaging – especially at the high

energies required for materials science.
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industrial applications. This results in long set-up
times and problems in creating identical conditions
for measurements over extended time periods.

The improvements will allow fast measurements, the
aim being for sub-second resolution for bulk samples
even with high atomic weight components and for
stress/strain bulk measurements. Investigation of
deactivation of catalysts, batteries, fuel cells, etc., will
also be carried out. In these studies, the X-rays have
to penetrate the reaction vessels needed to mimic
actual operating procedures. These processes often
work on the second timescale and, thus, the sub-
second resolution, currently not possible, is required
to observe the phenomena that develop in real time
as intermediate phases and reactions, which are often
essential for formulation of appropriate models. Other
areas of acute urgency are studies of crack
propagation, nucleation and microstructure
development during solidification of alloys, for
example, and of aluminium, which is of interest to the
large European aluminium foundry industry. An
example of results that can be obtained today is
shown in Figure 1.3.17. Bulk investigation of 3 mm
thick dissimilar aluminium plates fused by friction stir-
welding yielded information on resulting residual

strain and silicon particle migration. The Upgrade
Programme will allow these studies to be extended to
larger samples and much shorter timescales (sub-
second) than now (minutes). The Upgrade will allow
beam sizes to be much smaller than they are currently
due to the novel optics and vibration-control
engineering foreseen in the programme.

For many engineering projects, access to hard, highly-
penetrating X-rays is essential in order to perform
non-invasive bulk measurements of large-dimension
samples. The Upgrade Programme will provide new
sources of hard X-rays by implementing cryogenic
undulators in longer 7 m straight sections, with the
added benefit of higher ring currents resulting in
unprecedented X-ray fluxes in the 50 to 150 keV
range. The proposed development of high-energy
sensors for detectors described in chapter 2.5 will
allow efficient use of these X-rays with an overall
improvement in measuring conditions of many orders
of magnitude (102 to 103).

It is of utmost importance to be able to understand
the property evolution of materials under varying
conditions such as stress, temperature, pressure, and
the effect of circulating fluids. These studies require

Figure 1.3.17: a) The experimental setup with spiral slits
at ID15B; b) Depth-resolved residual macro strain in the
longitudinal direction (parallel to the weld); c) Trough
thickness longitudinally-resolved stress components,

calculated from strain measurements in three dimensions;
d) Enlarged view of the distribution of the plate material

(AA6082 and AA2024) in the stirring region (Martins and
Honkimäki, 2003). The Upgrade will extend studies such as

these to larger samples with shorter data recording times
(allowing time resolution of rapid phenomena) and higher

spatial resolution.
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stress rigs and environmental chambers which are
often bulky and heavy. Their results are important
both in terms of direct process control, as well as for
providing input and validation of theoretical models
of the processes. The Upgrade Programme will
provide vastly expanded possibilities in these areas.
For these types of studies, it is necessary to have a
fixed setup in the experimental hutches with the
possibility of continuing experiments for several
weeks whilst performing a synchrotron experiment
only once in a while (e.g. for one hour every day)
under identical conditions. High levels of automation
will be needed to provide efficient throughput and a
rapid change of samples. A specialised hutch will be
needed to allow handling of bulky environments and
large samples such as landing gear, etc. (several tons
can be envisioned). An example of a possible
dedicated beamline is briefly outlined in the CDR
EMS, though other CDRs are directly relevant (e.g.
HIENE, MATSCI, which are also listed in the table at
the end of this section). The critical developments are
time resolution, new high-energy detectors, new low-
temperature undulators and environmental control of
all beamline components.

Relevant Conceptual Design Reports:
• EMS: Engineering Materials Science
• HIENE: High Energy X-ray Beamline 
• HIPRE: High Pressure Technique Beamlines 
• MATSCI: Materials Science 
• POW: High Resolution Powder Diffraction 
• TRD: Time-Resolved Diffraction and Pump-and-
Probe 

Key enabling technologies and infrastructures:
• Detector development (high energy, pixel
detectors) all beamlines
• Cryogenic undulators for HIENE, MATSCI,
POW
• Engineering for nanofocusing (vibrations, beam
feedback, control software) for MATSCI, HIENE
• Integration and preparation laboratories
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Science context

A deep understanding of the macroscopic
physical, chemical and dynamic properties of
matter is only possible with a clear understanding
of the complex microscopic phenomena that
govern them. X-rays are a highly sensitive and
selective probe for studying these properties using
powerful synchrotron radiation-based
spectroscopy and scattering techniques. These
boast a unique combination of time structure,
polarisation characteristics and the capability to
use nanosized beams to probe samples.

The studies are often carried out at extremes of
pressure, temperature and magnetic fields with the
aim of extending knowledge as far as possible. The
impact of this science is not only to understand
Nature at its most fundamental level but also to
promote applied research, for example, future
information and biomedical technology
(nanowires, magnetic nanoparticles,
optoelectronics, quantum dots), using knowledge
of how material behaves at the nanoscale. In this
field, the ESRF-ILL (Institut Laue Langevin) joint
theory group will play a fundamental role not only
in contributing to the understanding and
prediction of novel phenomena, but also in
fostering and stimulating a productive scientific
environment enhancing the visibility of the ESRF-
ILL-EMBL (European Molecular Biology
Laboratory) campus.

Added value of the Upgrade

To deepen and broaden the application of
spectroscopic and scattering techniques, a set of
ambitious projects to vastly improve their
performance are planned within the framework of
the ESRF Upgrade. These projects are outlined
below:
• Extend the investigation of the dynamic,
electronic and magnetic properties of materials,
including surfaces and nanoscale objects to
unprecedented time, spatial and spectral
resolutions.
• Enable inelastic X-ray scattering to explore a

space and time domain, which is currently not
covered by any other experimental technique and
is of critical importance for understanding the
atomic dynamics in liquids and disordered
systems, and condensed matter in general.
• Extend the energy range of nuclear resonance
techniques to access almost all Mössbauer atoms
with natural abundance for nuclear resonance
techniques. Nickel (bio- and solid-state
applications) and germanium (semiconductor
research) are two examples that will be added.
• Push the boundaries of magnetic fields applied
to samples by developing environments of more
than 50 T pulsed and 30 T static fields in order to
improve understanding of the interplay between
structural, electronic and magnetic degrees of
freedom in strongly correlated electron systems.

Key questions

The Upgrade Programme is essential to address
many important questions in contemporary
science. Amongst these are: 

1. How is high-temperature and unconventional
superconductivity related to the structural,
electronic and magnetic degrees of freedom, and
what is the role of the electron–phonon
interaction?
2. What are the fundamental limitations in the
speed of spintronic and magneto-optic devices and
magnetic storage technology?
3. How is the low-temperature universal anomaly
in the specific heat and thermal conductivity of
glasses related to sound propagation and damping?
4. How are the dynamic properties altered at
surfaces, interfaces and in nanoscale objects?
5. How does long range order evolve near a
quantum critical point at very low temperature and
high magnetic field or high pressure?

The significantly enlarged portfolio of X-ray
spectroscopy techniques, the improved
performance of the instruments, and the ability to
apply many methods to the same problem will
dramatically change the science that will be
achieved in the coming years. Studies under
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extreme conditions of temperature, pressure,
electric and magnetic fields will provide vital input
for various technological developments in, for
example, microelectronics, energy and data
storage, and thermoelectric materials, and will
address longstanding open questions in
fundamental research such as strongly correlated
electron systems.

Expected user communities 

The improved performance and accessibility of the
experimental stations, together with the proposed
new instruments, will attract new users, in
particular in research fields such as magnetism,
dynamics of (bio-) materials and nanotechnology.
Advances in instrument and control development
as well as data handling and analysis will make the
challenging experiments of today routine, and will
render the experimental stations accessible as well
to scientists outside of the traditional synchrotron
radiation user community. These users will
strongly benefit from cross-disciplinary
partnerships. For example, the unique European
High Magnetic Field Laboratory will be used by a
community of researchers, from biologists to
physicists.

Enabling technology and infrastructure

The success of these scientific projects is closely
linked to the detector and optics developments
and the fact that all aspects of the sample
environment form core components of the
Upgrade enabling technology programme.
Substantial upgrades in the ancillary facilities of
the ESRF will be made, most notably for the off-
and online preparation and complementary
characterisation of the samples.
• Buildings and infrastructure: Extension to long
beamlines and laboratories for sample preparation
and characterisation.
• Accelerator and source: Timing modes in top-up
operation, increased flux and extremely high beam
stability, lower emittance.
• Beamlines and instrumentation: Ultra-fast time-

resolved detectors for high energies. Nanofocusing
X-ray optics developments. High thermal stability
of optics and sample environment. Access to high
magnetic fields.
• Computing: Fast data reduction and analysis.

Partnerships

The development of a European High Magnetic
Field Laboratory in collaboration with the ILL and
a consortium of high magnetic field laboratories
will provide a unique X-ray and neutron facility
for the study of matter.
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1.4.1. Introduction 

An integrated approach is required to fully
understand the complex microscopic phenomena
which govern the macroscopic physical, chemical
and dynamic properties of condensed and biological
matter and define their function. Experimental
techniques from both laboratory methods and
instruments at large-scale facilities should be used in
parallel. The power of X-ray spectroscopy and
scattering techniques lies in the unique properties of
the X-ray probe in terms of selectivity, time structure
and polarisation characteristics, combined with its
capability to provide nanometre-sized beams.
The Upgrade Programme offers a new suite of
instruments with significantly improved
characteristics (throughput, energy- and spatial
resolution). This will permit current techniques to
be improved as well as making some new unique
applications possible. These are highlighted in this
chapter.

Section 1.4.2 describes the major advances in the
field of electron correlation and magnetism. This
field has strong links to research on nanoscale
materials, most notably apparent in the study of low
dimensional magnetic systems at surfaces
(section 1.1.4), and to some of the more classical
fields of materials science (see chapter 1.3). The most
ambitious of the related projects involve static and
pulsed very high magnetic fields (see chapter 2.4) and
the study of magnetic dynamics in the frequency
domain through pumping with a strong microwave
field (see chapter 2.4).

Section 1.4.3 covers the field of collective motions of
atoms, closely linked to various fields of materials
science (see chapter 1.3) and soft condensed matter (see
section 1.2.4). It also incorporates biological
applications and studies on surfaces and nanoscale
objects. Here the emphasis is on phonon- and
phonon-like excitations, whereas slower, diffusive
motions are treated in section 1.2.4. Better energy
resolution, access to more Mössbauer isotopes, and
higher throughput will create new research
possibilities, for example, for studies under extreme
conditions and of nanoscale materials (chapter 1.1). 

The new possibilities envisaged by the large volume
press and in situ laser heating will enlarge the scope of
research possible within the scientific fields discussed
in this chapter. Challenges related to extreme
conditions, especially high pressure, are discussed in
more detail in section 1.3.4.

The experimental upgrades proposed in this chapter
depend crucially on improvements in machine
performance (optimised time structures, higher flux
and very stable operation) and substantial detector
developments. Furthermore, certain associated

support facilities will also have to be implemented,
in particular for sample preparation and
characterisation. The creation of a high magnetic
field laboratory should be a joint effort between the
ILL and the European magnetic field laboratories
(Dresden, Grenoble, Leuven, Nijmegen, Toulouse
and others). 

Improvements in experimental techniques and
facilities have to be made in strict concordance with
theoretical advances. Therefore, the presence of a
strong joint ESRF-ILL theory group is indispensable
in this respect. Furthermore, the availability and
further development of ab initio computer algorithms
for the calculation of structural, dynamic and
electronic properties, as well as large-scale molecular
dynamics simulations, will provide important input for
experimental preparation and data analysis. 

1.4.2. Electron correlation and
magnetism 

The study of correlated electron systems,
nanomagnetism and dynamic properties covers
several very important areas in contemporary
science. Both the crystalline structure and its
dynamic properties, and the electronic and magnetic
properties, including their dynamics, need to be
investigated. Understanding the rich variety of
physical phenomena that arise from correlation
effects, reduced dimensionality and their dynamic
properties is a challenge. To quote an example, the
origin of high-temperature superconductivity is still
unknown and the electronic and dynamic properties
of correlated materials are still not understood.
Theory needs to be developed to understand these
problems and it is essential to have experimental
methods that can address the many different aspects
of the problem. A variety of complementary
techniques need to be applied to achieve this. X-ray
spectroscopy techniques have an important role to
play here due to their unique element, orbital and
isotope sensitivity and intrinsic time information. In
addition, the high brilliance of synchrotron radiation
sources makes it possible to dramatically extend the
phase space accessible using high pressure, high
magnetic fields (pulsed and static), low and high
temperatures, as well as other external parameters
such as electric fields. Herein lies one of the great
strengths of the proposed strategy for the future.
The combination of synchrotron radiation
techniques with neutron and muon probes as well as
in situ laboratory-based methods, will further help in
the understanding of the structure of materials, static
and dynamic electronic correlations and collective
excitations. These features will be implemented
within the framework of the Upgrade Programme. 
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Special emphasis will be given to new infrastructure.
The proposed installation for very high static and
pulsed magnetic fields (see chapter 2.4) will make
totally new scientific areas accessible (see the example
on URu2Si2 below). In addition, the in situ
characterisation of samples requires an indispensable
variety of synchrotron and complementary
laboratory-based techniques if the most complete
results possible are to be obtained. To achieve this,
construction of instrumentation for extreme
conditions (e.g. cryomagnets with low temperature
and high-pressure capabilities), specialised detectors
and state-of-the-art beamlines (e.g. improved energy
resolution) is planned. Beam parameters including
time-structure, beam stability, intensity, sub-
micrometre beam sizes, and polarisation properties
are of vital importance. All of these developments will
enable new science. The research fields where major
advances can be expected are highlighted below.

Complex materials and correlated electron
systems

The appearance of spontaneous long-range order at
low temperatures is a fundamental phenomenon of
condensed matter physics. Ferromagnetism,
antiferromagnetism, and superconductivity are all
ordered phases sharing fundamental properties and
characteristics in which some relevant physical
property, the so-called order parameter, shows a
marked difference above and below a critical
temperature TC. The microscopic origin of these
phase transitions is related to the electronic degrees
of freedom which promote structural modifications,
transport effects, and magnetically or electronically
ordered phenomena. Each type of ordered phase is
associated with a broken symmetry, and the order
parameter, which drives the symmetry-breaking
transition, can be finely tuned by external
thermodynamic variables such as temperature,
pressure, and electric or magnetic fields. The
investigation of the order parameters and their
evolution as a function of the thermodynamic
variables is one of the main research fields in the
domain of strongly correlated electron systems and
complex materials in which different and often
competing order parameters are present, giving rise to
many spectacular manifestations of quantum physics
in condensed matter.

Many transition metal oxides exhibit interesting long-
range ordered electronic states, such as
ferroelectricity, colossal magneto-resistivity, high-TC
superconductivity or magneto-electricity.
Modifications whereby two, or more, of these
electronic properties coexist may produce a startling
synergy in the combined complexity of the materials.
For example, the multi-ferroics is a class of compound
possessing more than one “ferroic” order (which

include long-range magnetism, ferroelectricity and
elastic distortion), and comprises exceptional
materials, whose electric or magnetic polarisation can
be controlled by a magnetic field. Such materials are
not only of fundamental scientific interest but also
have great potential as an alternative route to
spintronic devices, and make a number of
technological applications possible. Many
experimental methods are already being employed to
study these effects, but X-rays, in particular methods
created by the Upgrade Programme such as the very
high static magnetic fields (see chapter 2.4), will make
new science possible. To give an example, X-ray
magnetic scattering can determine the long-range
multipole order of the states that give rise to these
interesting phenomena, while X-ray spectroscopic
methods have the unique ability to measure the
element, isotope, and shell dependent properties. If
pulsed magnetic fields are utilised, even higher values
can be obtained, and the first X-ray studies
(diffraction and nuclear forward scattering) have
already been performed. The pulsed magnetic field
project (see chapter 2.4) aims to develop the scientific
case and to prepare the ground for the planned high
magnetic field laboratory.

In systems displaying quantum critical effects, the
primary order parameter can be suppressed externally
by applying chemical (substitution) or hydrostatic
pressure and/or magnetic fields. Thermal fluctuations
are reduced as the ordering temperature approaches
zero until the phase transition is governed by
quantum fluctuations. Electron correlations beyond
the primary interaction play a major role in this.
Phenomena related to quantum criticality have been

Figure 1.4.1: The magnetic field-temperature phase
diagram of URu2Si2 combined with a colour intensity plot
of the magnetic susceptibility, χ (Harrison et al., 2003).

The high magnetic field facility proposed in the Upgrade
Programme will allow X-ray resonant scattering, X-ray

magnetic circular dichroism, and nuclear resonance
scattering studies of the field-stabilised re-entrant hidden
order phase (RHO). Unlike neutron techniques, X-rays are
sensitive to a long-range order of quadrupole and higher

order multipole moments.
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observed in many classes of materials, e.g. low-
dimensional magnetic materials. An intriguing
example can be found in URu2Si2. Below 17 K, the
system undergoes a phase transition clearly observed
in macroscopic measurements. The nature of the
ordered state, however, remains unclear. Neutron
diffraction has shown that the transition does not
involve antiferromagnetic order of magnetic
moments, and hence the low-temperature state was
nicknamed the “hidden order phase” (HO). If
magnetic fields between 32 T and 40 T are applied,
URu2Si2 undergoes metamagnetic transitions,
including a “re-entrant hidden order phase” (RHO)
between 36 T and 39 T (see Figure 1.4.1) (Harrison et
al., 2003). Potential studies under very high static
magnetic fields in conjunction with X-ray techniques
such as resonant X-ray diffraction, X-ray magnetic
circular dichroism (XMCD) at the U M4,5 edges, and
nuclear resonance scattering (NRS, utilising the
uranium isotope 238U), will provide much needed
insight into the size of the assumed superstructures;
the role of spin and orbital contributions to the 5f
magnetic moments will also be determined.
Furthermore, these techniques can probe the role of
quadrupolar moments in the phase transitions and
eventually detect higher order multipole moments. A
similar “hidden order” problem in NpO2 was recently
solved after the long-range order of quadrupole
moments was detected by resonant X-ray scattering
(Paixão et al., 2002).

The interplay of magnetism and superconductivity is
another fascinating topic. Magnetic interactions and
magnetic impurities are destructive to
superconductivity in conventional superconductors.
However, in some unconventional heavy-fermion
superconductors, such as ferromagnetic UGe2, the
superconductivity is actually mediated by magnetic
interactions. A magnetic mechanism has also been
proposed for high-temperature superconductivity.

Moreover, application of a high magnetic field to
antiferromagnetic superconductors might lead to a
reappearance of superconductivity or even induce it
in some 2D organic conductors. 

Developing theoretical models that aim to calculate
the electronic structure and to treat electron–electron
interactions correctly is a challenge (see section 2.4.3).
Input is required in the form of energy position,
dispersion, orbital symmetry and possibly the
lineshape of the electronic excitations. An elegant
way of measuring these excitations is provided
through resonant inelastic (soft and hard) X-ray
scattering (RIXS) and through non-resonant inelastic
hard X-ray scattering (NRIXS) spectroscopy. Both of
these techniques, whose further development plays an
important role in the Upgrade Programme, keep the
total charge of the system the same. This means that
excited states of less than 1 eV above the ground state
can be accessed. RIXS techniques exploit the resonant
enhancement of the scattering cross-section to access
weak excitations that would otherwise be barely
accessible. In contrast, although NRIXS techniques
are count-rate limited, they offer results that are more
easily interpretable thanks to the simpler expression
of the cross-section. NRIXS techniques are gaining
interest for two main reasons: i) they are compatible
with extreme conditions, most importantly high
pressure; ii) the advent of high-performance multi-
crystal spectrometers, which use novel 2D detection
schemes based on silicon pixel detectors (see
chapter 2.5), makes it possible to perform experiments
with energy resolutions down to 100 meV or better.
This is mandatory for low-lying electronic excitations
such as dd excitations in cuprates, titanates and
vanadates.

Complementary information on inelastic scattering
can be gained from photoelectron techniques. These
allow the band structure and electronic structure of a

material to be determined. Soft
and hard X-rays are important
where more bulk sensitivity is

Figure 1.4.2: Major processes involved
in magnetisation dynamics on the
timescale down to femtoseconds.

The Upgrade Programme will make
access to these regimes possible by the
development of new time-resolved and
frequency domain X-ray spectroscopy

techniques together with new
detector systems.
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needed and this is particularly true for strongly
correlated materials, e.g. cerium compounds. Soft X-
ray angle-resolved photoelectron spectroscopy is a
powerful tool for the determination of bulk 3D Fermi
surfaces. Such information is imperative for
understanding the electronic properties of complex
materials, both in applied and basic science. For
instance, the properties of multiferroic materials,
superconductors and materials exhibiting unusual
magnetoresistance phenomena are mainly determined
by their Fermi surface. Hard X-rays can also look at
buried structures and combine structural information,
for example by utilising standing waves to give site-
specific electronic structure. X-rays also allow
element-specific information to be gained by utilising
excitation at the atomic resonances; this information
is often unique to X-rays.

Dynamics of magnetic systems

A large proportion of contemporary technology, from
electric transformers to magnetic recording, uses a
process involving the switching of the direction of
magnetisation. Many studies aimed at achieving a
fundamental understanding of the mechanisms of
magnetisation dynamics and switching have been
undertaken because of the need to enhance the speed
of modern spintronic and magneto-optic devices and
to further develop magnetic storage technology.

Major processes involved in magnetisation dynamics
on the timescale down to femtoseconds are shown in
Figure 1.4.2. At low frequencies, magnetic domain
wall propagation governs the response of the
magnetic system when a change of the direction of an
applied field occurs. However, for shorter timescales
and at gigahertz frequencies and above, precession
and spin-lattice relaxation are the dominant processes.
This gives rise to several fundamental questions about
the basic mechanism of magnetic damping, and the
ultimate speed with which magnetisation can be
reversed.

Magnetisation dynamics can be studied using various
approaches both in the time domain (e.g. with pulsed
magnetic fields) and in the frequency domain (e.g. by
microwave excitation). In the fast time domain, time-
resolved X-ray spectroscopy techniques are valuable
tools when addressing dynamic problems. A new
method in the frequency domain has emerged very
recently (Goulon et al., 2005), namely X-ray detected
magnetic resonance (XDMR). It is one of the aims of
the Upgrade Programme to bring this technique to
maturity (see chapter 2.4). The frequency range of the
pump waves is very large, from a few megahertz with
nuclear magnetic resonance and extending to the
terahertz range for antiferromagnetic resonance. This
makes it possible to measure the ellipticity of the
precession trajectories of spin and orbital

magnetisation components for various absorbing
atoms, and to study large-angle spin excitations and
precessional switching with high power microwaves
and the SWASER (spin wave amplification by
stimulated emission of radiation) regime in spin
valves. Extension to the terahertz range would allow
studies of magnetic relaxation processes in Van Vleck
paramagnets. Research on the existence of new types
of optical modes involving strongly coupled
magnetisation components of a spin and orbital
nature will also take place. The terahertz regime will
require very high magnetic fields (30 to 40 T) and
will be complementary to X-ray free-electron laser
studies in the time domain.

Several other techniques, such as X-ray
photoemission electron microscopy (XPEEM), X-ray
photon correlation spectroscopy (XPCS), and nuclear
resonance scattering techniques (NRS) are expected
to provide further valuable information. XPEEM
allows one to visualise domain dynamics on various
timescales from seconds (e.g. domain wall melting) to
sub-nanosecond (e.g. magnetic vortex rotation) in the
surface. In comparison, X-ray scattering techniques
also offer bulk sensitivity and ensemble average
information. For example, the coarsening of
antiferromagnetic domains driven by a spin-flip
transition induced by small external magnetic fields
(Nagy et al., 2002) can be studied. Critical fluctuations
and relaxation phenomena in magnetic systems are
another important research area. The application of
pulsed high magnetic fields fits well into this time
regime and offers new scientific possibilities with
fields beyond 25 T.

Nanomagnetism

Structural and magnetic/electric properties of
condensed matter as well as their underlying
dynamics are of paramount importance for the
functionality of future nanoscale devices. The role of
the interfaces between adjacent materials becomes
increasingly important with the decreasing size of the
structural units, and novel dynamic phenomena are
expected in these nanostructures. New methods have
to be developed for experimental characterisation and
theoretical modelling as the properties of low
dimensional structures are significantly different from
those of corresponding bulk materials. One of the
future scientific challenges will be to study the
magnetisation in nanoscale materials and, in
particular, its dynamics. Selected highlight areas such
as spintronics, nanoscale objects, molecular
magnetism, and nanotechnological applications are
discussed below.

The recent advent of the new technological and
research fields magnetoelectronics and spintronics, in
which magnetism and electronic properties of solids
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are combined to exploit spin-dependent transport
processes. This creates novel functionalities that have
already entered the market, for example, in hard disk
read heads and non-volatile, magnetic random access
memory. The continuing need to increase information
storage density has led to the development of smaller
and smaller magnetic bits called nanomagnets. The
impact of nanomagnetism is not, however, limited to
just technological advances. Several new phenomena,
at the forefront of research, such as spin-torque
transfer, spin-current induced magnetic switching, or
spin-current induced microwave generation, have been
discovered very recently. These discoveries were only
possible because of the ability to fabricate magnetic
nanostructures with a typical size below 100 nm. In
the future, the challenge lies in understanding and
controlling magnetism and magnetic phenomena on
these very small length scales and in reduced
dimensions. The relevant physical systems range from
thin films and multilayers through quantum wires and
quantum dots down to nanoparticles, magnetic
molecules, or even single magnetic atoms on a surface.

Thin films and their interfaces play a crucial role in
modern technology such as spintronics and advanced
magnetic materials. Their properties are better
investigated using the isotope-selective techniques
that are possible using synchrotron radiation. For
example, the spin structure of each layer in a
magnetic film can be determined by X-ray scattering
or nuclear resonance techniques (Röhlsberger et al.,
2002) as shown in Figure 1.4.3.

Reducing the dimensionality dramatically changes the
possibility of obtaining long-range magnetic order.
Nano-objects, such as one-dimensional systems, can
be used to study effects where the interplay between

finite size effects and electronic interactions is
marked, such as exchange and spin-orbit coupling.
An example of such research is the study of spin
fluctuations in a one-dimensional system.
Figure 1.4.4 shows how a nanowire of cobalt atoms
can be fabricated on a stepped platinum surface
(Gambardella et al., 2002). Spin blocks are expected to
form along the wire and studies of such a system
should help understanding the role of critical
fluctuations in low-dimensional systems. Soft X-ray
magnetic scattering measurements will be able to
probe length scales of ~6 nm (Dürr et al., 2007) and
determine the size of the spin blocks. Beyond this,
the dynamics of low dimensional systems can be
studied using fluctuation spectroscopy. The use of the
X-ray beam coherence will enable magnetic speckle
to be measured, which will make it possible to
reconstruct the real space image from the scattering
signal. Time-resolved studies of this type will be a real
challenge but could offer unique insight into
magnetisation dynamics on the nanoscale.

A relatively recent scientific field that deserves to be
mentioned is molecular magnetism. This is one of the
most attractive areas of investigation for new
magnetically ordered materials and is an
interdisciplinary field in condensed matter in which
chemists and physicists combine their efforts in
designing and synthesising new bulk magnets starting
from molecular blocks. The scientific interests span
from fundamental research, such as frustrated
magnetism, low-dimensionality and
superparamagnetism to applied research in the fields
of quantum dots and nanowires, with potential
technological applications in data storage, spin-valve
devices, and biomedical nanotechnologies. The
scaling of magnetic objects to the nanometre size
introduces new physical functionalities and
properties, providing ideal laboratories for the study
of nanoscale magnetic phenomena. Element, isotope,
and orbital selective information provided by X-ray
resonant magnetic spectroscopy, X-ray scattering, and

Figure 1.4.3: Magnetic structure in the iron layer of an
Fe/FePt exchange spring as it forms in an external magnetic

field of 160 mT. The spin structure has been directly
measured by grazing incidence nuclear resonance scattering

with atomic depth resolution utilising the probe layer
technique. Future challenges are a combination of this

technique with a nano X-ray beam to allow an entire spatial
mapping with nanometre resolution, to study real devices

such as spin valves.

Figure 1.4.4: Cobalt atomic wires decorating the steps of a
platinum (111) vicinal surface (Gambardella et al., 2002).
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nuclear resonant scattering are powerful tools for
unravelling the role of each element in the magnetic
interactions of molecular magnets.

The future of nanotechnological applications of
magnetic nanoparticles (diameter < 10 nm) depends
on the control of their monodispersity and surface
properties. Their relevance lies in the huge potential
for applications in information technology, novel
macroscopic magnetic materials, and in medicine,
providing a biocompatible coating around a
magnetically stable core with a large magnetic
moment.

All of these challenging nanomagnetism projects
require new integrated approaches, exploiting the
whole suite of synchrotron radiation-based
techniques. The availability of advanced on- and off-
line sample preparation and characterisation facilities
is also mandatory. The Upgrade Programme is
indispensable in implementing this new strategy.

Relevant Conceptual Design Reports:
• DICHRO: Polarisation Dependent X-ray
Spectroscopy 
• HXPM: Hard X-ray Photoelectron Microscopy 
• INELX: Inelastic X-ray Scattering 
• MAGSCAT: Magnetic Scattering 
• NR-HE: Nuclear Resonance – High Energy 
• NR-NSM: Nuclear Resonance – Nanoscale
Materials 
• PMF: Pulsed Magnetic Fields 
• RIXS-PES: High Resolution Resonant Inelastic
X-ray Scattering and Photoelectron Spectroscopy 
• SMS: Resonant Soft X-ray Magnetic Scattering 
• XAS-XES: Steady-State and Time-Resolved X-ray
Absorption and Emission Spectroscopy 

Key enabling technologies and infrastructures:
• Detectors: 2D pixel detectors, UHV compatible
detectors (SMS, RIXS-PES). Fast 2D (pixel)
detector with at least 1 kHz frame rate (PMF). Fast
(100 ps to ns time resolution) detector systems for
high energies (→100 keV); fast 2D pixel detector
(~ 1 ns, 100 µm × 100 µm pixel size) (NR-HE and
NR-NSM).
• Buildings: Long beamline (>100 m) to
accommodate backscattering monochromator
(NR-HE). Long beamline (250 m) to obtain a
focal spot of 0.1 µm × 1 µm keeping the full flux
(NR-NSM). 
• Infrastructure: Support laboratories for sample
preparation and characterisation, nano- and micro
manipulation tools, e.g. surface science laboratory,
characterisation of magnetic properties and phase
transitions. (DICHRO, MAGSCAT, PMF, SMS,
RIXS-PES). Extension of experimental hall and
supporting infrastructure for high static magnetic
fields.

1.4.3. Collective motion of atoms

The experimental determination of the vibrational
properties of matter provides important
information on elastic and thermodynamic
properties, the interplay between electronic,
magnetic and lattice degrees of freedom, as well as
relaxation mechanisms in topologically disordered
systems. Techniques such as Brillouin and Raman
light scattering, ultrasound techniques and infrared
spectroscopy are limited to momentum transfers
close to zero and consequently probe the dynamics
over macroscopic length scales. Access to the
mesoscopic region, corresponding to nanometre
length- and picosecond timescales, is provided by
inelastic neutron and X-ray techniques (in addition
to exclusively surface-sensitive methods such as
electron energy loss spectroscopy and helium
scattering). The uniqueness of synchrotron
radiation-based techniques resides in the following
points: (i) there is no fundamental restriction
(besides energy resolution) in the explorable
energy-momentum transfer region, (ii) motions of a
specific atom species can be singled out (provided
that it possesses a Mössbauer isotope), and (iii) X-rays
can be focused down to sub-micrometre sized
beams, allowing experimental access not only to
nanoscale materials, but also to samples confined in
extreme environments such as diamond-anvil cells
and high magnetic fields. Inelastic X-ray (IXS) and
nuclear inelastic scattering (NIS) have greatly
contributed to the advancement in many fields of
research (Krisch and Sette, 2007; Chumakov and
Sturhahn, 1999). Examples comprise the nature of
sound propagation at terahertz frequencies in
disordered systems, phonon dispersion and density-
of-states in tiny amounts of materials, thin films
and at surfaces, and studies under extreme
conditions of pressure beyond 10 GPa. 

Major breakthroughs can be expected by a further
improvement in the instrumental energy resolution
towards 0.1 meV, a significant increase in the
detection efficiency, and upgrade of the X-ray
source. The Upgrade Programme will make it
possible to study an E-Q region that has, to date,
never been explored (see Figure 1.4.5). The next
generation of instruments will permit the
investigation of increasingly complex materials and
samples, necessitating a sophisticated environment.
In particular, extreme pressures and temperatures will
be reachable, and the dynamics of surfaces and
nanoscale systems can be given routine access.
The planned improvements in terms of
spectrometers and detector efficiency will lead to an
important reduction in the data acquisition time.
Typically, measurements that currently require a
week of beam time, will be feasible in less than a
day. The main advances that are predicted are
highlighted below.
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Glasses and liquids

Inelastic X-ray and nuclear scattering techniques have
contributed significantly to our understanding of the
vibrational excitations in glasses in the
millielectronvolt energy range (Sette et al., 1998;
Chumakov et al., 2004). Glasses exhibit low-
temperature universal anomalies in their specific heat
and thermal conductivity, whose microscopic origin
has to be related to a universal behaviour of the low-
energy excitations, in particular in acoustic form.
Specifically, at around 10 K, glasses are characterised
by a plateau in the thermal conductivity and by an
excess in the specific heat over the Debye level (Pohl
et al., 2002). The latter has a spectroscopic
counterpart in the vibrational density of states (DOS)
known as the boson peak and located at a few
millielectronvolts (see Figure 1.4.6).

The current limitations, mainly related to resolution,
of the inelastic X-ray and nuclear scattering
techniques mean that acoustic excitations and the
vibrational DOS can be studied only around and
above the boson peak energy (corresponding to
temperatures above approximately 25 K). This
mesoscopic range does not yet correspond to the
macroscopic range usually studied using laboratory
techniques such as ultrasonics and light scattering.
Unfortunately, the crossover energy and momentum
range from the macroscopic to the mesoscopic limit
cannot be studied using any experimental technique.
It is worthwhile underlining that computer simulation
techniques cannot access this range either due to the

excessive size of the simulation box that would be
required.

The Upgrade Programme will improve the energy
resolution towards 0.1 meV, implementing recently
developed novel monochromatisation schemes
(Shvyd’ko et al., 2006). This optics development is also
being intensively pursued at the APS and SPRING-8.
The ESRF, together with the two other sources, can
act as pioneers for the new medium-energy sources
such as ALBA, Diamond, NSLS-II and Soleil. The
study of the acoustic excitations and vibrational DOS
in this range will reach a point where the concept of
macroscopic elasticity can no longer be applied in a
glass. It will therefore provide a microscopic basis for
the aforementioned universal anomalies of glasses.

Improved energy resolution will also have a
significant impact as far as the study of liquids is
concerned. In fact, the energy-momentum range,

Figure 1.4.6: The group velocity (a) and inverse lifetime (b)
of the longitudinal acoustic excitations of a glass are

reported together with the vibrational density of states (c)
as a function of energy. All quantities are in Debye units.

The Upgrade Programme will permit the current limitations
of the inelastic X-ray scattering (IXS) and nuclear inelastic
scattering (NIS) setups to be overcome, extending their

range (dotted blue line in a) and b): IXS, in c): NIS) beyond
the mesoscopic, thus bridging the gap to the macroscopic

range studied with Brillouin light scattering (BLS) techniques
(green dotted line: limit of BLS). 

Figure 1.4.5: Region of energy (E) and momentum (Q)
transfer, experimentally accessible today. BLS: Brillouin light
scattering; INS: inelastic neutron scattering; IXS: inelastic

X-ray scattering. The dotted purple lines indicate two typical
sound velocities. The dark blue area corresponds to the

planned extension of the E-Q region.



whereby macroscopic elasticity breaks down in a
glass, corresponds to the range where macroscopic
viscoelasticity breaks down in a liquid. The Upgrade
Programme will enable the gap to be bridged between
the viscoelastic formalism valid in the macroscopic
range and the generalised hydrodynamic formalism
valid in the mesoscopic range. This will provide
unique data for testing models and theories on the
dynamics of liquids, and important advances could be
made in this scientific field, where a unified picture is
still not apparent. Moreover, reaching the

macroscopic limit with inelastic X-ray scattering
techniques will also make it possible to measure
relevant thermodynamic and transport properties
(sound velocity, viscosity) on a class of systems (such
as low-viscosity fluids and dense gases) where the
structural dynamics takes place on a picosecond
timescale. This would be of particular interest for
geophysical and planetary science.

Crystalline systems

Studies of crystalline materials in very small quantities
and at extremely high pressures (typically above 10
GPa) will continue to be an important part of the
future research programme. Furthermore, an
integrated approach, using synchrotron radiation-
based techniques such as IXS, NIS and thermal diffuse
scattering (TDS), as well as inelastic neutron
scattering, will provide a complete and detailed
picture of the lattice dynamics for increasingly
complex systems. This is illustrated in Figure 1.4.7 for
a filled skutterudite (Wille et al., 2007) and a Ba–Si
clathrate (San Miguel and Bosak, 2007), where the
contrast difference – arising from the selectivity of
Mössbauer isotopes and the different scattering
strengths for neutrons and X-rays – is utilised to
single out the dynamics of a specific constituent
element. The ability to use (textured) polycrystalline
samples to determine single crystal elastic properties,
and even the full phonon dispersion in favourable
cases, will create new opportunities in materials
research in cases where single crystals cannot be
synthesised. This new data acquisition strategy
consists of recording spectra over a large Q-range
(typically 2 to 70 nm–1), and then performing a least-
squares refinement of the lattice dynamics model in
order to extract single crystal properties. First studies
have proven the feasibility of such an approach (see
Figure 1.4.8). Another example is the study of soft
modes in charge-density-wave systems, or correlated
electron systems in general, where TDS provides a
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Figure 1.4.7: (left) Partial phonon density of states of the
skutterudite EuFe4Sb12 as obtained by nuclear inelastic

scattering, which provides unique species-sensitivity. The
iron atoms are at the centres of the red octahedra. Adapted

from Wille et al. (2007). (Right) X-ray (red) and neutron
(black) generalised phonon density-of-states of Ba8Si46. The
blue arrows indicate the localised modes of the Ba atom in

the cages (Machon et al., 2007). 

Figure 1.4.8: (left) IXS intensity as a
function of momentum transfer for
polycrystalline beryllium and (right)

extracted single crystal phonon
dispersion in the basal plane after

least-squares refinement of the lattice
dynamics model: INS measurements
(circles), fitted results (red lines) and

model calculations (blue lines) (Fischer
et al., 2007). The Upgrade Programme
will permit the simultaneous recording
of the IXS spectra over the entire Q-

range, thus reducing the data
collection time from days to hours.
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very rapid overview of the regions of interest in
reciprocal space, and IXS is subsequently used to map
out the details of the soft phonon branch. 

The experimental studies have to be carried out in
collaboration with further theoretical advances to
treat the lattice dynamics of complex materials from
first principles. Finally, the availability of lattice
dynamics software packages will play an increasingly
important role, not only in data analysis and
reduction, but also in the preparation of experiments.

Surfaces, nanoscales and confined geometries

The study of collective dynamics in crystalline, glassy,
or liquid aggregate states will make tremendous
progress thanks to the Upgrade Programme, namely,
they will become applicable to nanoscale objects.
Measurements of both dispersion relations and
density of states have already been successfully
performed on surface layers of a few nanometres and
a monoatomic layer, respectively. The foreseen
increase in flux, optics throughput, and detector
efficiency as well as improved focusing capability, will
allow frontier-science investigations to be tailored to
samples ranging from microcrystals to nanoscale
materials. Studies of dispersion relations and density
of states of nano-objects with a typical size of about
10 nm will then be feasible. For example, routine
studies of the collective dynamics in crystalline
nanoislands, glassy clusters, or liquid nanodrops can
be envisaged. Investigations of dynamics in confined
geometries such as single nanoporous channels or
isolated, single nanotubes may become possible.
Moreover, access to sub-nanometre, i.e. quantum-size
objects, could be gained in some specific cases. To
give an example, the high sensitivity and unique
isotope selectivity of nuclear inelastic scattering will
allow studies of collective dynamics of self-organising
surface structures with sub-monolayer surface
coverage to be carried out.

Relevant Conceptual Design Reports:
• INELX: Inelastic X-ray Scattering 
• NR-HE: Nuclear Resonance - High Energy 
• NR-NSM: Nuclear Resonance - Nanoscale 
• PHIXS: Phonon Inelastic X-ray Spectroscopy 
Materials

Key enabling technologies and infrastructures:
• Detectors: Development of special arrays of point
detectors with specific geometrical constraints and
a very low background noise (10-3 Hz) (PHIXS and
INELX). NR-NSM/NR-HE: see section 1.4.2.
• Buildings: NR-NSM/NR-HE: see section 1.4.2.
Long beamline (150 m) for a hutch with 16 to
20 m transversal size (INELX). Highly stable and
temperature controlled crystal optics (0.001 to
0.01 K) for all projects. 
• Infrastructure: Support laboratory for in situ UHV
preparation, characterisation of nano-objects (NR-
HE, NR-NSM); AFM, STM and microscopy
compatible stable environment; access to high
magnetic fields (NR-HE, NR-NSM).
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1.5. Emerging scientific applications
of synchrotron radiation

Science context

A key mission of the ESRF involves creating novel
settings of technique, instrument and local skills to
promote the use of synchrotron light by non-
traditional communities. This role as a catalyser
and a developer will be central to maintaining the
ESRF as a leading centre for high profile science
with strong society benefit. This is already the
case for biomedical research, environmental
science and cultural heritage.

Clinical and biomedical research is continuously
evolving to find new treatments and medicines for
curing disease and improving quality of life. X-ray
synchrotron radiation-based biomedical imaging
and SAXS provide basic, clinically and industrially
oriented information, which is unobtainable using
any other manner. Progress made by the ESRF
synchrotron radiation radiotherapy programme
now makes it possible to envisage taking the next
step towards clinical applications to treat currently
incurable brain tumours.

The field of environmental science requires
chemical and biological processes allowing the
speciation, properties and behaviour of
contaminants and pollutants to be understood.
X-rays can provide information on specific
chemical species at a very high spatial resolution
that is difficult to obtain in any other way.
Nanobeams are essential when investigating real
samples that are extremely small (e.g. atmospheric
particles or particles retrieved from space
missions), or that exhibit very small features of
interest.

Palaeontology, archaeological science and cultural
heritage are topics fundamental in allowing society
to understand the past. X-ray-based techniques are
important methods of examining precious fossils
and artefacts without destroying them to obtain
valuable information on their chemical content
and 3D structures at various length scales.

Added value of the Upgrade

The Upgrade Programme will play a major role in
all of the emerging areas detailed above by

consolidating and developing them for use in
everyday light source applications. Within the
framework of the Upgrade Programme, advances
will be made by:
• Developing therapeutic applications to the
(pre-)clinical stage with an updated infrastructure
and by potentially considering a clinical facility
and application using “table-top” light sources.
• Creating a multi-technique analysis platform
giving high levels of spatial resolution and
detection limits for 3D imaging using
microtomography and microspectroscopy.
• Building dedicated beamlines targeted at the
requirements of the emerging areas with improved
parallel and coherent beam imaging and linked
facilities (for example, a station to scan fossils at
high spatial resolution in 3D and the building of a
public database).
• Developing automated customised instruments
and sample environments, which allow, for
example, thousands of samples to be analysed.

Key questions

The development of microanalytical techniques
(microscopy, microspectroscopy, X-ray imaging)
will lead to new applications allowing questions to
be answered such as:

1. Which are the physical, chemical and
biological mechanisms related to the cure of
tumour-bearing animals treated with synchrotron
radiation beams, and are they extendable to
human beings?
2. What are the driving phenomena behind
pollution processes involving nanoparticles (e.g.
global dimming, ash particles, colloid transport)?
3. What are the respiration processes of bacteria
growing under extreme conditions?
4. What are the degradation mechanisms leading
to colour change in old paintings?

Expected user communities 

The technical developments described in this
chapter address communities that are not
traditional synchrotron radiation users. They
include the biomedical, environmental, and earth
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1.5.1. Introduction

Modern synchrotron radiation facilities are now being
used by specific science communities with particular
needs. Since the ESRF has adapted its techniques to
the needs of palaeontologists, these scientists can now
make use of the facility to carry out their research.
Furthermore, others studying the emerging, high-
visibility research topics of biomedical applications,
environmental sciences, and cultural heritage use
synchrotron radiation because it provides information
that is unobtainable through other techniques. These
new communities have two core requirements in
common: firstly, they need an “imaging-type”
approach when studying their intrinsically
inhomogeneous samples; secondly, they rely on a
close collaboration with the beamline scientists,
essential when performing the experiments and
extracting useful information from the data.

Synchrotron radiation techniques for biomedical
research are used to produce key medical information
but they can also have a tremendous clinical impact in
several fields such as cancer, osteoporosis, arthritis
and asthma. A substantial part of the work entails
preclinical trials on animal models, which are
necessary for preparing clinical trials (CDR: CPR), in
particular those on brain tumours where no cure
currently exists. Two techniques are being
implemented with a view to future clinical trials:
microbeam radiation therapy (MRT) and stereotactic
synchrotron radiation therapy (SSRT). They both aim
to destroy the tumour whilst sparing normal tissue
surrounding it.

Environmental science, palaeontology, archaeology
and cultural heritage are increasingly being studied at
modern light source facilities. Environmental science
covers a wide variety of subjects, ranging from the
identification of metal contaminants and their
chemical state in soil and plants to pollution
remediation, nuclear waste management, and
atmospheric processes such as volcanic activity, fly
ash, or carbon dioxide sequestration in seas and soils.
Palaeontological investigations into the inner parts of
fossils (e.g. roots, enamel and dentine in fossil teeth)
take full advantage of the coherence of the beam
through phase-contrast imaging. The idea of creating
a database of the most important fossils to share this
knowledge with the scientific community could
revolutionise the way palaeontologists work.
Archaeological science and cultural heritage are not
only related to the past. Indeed, as research into
ancient objects provides important historical clues to
investigate aspects of ancient societies, it also makes
the preservation and restoration of these objects
possible. The added value of the Upgrade Programme
for these emerging topics lies in the fact that they
share a series of technical requirements, i.e. high
resolution (“nano”) imaging as designed for the new

and planetary scientists, as well as
palaeontologists and the cultural heritage
scientific community.

Enabling technology and infrastructure

These emerging areas will benefit strongly
from the investment in new and adapted
technologies and infrastructures. This will be
highly beneficial.
• Buildings and infrastructure: Extensions for long
beamlines and buildings for sample
preparation and characterisation laboratories
and new infrastructure.
• Accelerator and source: Increased flux and
brilliance and insertion device flexibility.
• Beamlines and instrumentation: Nanofocusing
optics. Adapted instrumentation and sample
environments for specific applications
including nanomanipulation. Fast high-energy
imaging detectors.
• Computing: Developing computing to treat
massive amounts of 3D data, with new
software for data interpretation, theoretical
modelling and to make beamlines user friendly.
Development of software for radiotherapy
treatment planning.

Partnerships

Potential partnerships exist for all of the
emerging topics presented: for example, the
Centre for Cancer Research, the
Palaeontology Database.

Industry and technology transfer

Direct links exist to industry for the
biomedical applications (contrast agents,
instruments for diagnosis,… ), and indirect
links for the environmental sciences, having
tremendous impact on the European economy,
and cultural heritage (particularly through
tourism).
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dedicated beamline SFINX, and improved parallel and
coherent beam imaging (CDR: IMPACT). They also
require a wide range of X-ray microspectroscopy
capabilities, with improved spatial resolution and
detection limits (CDRs: SMILE, XMAN, EDXAS),
complemented by X-ray diffraction.

Many of these subjects have links with modern
industry, particularly studies on contrast agents,
cosmetics, oil, reduction of pollution, and waste
management. They have a clear impact on the
European economy, as well as on European culture
and quality of life (restoration of cultural heritage,
reduction of pollution, etc.). The applied and
industrial aspects of this research will be fostered
within the Upgrade Programme.

The new scientific communities need specific training
and education to use synchrotron radiation: the ESRF
(co-)finances PhD students, organises schools for
“New Users”, collaborates with universities, actively
supports the European Course HERCULES, and
participates in the organisation of HERCULES
Specialised Courses.

1.5.2. Clinical and biomedical
applications of synchrotron radiation

Biomedical applications of synchrotron light
constitute a fast growing field of research. At the
ESRF, this research comprises both basic research and
clinical trials. Basic research is performed to improve
understanding of the mechanisms of interaction of
radiation with the tissues within a body as well as to

establish improved diagnostic and/or curative
protocols, using the ideal experimental conditions
offered by a synchrotron source, such as the
monochromatic and collimated beam. The aim of the
clinical studies is to develop innovative techniques
that can be directly applied to clinical trials at
synchrotron sources, and that could eventually be
used with a new generation of table-top X-ray sources
which are presently under development worldwide.
The success of these programmes depends upon the
combination of a variety of complementary research
disciplines, including physics, medicine, radiobiology
and oncology. The diversity of the skills available at
the dedicated biomedical beamline and facility at the
ESRF makes it a unique research centre worldwide. 

Cellular and tissue imaging and scattering

Several biomedical imaging techniques using
synchrotron light for in vitro and in vivo applications
are under development. These techniques include 
X-ray absorption, K-edge energy and temporal
subtraction, phase propagation and analyser-based
imaging. They are expected to have an impact on
basic, clinical and industrial research. Synchrotron
radiation features such as high intensity over a broad
energy range (allowing the selection of
monochromatic intense beams), natural collimation,
and spatial coherence are made use of to develop and
optimise these novel methods. 

The high-resolution visualisation and absolute
quantification of drugs in tumours using the K-edge
subtraction technique is a very promising and
industrially important application that can be cited as
an example (Figure 1.5.1). The results are used to

understand the
way in which
drugs target
specific tissue
receptors
(Segers et al.,
2005).

Figure 1.5.1: (Left) High resolution (47 x 47 µm2) synchrotron radiation computed tomography (SRCT) image after injection of
a contrast agent (iodine). A time series of these images allows iodine concentration versus time to be followed quantitatively.
(Right) Colour parametric maps of (a) cerebral blood volume (CBV) and (b) blood–brain barrier (BBB) permeability coefficient
obtained for each pixel of time-series images. This kind of image allows the tumour development to be understood and the

effects of the applied therapies to be evaluated. This multidisciplinary research involving biological, medical, and physics
expertise will greatly benefit from the new and improved techniques and support laboratories that will be developed within the

Upgrade Programme. An example of a new development would be following nanoparticles injected into cells using in vitro
experiments with soft X-rays (CDRs: SFINX, SMILE, IMPACT), which will then allow in vivo preclinical experiments (CDR: CPR)

to be refined in order to improve photon activation therapeutic assays.
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Synchrotron-based microcomputed tomography
(µCT) offers new prospects for preclinical research. It
will permit a full three-dimensional characterisation of
the cortical microvascular organisation in the brains.
This is very important for our understanding of a
broad range of biological subjects, which include
normal and pathological vascular development,
functional imaging and therapeutic strategies (Risser et
al., 2007). Osteoporosis is another important subject:
it is a bone fragility disease that is increasing due to
aging of the population. Understanding the factors
that determine bone quality will help to explain and
predict the risk of fracture. Synchrotron µCT allows
simultaneous investigation of the micro-architecture,
bone mineralisation and mechanical behaviour in 3D
(Chappard et al., 2006). Imaging the microvascular
bone network at the sub-micrometre scale will make it
possible to understand the response of micro-
vascularisation to physiological or pathological stimuli
that regulate bone modelling, and to study the effect
of drugs. A 3D analysis of this kind, combined with
spatially-resolved XANES spectroscopy, will lead to
micro-quantification of the elements involved in bone
growth such as calcium and potassium.

SAXS is increasingly being used to provide
physiologically relevant structural information from
tissues. The molecular basis of muscle function can be
assessed by studying motor proteins such as myosin II,
which gives information on the kinetic and mechanical
features of the molecular motor. This structural
information is extremely useful when studying the
pathophysiological effects of an illness such as tetanus.
Similar SAXS investigations are being extended to
axonal membranes in nerves for a better understanding
of the ionic mechanisms underlying propagation of the
nerve conduction signal. Changes in the SAXS pattern
of collagen from different kinds of tissues such as breast

and bone can be correlated with the presence of cancer
cells and other pathological signs in histological slices
of the specimen, so that the specimen can be mapped
for malignancy.

The development of clinically-oriented techniques at
the ESRF, such as analyser-based imaging (ABI) for
osteoarthritis (see Figure 1.5.2) and phase-contrast
high-resolution mammography (Bravin et al., 2007),
can lead to an actual clinical application through
collaborative programmes with hospitals and industry.
The clinical applications will eventually be performed
using table-top monochromatic sources, which are
presently under development around the world.

Effects of radiation on cells and tissues

In parallel with clinically oriented research, synchrotron
radiation is being used increasingly to study
fundamental radiobiology and radio-oncology scientific
cases, in particular, the interaction mechanisms of
radiation with cells and tissues. An example of this type
of study can be found in the biochemical process
related to the selective efficiency of radiotherapy on
cancerous versus normal tissues (Mooney, 2005). This is
of general interest in clinical cancer research.

Several secondary effects can occur after high-dose
brain irradiation, including demyelinisation, vascular
damage, dementia and white matter radionecrosis.
Such lesions are likely to be the main cause of
cognitive dysfunction observed after conventional
cerebral tumour radiation treatment with high
cumulative doses. In vitro and in vivo tissue damage and
repair can be studied using microbeams. Serduc et al.
(2006) have determined the time course of the effect
of radiation on brain microvasculature for various

delivered doses (Figure 1.5.3) whilst
Blattmann et al. (2005) have observed the
formation of vascular bridges across
areas situated directly in the path of a
microbeam. These processes, together
with the “bystander” effect (indirect
communication between cells), are state-
of-the-art biomedical research topics.
They can be combined with theoretical
simulations on DNA damage for a
detailed understanding of the cellular
response to radiation.

Other examples of promising research
that have already been initiated include
apoptosis (programmed cell death), DNA
reparation channels following radiation
damage and the synergy of radiotherapy
and chemotherapy. A better
understanding of all of these processes
will mean that information of critical
importance can be obtained by both in-

Figure 1.5.2: Observation of cartilage using three different imaging techniques:
a) MRI, b) ABI, with a corresponding biopsy in the inset, and c) X-ray

absorption. The damage to the cartilage is only observable non-invasively on
the ABI image. Developing ABI is important for osteoarthritis diagnosis. In
future, this research will be performed in vivo with the aim of testing the

reconstruction of damaged tissues associated with new pharmaceutical drugs
targeting osteoarthritis. The Upgrade Programme will permit laboratories in the

Biomedical Facility to be equipped specifically for this research.

a) b) c)
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house developed radiotherapy programmes (MRT and
SSRT) and in clinics.

The genetic and molecular biological mechanisms
related to cell radioresistance are also being studied for
Deinococcus radiodurans, a particular, non-pathogenic,
bacterium able to withstand up to 10 kGy of ionising
radiation. Its resistance is thought to be a side effect of
mechanisms designed to allow the bacterium to survive
during extended periods of desiccation. This research
also has important knock-on effects concerning the
bioremediation of sites contaminated with radiation
and toxic chemicals. Studies are planned at the ESRF to
understand the role of specific proteins in DNA
protection and repair (Zahradka et al., 2006).

A multidisciplinary approach to the subject is
necessary to fully interpret the biochemical data,
thereby understanding its origin. In this way, the
radioresistance of the cells can best be exploited. The
ESRF Upgrade Programme will open up new research
pathways including the analysis of morphological
changes of cells irradiated with nanometre-sized
beams (see imaging in CDR IMPACT) and the
localisation and quantification of metals using higher
sensitivity fluorescence techniques (CDR: SFINX).

Preclinical and clinical radiotherapy studies

The ESRF is a pioneer of synchrotron radiation
radiotherapy applications. Thanks to several key
collaborations with groups of neuro-oncologists,

pathologists and biologists, since the late 1990s, the
research has focused on the use of spatially
fractionated X-ray beams, delivered in extremely high
doses (several hundreds of Grays) to treat aggressive
non-treatable brain tumours. The principle of
microbeam radiation therapy (MRT) as a potential
alternative to radiotherapy lies, on the one hand, in
the destruction of the vascularisation of the tumour
and, on the other hand, in the high normal tissue
tolerance of such microbeams. It has now been
proven that normal tissues can repair the damage,
unlike those affected by tumours. Preclinical research
studies have demonstrated the ability of MRT to cure
a significant number of rodents without side effects.
This therapeutic protocol is being improved by
combining the X-ray treatment with stimulation of
the immune response (Smilowitz et al., 2006).

Stereotactic synchrotron radiation therapy (SSRT),
which has been developed at the ESRF, is a
complementary research programme aimed at treating
brain tumours. SSRT involves loading the tumour with
a high atomic number element, associated either with
or without a chemotherapeutic drug, and then
irradiating the target with monochromatic X-rays.
The tumour is placed at the centre of rotation and the
radiation is delivered in tomographic mode: the
patient is rotated in the beampath in such a way that
the normal tissues surrounding the tumour receive
only a small fraction of the X-ray dose. For rats
bearing highly aggressive tumours, a very significant
extension of life span was observed for SSRT-treated
animals previously inoculated with iodinated
compounds. An important fraction of animals were
cured when SSRT was performed with high atomic
number elements associated with chemotherapeutic
drugs (Biston et al., 2004). The combination of MRT
X-ray treatment and a local dose enhancer has recently
given a significant increase in animal survival rate.

Preclinical MRT and SSRT experiments have already
provided results that will pave the way for clinical
trials at the ESRF. The long delay before clinical
application is typical for biomedical research: the
effects of a single protocol under test can be seen
only months after the treatment and dozens of
biological and physical parameters must be tuned,
which involves contribution from a broad spectrum of
expertise. Today, the ESRF is the only synchrotron
radiation facility in the world where clinical trials in
radiotherapy are possible. This is thanks to the
presence on the same site of a beamline with adequate
spectrum and X-ray fluency and the biomedical
infrastructure, as well as extensive collaboration
between the beamline staff and hospital teams. 

Relevant Conceptual Design Reports:
• CPR: Development of Clinical Protocols in
Radiotherapy 
• IMPACT: Imaging using Parallel Beam and

Figure 1.5.3: Normal cortical microvascular network of a
mouse, 48 h after a 1000 Gy microbeam exposure

(microbeam spacing: 211 µm, microbeam width 25 µm).
The three red dotted parallel lines correspond to dye
extravasation though the damaged blood vessels and

fixation in the dying brain cells situated in the microbeam
paths. This research, closely related to the MRT technique,

can only be performed at a synchrotron light source.
Within the Upgrade Programme, the increase in the

machine current will be beneficial, as will the
refurbishment of the biomedical beamline (CPR), which
will be suitable for testing the therapy in large animals.
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Computed Tomography 
• SAXS: Small Angle X-ray Scattering 
• SFINX: Scanning Fluorescence and Imaging at
the Nanoscale using X-rays 
• SMILE: Spectro-Microscopy and Imaging at Low
Energies 
• XMAN: X-Ray Spectroscopy Multi-Imaging
Analysis 

Key enabling technologies and infrastructures:
• Detectors: Developments of fast and high
resolution 2D imaging detectors for high (>30 keV)
energies.
• Buildings: Refurbishment as described in the
CDR CPR for clinical trials in human beings.
Construction of a second experimental hutch to use
the beam time more effectively.
• Infrastructure: Expansion of the biomedical
facility laboratories for cell and tissue preparation
and analysis and for preclinical experimentation.

1.5.3. Environmental science

Environmental science incorporates the study of
biodiversity, groundwater and soil contamination, use of
natural resources, waste management, sustainable
development, air pollution and climate change. To
better understand the chemical and biological processes
affecting the speciation, properties and behaviour of
contaminants, pollutants, and nutrients in the ecosphere
(SLAC, 2003), it is becoming increasingly important to
obtain information at the molecular level. Synchrotron
radiation techniques enable the study of aqueous solute
complexes, poorly crystalline materials, solid–liquid
interfaces, mineral–aqueous solution interactions,
microbial biofilm–heavy metal interactions, heavy
metal–plant interactions, complex material
microstructures, and nanomaterials. These are all
important environmental components or processes.
The increasing demand for these studies necessitates
increasing the number of microprobe and imaging
facilities at synchrotron light sources.

The inherent interdisciplinary nature of environmental
science means that crosslinks and overlap exist with
other chapters (chapters 1.1, 1.2 and 1.3) and they are
easily recognisable. The selected examples aim at
illustrating the anticipated evolution towards in situ
quantitative measurements with high spatial and
temporal resolution, which can only be carried out using
a combination of different techniques. Therefore, access
to the full range of techniques offered by the Upgrade
Programme will be key to the success of many studies. 

Pollution and remediation processes 

Throughout the ages, human societies have modified
the original form of metals and metalloids in their

living environment for both their survival and
technical development. In many cases, these
anthropogenic activities have resulted in the release
of contaminants into the environment that pose a
threat to ecosystems and public health. These
anthropogenic metals are primarily released into the
environment through the soil (Figure 1.5.4). The
toxicity of these elements generally depends on their
solubility: the less soluble a chemical species, the less
mobile and less toxic it is. The potential human and
ecological impact of hazardous heavy metals can
therefore be reduced by transforming soluble species
to sparingly soluble forms, either in situ or in landfills
after excavation. In the long-term, researchers aim to
understand and control the form of metal
contaminants in the environment.

Deciphering the crystal chemistry of trace
metal(loids) in the environment is difficult due to the
heterogeneity and complexity of natural materials in
both composition and structure. The integrated
approach involves the synergetic use of three
microanalytical techniques. µXRF is first used to map
elemental distributions and identify elemental
associations. The nature of the host phases at points
of interest on chemical maps is then deduced from
µXRD and µXANES spectroscopy. The proportion of
each species in the bulk is determined by
reconstructing the spectrum with a linear combination
of component species spectra from µXANES data
(Manceau et al., 2002). Future additional kinetic
studies of chemical reactions in situ at mineral and
microbial surfaces and in the rhizosphere of plant
roots in soils (including real-time studies of redox
transformations of environmental pollutants by
energy-dispersive EXAFS and µXANES) are also being
envisaged.

Figure 1.5.4: Basic processes of adsorbate molecules or
atoms at the mineral–water interface. Understanding these

processes by studying their chemistry and structure is
central to improving remediation of contaminated

material. The Upgrade Programme will develop a multi-
disciplinary platform to analyse samples at high spatial

resolution combined with elemental mapping and
speciation. In situ and real-time studies, as well as sample

preparation laboratories, will also play a crucial role.
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Studying even smaller objects is also becoming
increasingly important. Nanoscale earth and
environmental materials play a major role in
interfacial chemical reactions and enormous quantities
of nanometre-scale particles occur in natural waters,
aquifers, soils, sediments, mine tailings, industrial
effluents, and the atmosphere. As outlined in
chapter 1.1, there is also growing evidence that the
structure and properties of nanoparticles change as
particle size decreases. The new infrastructure
(beamlines and associated laboratories) proposed in
the Upgrade Programme will make a very attractive
and unique analytical platform available to study
nanoscale pollutant particles. The key benefit of the
platform is the integrated set of techniques able to
fully characterise a sample with element mapping and
speciation at high spatial resolution. For example,
submicrometre-sized mobile colloids are known to
occur naturally in groundwater and have the potential
to enhance the transport of non-soluble contaminants
through complex sorption mechanisms. The possible
implications of this transport mechanism are of
particular concern in the context of radionuclide
transport. The formation of actinide pseudo-colloids,
in which the actinide sorbs onto aquatic colloids, can
stabilise actinides in natural waters and increase their
concentrations by many orders of magnitude over the
values expected from solubility calculations.

For instance, significant quantities of the element
plutonium have been introduced into the environment as
a result of nuclear weapons testing and production, and
nuclear power-plant accidents (Kersting et al., 1999).

Moreover, many countries anticipate storing nuclear
waste underground. Many previous studies have
experimentally demonstrated adsorption of Pu onto a
variety of minerals and mineral assemblages.
However, little is known of the speciation of the
actinides or the type of colloids with which they are
associated, particularly during transport in the far-
field where there are many competing processes, such
as desorption from the colloids and resorption onto
minerals (Novikov et al., 2006) (Figure 1.5.5). 

Remediation processes can arise from both natural
and man-made sources. Many microorganisms and
plants are capable of transforming toxic chemical
species into less toxic forms. Some plants are
particularly useful for remediation of contaminants in
soils and water because they hyper-accumulate
specific toxins. When µXRF (Harada et al., 2006) was
used, chemical images of small trichomes on plant
leaves revealed that cadmium accumulated in these
epidermal hairs and is found at places enriched with
calcium. However, in the majority of cases, the
molecular scale mechanisms of these transformations
or of hyper-accumulation are not known and more
studies are needed to develop this green technology
efficiently.

The study of nanofluids is another fascinating
potential research field and these suspensions of
nanometre-sized particles are used in a variety of
technological applications. Their spreading and
adhesion behaviour on solid surfaces can yield
materials with desirable structural and optical

Figure 1.5.5: Pu adsorption onto amorphous Fe
hydroxide. a) Scanning electron micrograph of

typical colloids of spherical particles with a size of
<1 µm. b) High-angle annular dark-field scanning

transmission electron microscopy image of the
spherical colloids. Electron diffraction patterns from
these particles indicate that they are amorphous.

c) Energy dispersive X-ray spectrum from the
spherical particles shows that Fe is a major

constituent associated with trace amounts of
Si and Ca. a.u., arbitrary units. d) Nano-SIMS

elemental maps (Novikov et al., 2006). The key
benefit of the Upgrade Programme is to offer a set

of complementary techniques able to fully
characterise a sample with element mapping and

speciation at high special resolution.

Fr
om

C
ol

lo
id

Tr
an

sp
or

t
of

Pl
ut

on
iu

m
in

th
e

Fa
r-

Fi
el

d
of

th
e

M
ay

ak
Pr

od
uc

ti
on

A
ss

oc
ia

ti
on

,R
us

si
a,

A
.P

.N
ov

ik
ov

,S
.N

.
K

al
m

yk
ov

,S
.U

ts
un

om
iy

a,
R

.C
.E

w
in

g,
F.

H
or

re
ar

d,
A

.M
er

ku
lo

v,
S.

B
.C

la
rk

,V
.V

.T
ka

ch
ev

,B
.F

.M
ya

so
ed

ov
,S

ci
en

ce
31

4,
63

8
(2

00
6)

.R
ep

ri
nt

ed
w

it
h

pe
rm

is
si

on
fr

om
A

A
A

S.



1. Science at the ESRF

91ESRF Science and Technology Programme 2008-2017

properties. Similarly, the spreading behaviour of these
nanofluids may influence soil remediation, oily soil
removal and enhanced oil recovery. Studies using
synchrotron radiation on the two-dimensional
ordering of those charged nanometre-sized particles
in water are therefore needed in the long term in
order to obtain concrete results in the field.

Nuclear waste management is an area of increasing
importance. Zircon has been proposed as a material
to immobilise the plutonium isotope over geological
timescales. Zircon is a ubiquitous mineral with high
chemical durability in the Earth’s crust. Damage
studies after α-decay have provided vital information
required for assessing the durability of zircon and to
study possible development strategies for the safe
encapsulation of actinides in zircon. Different
methods are needed depending on the concentration
of pollutant. At the highest concentrations, when the
material is fully amorphous, XAS must be used to
investigate the geometry of its nearest neighbours.
However, until recently, only NMR, XRD and other
table-top methods have been applied (Farnan et al.,
2007). A high potential for synchrotron-based
techniques therefore exists in this field. For example,
good nuclear waste management requires a profound
understanding of the geochemical behaviour of
sulphur in the treatment of vitreous waste material
from refuse incineration activities. The ongoing
research project at ID26 on sulphur in glasses is an
example of the fact that the combination of XANES,
Kα and Kβ emission spectroscopy provides unique
information on the oxidation state, structure, ligand
chemistry and first ligands. The Upgrade Programme,
through its development of beamlines with
complementary spectroscopic techniques, is expected
to provide exciting new research opportunities in this
field of science.

Atmospheric processes

Understanding how the atmosphere works is
fundamental to understanding climate change. For
example, aerosol (nano)particles have the potential to
form cloud condensation nuclei, thus affecting cloud
formation as well as the global radiation budget.
Volcanic gas emissions (mainly sulphur) influence the
circulation and backscattering of solar radiation
through the formation of sulphate aerosols and thus
further contributing to global warming. Synchrotron
radiation techniques can be used to address scientific
issues in many areas. These topics are explored below.

Nanometre-sized aerosol particles are considered to
be the likely cause of a variety of congenital diseases,
as well as being contributing factors to global
warming and the degradation of environmental
quality. The ultra-fine nanoparticles can only be
removed with great difficulty and represent a severe

health threat because the toxic waste can easily be
transported through the cell membrane to sensitive
body organs. Advances have been made in the field of
clean diesel technology, however, current regulations
mainly apply to the overall mass content of carbon at
the exhaust streams and control over nanoparticulate
pollution has been conveniently ignored. Moreover, it
has been demonstrated that the amount of ultra-fine
nanoparticles increases dramatically with particle
traps on heavy duty diesel exhausts, whilst the
cosmetic larger particles are filtered off. Diesel soot
consists typically of primary particles, plus their
aggregates and agglomerates. Matching these
structures to the type of source and conditions under
which they are formed (fuel, engine speed,
temperature, acceleration/deceleration, etc.) will be
helpful in controlling the particulate pollutants,
thereby reducing the risks they represent.
Synchrotron SAXS offers a unique tool for in situ
characterisation of ultra-fine nanoparticles from
airborne (sub-ppm level) to concentrated filtrates.
Unlike other commonly used techniques, SAXS is the
only technique whereby it is possible to elucidate
particle size, polydispersity, number density,
aggregate size, fractal dimension and degree of
aggregation without influencing source conditions
(Beaucage et al., 2004). These structural parameters
will allow the nanoparticulate pollutants to be
fingerprinted. In addition, SAXS techniques allow the
growth dynamics of such nanostructures in the
exhaust stream to be studied on the millisecond scale.

Waste fly ash is created during the combustion
process in power plants. It consists of fine particles
containing potentially toxic trace metals, which cause
environmental problems related to air and water
pollution. Precise quantitative reconstruction of the
internal elemental composition and structure of single
waste fly ash (Figure 1.5.6) using 3D combined XRD-
Compton-transmission tomography (Pinzani et al.,
2002) is crucial if an intelligent ash management
system is to be developed.

Volcanic gases carried by magmas (either dissolved or
exsolved), have a fundamental effect on a variety of
geological phenomena, such as magma dynamics and
the composition of the Earth’s atmosphere. These
gases trigger volcanic eruptions and are therefore used
for eruption prediction. Nonetheless, the redox state
of erupted magmas should not necessarily be used as a
comparative base for the redox state of the gases they
emit (Burgisser and Scaillet, 2007). Sulphur
incorporated in inclusions (Guilhaumou et al., 2005)
or in silicate glasses (Metrich et al., 2006) has been
investigated by microanalysis techniques. This is of
utmost importance because they are considered as the
frozen picture of their molten counterparts. In situ
measurements are also essential in revealing the
factors affecting the geochemical behaviour of
sulphur in magmas.
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Carbon dioxide sequestration in soils and oceans is an
extremely important subject for our society. Research
on carbon dioxide capture and sequestration needs to
be carried out to determine whether the energy costs
can be brought down to an acceptable level (Broecker,
2007). The current rise in atmospheric carbon dioxide
can partly be reduced by carbon sequestration within
forest ecosystems, if carbon can be stored in vegetation
or soils. A better understanding of carbon cycling in
forest soils is needed in order to evaluate the role of
soils as long-term carbon sinks. Combined µXRD and
µXANES are the techniques that are best adapted to
study the role of trace metal availability in
photosynthetic carbon fixation, an issue which needs
to be addressed in the future.

Another key scientific unknown about climate change
is the effect of the take-up of carbon dioxide by the
oceans, which removes the gas from the atmosphere
and locks it away in the calcium carbonate of the
shells and skeletons of marine organisms. Trace metals
(iron and zinc) in the atmospheric dust deposited into
the ocean further affect the biogenic calcification.
Consequently, there is a high potential for
synchrotron-based techniques in this field. The
Upgrade Programme will provide a methodological
and instrumental development programme taking into
account the needs of this research area.

Past climate and proxies

The contribution of our anthropogenic influence on
the natural pattern of global environmental changes is
fundamental for predictive models. The study of past
climatic changes is also extremely important in

obtaining information on natural variability, achieved
by examining natural geological and biological
archives. Making it possible to obtain accurate ages
for the proxy data series, possibly at the annual to
sub-annual scale is crucial. Several recent experiments
have confirmed the potential of microanalytical
techniques to study proxies such as speleothems
(Frisia et al., 2005) (Figure 1.5.7), polar ice (De Angelis
et al., 2004) or biominerals (Cuif et al., 2003).

Corals show seasonal growth layers and provide a
unique record of environmental changes in the oceans.
They incorporate key trace elements in approximate
proportion to seawater concentration, and can be dated
directly using both high precision U/Th and 14C
methods. Corals have been extensively used to
reconstruct environmental variability in the tropical
region (Montagna et al., 2006). Their potential as
environmental archives has just been recognised for the
extra-tropical regions. Several European programmes,
funded both by ESF and EU networks, have recently
been devoted to the identification of new climate
archives for the Mediterranean Sea. Coral physiology
controls occur within the growing carbonate skeleton,
and skeletogenesis thus occurs in a “biologically-
controlled medium”. This process is responsible for
significant geochemical differences at the sub-
micrometre scale that may be superimposed onto
environmental signals. Such fine-scale variability can
only be detected and investigated by using highly
resolved analytical techniques with very low background
and low detection limits, such as those based on
synchrotron light. It is only by combining several

Figure 1.5.7: X-ray microfluorescence of a stalagmite wafer
(timescale 155 years between 1840 to 1995 AD) and maps of
four trace elements (60 x 500 µm2). The micro/nano-analytical
techniques of the Upgrade Programme will offer the precision

and resolution needed to tease accurate information out of
samples such as the stalagmite wafer.

Figure 1.5.6: 3D rendering of conventional transmission
tomography (left) and of the distribution (right) of rubidium
(red), manganese (brown) and iron (blue) in a fly ash particle

(Golosio et al., 2004). The higher spatial resolution and
sensitivity resulting from the Upgrade (smaller beams,

greater stability, improved detectors) will allow a greater level
of detail to be recorded from objects such as this.
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microanalytical methods such as 3D-XRF, XANES and
microdiffraction that a full picture of this problem can be
appreciated. The Upgrade Programme nanoprobe and
nano-imaging beamlines will be unique tools for
structural, compositional and chemical investigations. 

Life under extreme conditions 

“Extremophile research is entering an exciting phase. Our ignorance
of microbial diversity coupled with improvements in exploration and
analytical technology suggest that many more major discoveries
will be forthcoming” (Rothschild and Mancinelli, 2001).
The microbial life that thrives under extreme
environments, has certain physiological and nutritional
adaptations which allow them to thrive in harsh
physical (e.g. temperature, radiation or pressure) or
geochemical (e.g. desiccation, salinity, pH, oxygen
species or redox potential) conditions. Studies on
extremophilic organisms have intensified in the last
decade due to their appeal both as models of primitive
life forms and as sources of outstanding biomolecules,
useful in fundamental and applied research. The energy
metabolism of prokaryotes under extreme conditions is,
for example, based upon a wide range of oxido-
reduction reactions involving metallic compounds. The
understanding of these respiration processes is
hampered by the lack of direct access to in vivo
processes. When investigating extreme habitats, their
remote nature, harsh conditions and inaccessibility must
be taken into account. Diamond anvil cell (DAC)
technology has been successfully associated with Raman
spectroscopy. This combination shows real scientific
potential for new methodologies to study extremophile
metabolism. A dedicated part of the Upgrade
Programme, including the development of a DAC to
simulate extreme conditions in terms of temperature,
metal concentrations and anaerobiosis, will exploit the
unique capabilities of X-ray microspectroscopy in terms
of lateral resolution, detection limit and chemical
information. Monitoring redox reactions at the level of
a single organism can be envisioned. Access to the
absorption edges of sulphur and metals together with
FTIR microspectroscopy offers a unique experimental
setup in this field of research.

Extremophilic organisms are another example of
endolithic microbial communities. The endolithic
environment, i.e. the pore space of rocks, is a
ubiquitous habitat for the Earth’s microorganisms and
important in studies towards the search for life
elsewhere in the solar system. Photosynthetic,
endolithic microbial communities commonly inhabit
the outer millimetres to centimetres of all rocks
exposed to the Earth’s surface. The identification and
study of these microbial communities, which often
live under extreme conditions (for example, the
extremely acidic geothermal environment of
Yellowstone National Park, USA (Walker et al., 2005))
are essential in understanding the corrosion of rocks.

They can also serve as ways of providing important
clues about geothermal environments in ancient
times. To date, this has never been investigated using
synchrotron-based techniques. The ESRF is expected
to play a central role in this topic thanks to its long-
standing experience in extreme conditions-related
science and its future ambitious programme on the
developments of specific sample environments. 

Relevant Conceptual Design Reports:
• EDXAS-L: Energy Dispersive Absorption
Spectroscopy (large spot) 
• EDXAS-S: Energy Dispersive Absorption
Spectroscopy  (small spot) 
• SAXS: Small Angle X-ray Scattering 
• SFINX: Scanning Fluorescence and Imaging at
the Nanoscale using X-rays 
• SMILE: Spectro-Microscopy and Imaging at Low
Energies 
• XAS-XES: Steady-State and Time-Resolved X-ray
Absorption and Emission Spectroscopy 
• XMAN: X-ray Spectroscopy Multi-Imaging
Analysis 

Key enabling technologies and infrastructures:
• Detectors: Developments of 2D imaging
detectors and high collection and high spectral
resolution energy/wavelength dispersive systems.
• Sample environments: this programme will rely
on the development of specific in situ cells.
• Data analysis and computer support.

1.5.4. Palaeontology

The aim of palaeontologists is to study the external
morphology of fossils and, increasingly, to have access
to the internal structures and 3D organisation of the
samples. Fossils are a non-renewable resource.
Techniques are required that avoid cutting them and
allow studying their internal structures. Non-invasive
X-ray imaging techniques are ideal for such
investigations. In spite of important developments,
microtomographs using conventional X-ray sources are
unable to generate useful data on numerous fossils.
Indeed, the fossilisation process often leads to strong
mineralisation and chemical modifications. The
structures of the original organism can be masked by
this fossilisation process and they become barely
distinguishable or even invisible when using
conventional X-ray imaging equipment.

Synchrotron radiation imaging of palaeontological
samples has developed dramatically at the ESRF
(Tafforeau et al., 2006) since the first experiment
performed on fossil teeth (Chaimanee et al., 2003). The
monochromaticity, high intensity, parallel geometry
and coherence, leading to phase-contrast imaging, of
the ESRF X-ray beams make it possible to reveal the
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3D fossil structures with a degree of accuracy that has
never previously been obtained. This opens up new
possibilities for non-destructive study.

Fossils are part of human heritage and, as such, it is as
important to study them as it is to preserve them. The
ESRF currently acts as the world leader for non-
destructive investigations of fossils, by providing the
highest quality data, and helping to preserve them. The
Upgrade Programme intends to catalyse the evolution
of X-ray imaging techniques at the ESRF through the
development of both improved and wholly new
facilities (see CDRs: IMPACT, SFINX, HIENE). Most
of these new developments will be applied to fossils so
that an increasing number of non-destructive
investigations become possible. Furthermore, the ESRF
could become a central point in distributing knowledge
through a free access database containing the scans of
the published fossils. Imaging techniques already
produce massive quantities of data which will increase
with the improved spatial resolutions resulting from the
Upgrade. The fossil programme will create data that
should be publicly accessible. The Upgrade
developments in online/batch data analysis and data
archiving and curation will therefore be critical to the
success of the enhanced imaging facilities and will
produce a virtual data library.

Synchrotron imaging of fossils: state-of-the-art
and evolution 

Fossils for synchrotron imaging come in a range of
sizes that start at less than 500 µm and go up to more
than 20 cm. To provide a corresponding range of
resolutions and fields of view, different beamlines

should be used. It is worth emphasising the
importance of the large field of view and the high-
energy beams, coupled with phase contrast, for
imaging many important fossils. The origins and ages
of the fossils (from 580 million years (My) to nearly
modern) can also vary greatly (Figure 1.5.8).

Figure 1.5.8: Examples of fossil
imaging at the ESRF illustrating the

vast range in shape and size. From top
left to bottom right: 0.28 µm, 580 My

enigmatic embryo from China.
1.4 µm, 90 My charophyte algae

Peckisphaera gigantea from France.
5 µm, 100 My wasp in amber from
France. 16 µm, 20 Ky Homo sapiens

molar from South Africa. 45 µm,
17 My primate skulls of Homunculus
patagonicus from Argentina. 45 µm,

7 My Hominoid mandible of
Khoratpithecus piriyai from Thailand.

45 µm, 7 My Hominid skull of
Sahelanthropus tchadensis (Toumaï)
from Chad. A CDR (IMPACT) of the
Upgrade Programme includes an end

station partly dedicated to the
scanning of thousands of fossils at this
resolution with the results to be made
publicly available. Such work is only

possible at a high-energy source such
as the ESRF.

Figure 1.5.9: (upper) A comparison between absorption
(left) and holotomography (right) on a 30 My old

charophyte algae preserved in mineral matrix.
Holotomography revealed that some organic matter was

still present. (lower) Comparison between absorption (top)
and holotomography (bottom) on a 100 My old conifer

branch preserved in opaque amber. Holotomography
offers far better contrast than absorption. 



The high mineralisation of many fossils prevents clear
absorption contrast when imaging. Propagation phase-
contrast imaging can reveal structures that are invisible
in absorption, such as the structures of fossil plants in
opaque amber shown in the examples in Figure 1.5.9.
Palaeontological research takes full advantage of all of
the improvements carried out on synchrotron-based X-
ray imaging techniques. Holotomography, for example,
was initially developed to reconstruct quantitative
phase information on nearly pure phase objects. It is
now being adapted to fossils, which are, in the majority
of cases, highly absorbing, and give impressive results
(Figure 1.5.10). New developments of this technique
will make it a reference tool for the high-quality non-
destructive imaging of fossils.

When applied to fossil teeth, propagation phase
contrast imaging can reveal incremental features
(Brunet et al., 2005, Chen et al., 2006). Non-

destructive investigations of dental development and
life history of fossil primates, especially hominoids
and hominids (Smith et al., 2007), could follow. Until
now, it was only possible to investigate isolated teeth
using this technique. Evolution of the technique (with
high-energy X-ray images, retaining the sub-
micrometre resolution, and recorded under “local
tomography” conditions) is necessary in order to
reach the microscopic level on more complete
samples such as mandibles or maxillas.

If the fossil organisms have been compressed by several
hundreds of metres of sediments, they are preserved on
large flat plates of rock. Numerous examples of “flat”
fossils exist. Laterally-extended samples are extremely
difficult to image using microtomography because they
absorb the totality of the X-rays along their longest
dimension. As far as these fossils are concerned, an
alternative technique, laminography, initially developed
to image electronic devices, is able to provide high-
quality pictures. This has been proven by feasibility
tests that revealed the internal anatomy of a flat fossil
insect on a calcareous plate in great detail
(Figure 1.5.11). This is an exciting result since many of
the most important specimens are flat, as are most of
the fossils containing preserved soft body parts. 

Whereas a substantial part of the scientific case
resides in fossils requiring very high spatial resolution,
it appears that synchrotron imaging of
palaeontological samples is not restricted to small
objects requiring a very high spatial resolution: the
image quality and the observable details on large
fossils scanned at the ESRF are superior to anything
obtained with laboratory µ-CT instruments
(Figure 1.5.12), allowing extraction of scientific
information otherwise not observable. To quote an
example, the Toumaï skull was scanned in its entirety
with a resolution of 45 micrometres (Figure 1.5.8). 

Conservation and sharing of the human
palaeontological heritage 

The exceptional data provided by synchrotron radiation
imaging should be available to the whole
palaeontological community. Indeed, high quality
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Figure 1.5.10: (upper) The effect of propagation phase contrast
on 100 My old insects in amber from France on radiography

and microtomography. Both specimens are ants imaged with a
pixel size of 5 micrometres. (lower) A tiny Cretaceous egg from

Thailand with a preserved embryo skeleton imaged by
propagation phase-contrast microtomography with a 16 µm

pixel size. The bones are invisible in absorption mode.
The single bone on the left (basisphenoid) illustrates the result

of a 5 µm voxel size scan on that egg.

Figure 1.5.11: Results of tests of
laminography on a flat fossil insect
from Brazil. Left: photograph of the
original fossil. Right: laminographic
slices at different depths in the fossil
revealing the internal structures and

legs that were invisible in the original
fossil (voxel size 7.5 µm).
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numerical data are not only an effective way of studying
internal anatomy and structures of fossils, but they also
make it possible to share important fossil information
across the community. The ESRF could develop a free
access database with all of the important fossils scanned
and published online. This database would allow other
scientists to study and/or print a given fossil in 3D, and
make important comparative studies possible. This
database is also a way of preserving fossils by reducing
the number of manipulations and casts and also by
limiting the movement of important specimens, as all
these operations can degrade fossils. 

The main limitation for the constitution of such a
database would be access to beam time, especially for
large projects such as scanning the South African
hominid fossil collections. The work involved in
scanning many (up to thousands) fossils cannot just
be added to the already overloaded imaging
beamlines. A new end station providing a large field
of view and high energy and included within the
IMPACT CDR, will be partially devoted to
palaeontology to help build this important database.

Therefore, the ESRF can generate high quality data
on a large variety of fossils and also initiate
palaeontological data sharing. Making “virtual fossils”
widely available would contribute to both fossil
preservation and the diffusion of knowledge in the
palaeontology field. 

Relevant Conceptual Design Reports:
• IMPACT: Imaging using Parallel Beam and
Computed Tomography 

Key enabling technologies and infrastructures:
• Detectors: Development of fast and high
reolution imaging detectors for high (>30 keV)
energies
• Upgraded beamline with two canted insertion
devices and a second patch for high energy, high
quality, large images (see CDR IMPACT)

1.5.5. Archaeological science and
cultural heritage 

Archaeological science or archaeometry was
originally a term that referred to the use of physical
measurements in archaeology. Nowadays, it is more
broadly defined as the application of the physical,
chemical, biological, medical and engineering
sciences to archaeology. The archaeological
community has only recently started to become
interested in synchrotron radiation and now this
demand is ever increasing. Over the past five years,
the number of publications has increased by a factor
of five and several European archaeological
networking initiatives now include synchrotron
facilities. New ways of operating have been put into
practice thanks to the unique advantages that
synchrotron radiation offers, including high
brightness, small beam size and wavelength
tunability. The resources available at synchrotron
facilities, such as high quality equipment and
computing, have also played a part in this as
demonstrated by the increasing number of dedicated
workshops and conferences. Archaeometry
increasingly requires access to synchrotron
radiation-based techniques such as X-ray imaging,
X-ray diffraction, X-ray fluorescence and FTIR
spectroscopy. Cultural heritage is also an area of
scientific research that captures the public
imagination and is therefore highly appreciated in
the outreach activities that synchrotrons and similar
facilities are undertaking.

The aim of this section is to demonstrate the
methodological strategies developed for
archaeometry rather than to give an exhaustive view
of the archaeometry-related activities at synchrotron
radiation facilities. A description of the current
situation is given by Pantos (2007) and Bertrand
(2007). Figure 1.5.13 presents a schematic overview
of the different aspects of archaeometry, in terms of
diversity and complexity of samples, technical and
instrumental requirements and variety of problems.

Figure 1.5.12: Synchrotron radiation microtomography on
a large fossil Paleotherium skull from France (top). The
comparison between a high-energy industrial scanner
located at INSA-Lyon (bottom left; voxel size 127 µm; 

X-ray generator 400 kV) and a scan performed at the ESRF
on beamline ID17 (bottom right; voxel size 90 µm; 90 keV).
The contrast is far higher in the slice from the ESRF because

of monochromaticity and relatively lower energy.



Understanding the past 

Studies of the past are intended to reveal the way of
life, trades, rituals and knowledge acquired by ancient
civilisations. Information can be obtained through the
chemical analysis of relics that may include everyday
objects and works of art. 

Common objects (for example, pottery, cosmetics,
textiles, human remains) can provide information
directly or indirectly about an ancient way of life,
such as chemical, medical, and engineering
knowledge, diet and how trade took place. Fragments
of cosmetics from ancient Egyptian tombs were
investigated at the ESRF by high-resolution powder
diffraction and microbeam X-ray fluorescence and
diffraction in concert with a variety of laboratory
techniques. Information about the composition,
formulation and origins of the materials was deduced
from the synchrotron measurements. In particular, it
was discovered that Egyptians mastered not only fire-
based technology but also wet chemistry as long ago
as 2000BC (Walter et al., 1999).

Works of art are usually good indicators of the
highest degree of technology used within a particular
society. They may represent the state-of-the-art in
fields such as metallurgy, glass, ceramics, painting,
sculpture and drawing. Artists try to find a good
compromise between aesthetics and durability. This
led to the development of sophisticated processes that
can be discovered through research. Chemical
analyses reveal the ingredients used and the different
processes involved in combining these ingredients
such as physical treatments (crushing, curing, etc.) or
chemical reactions (purification, extraction, synthesis,
etc.). In addition to the historical knowledge
acquired, the question of authentication may also be
solved through identification of pigments. For

example, intense research is carried out to understand
the presence of nanoparticles in lustres, and their
effect on the colour. Lustre decorations in glazes of
historical pottery consist of copper and silver
nanoparticles dispersed in a glassy medium. To
determine the glaze composition and distribution of
copper nanoparticles, copper ions, and their local
environment requires non-destructive techniques such
as Rutherford backscattering spectrometry, ultraviolet
and visible spectroscopy, X-ray fluorescence, and
extended X-ray absorption fine structure (EXAFS)
(Padovani et al., 2003, Smith et al., 2006, Roqué et al.,
2006).

Anticipating the future 

In addition to unveiling hidden information in ancient
objects, it is also essential to preserve these relics for
future generations. One third of the recent cultural
heritage studies at the ESRF dealt with conservation
and restoration.

Degradation mechanisms are the subject of intensive
studies. Organic materials are obviously the most
susceptible to suffer from this phenomenon, but hard
materials such as pigment, glass or metal can also be
subject to alteration (colour variation, corrosion, etc.).
Oxidation-reduction reactions are the main causes of
degradation, which explains the advantage of
spectroscopic techniques in studying these
phenomena. Micro X-ray absorption near edge
spectroscopy has been used by Swedish and British
researchers to gain a better understanding of wood
degradation in marine-archaeological oak timbers
such as the Mary Rose and Vasa (Sandström et al.,
2005). The study of sulphur speciation is also a key
point in understanding the mechanisms involved in
cinnabar blackening. This alteration is a dramatic
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Figure 1.5.13: Cultural heritage objects fall into two main chronological classes:
Past and Future. Both categories share common technical challenges, which are

mainly linked to the nature, value and complexity of the material.
The Upgrade Programme will allow an evolution of archaeometry from

descriptive to comprehensive studies. This transition will, in particular, involve
innovative materials science developments for in situ experiments 

and time-resolved analyses.



phenomenon observed in ancient red paintings from
Pompeii (Cotte et al., 2006) (Figure 1.5.14). The cause
of the blackening is still not completely understood.

A better understanding of alteration mechanisms is
needed to limit further degradation. It is also useful in
developing preventive restoration. In most cases,
curative treatments have to be put into practice.
The impact of such treatments must be assessed
thoroughly, because they should restore previous
alterations, without inducing any further weakening.
For example, micro X-ray diffraction was used to
determine the spatial resolution of mineral and lipid
distribution in parchment. The effects of surface
cleaning X-ray microdiffraction mapping made it
possible to analyse features present only in specific
areas of the parchment, such as on the surface
(Kennedy et al., 2004). The darkening of ancient
documents over time (foxing) is another chemical
alteration process which is not yet fully understood
(Figure 1.5.15). The change of colour suggests a
change of energy levels in the optical range. Many
documents contain iron whose chemistry is believed
to be involved in the colour change. New
spectroscopy techniques such as XAS-XES are ideally
suited to study the change of electronic structure and
whether new bonds and ligands are formed around
the iron that may cause the darkening process. XES
has, until now, not been used as a tool for chemical
characterisation in the field of cultural heritage.
The detector improvements foreseen in the Upgrade
Programme will permit XES to become applicable for
samples with low metal concentrations.

Instrumental and methodological challenges

A wide variety of instruments are commonly used to
obtain information from ancient objects. Most of

these involve classical laboratory techniques, whose
set makes it possible to probe samples at different
levels (atomic, molecular, structural), at different
scales (from millimetres to nanometres), and with
different sensitivities (major to trace elements).
Laboratory instruments have become more and more
powerful and remain the prime equipment for the
study of cultural heritage objects. Two recent
evolutions to this, however, should be underlined.
First, portable instruments enabling in situ analyses
(at excavation sites, museums, monuments, etc.) have
been developed. In addition, specific studies require a
higher level of performance and are only possible on
large-scale facilities such as synchrotron radiation and
neutron facilities. 

Interactions between the synchrotron radiation and
archaeometry communities should be reinforced.
Indeed, this synergy is essential for a global
understanding of all phenomena. In particular, it is
essential to go further than the simple descriptive
studies towards more fundamental works
incorporating a deeper analysis of the phenomena.
To achieve this, cross-fertilisation with other
disciplines such as chemistry, material sciences and
biology will be an essential factor of development.

The Upgrade Programme will not only provide a
unique portfolio of highly specialised instruments via
the development of new beamlines. It will also offer a
favourable environment for further development by
promoting fundamental factors such as access to
multi-modal and multi-scale information, access to a
broad range of energy and, in particular, to high
energies. 
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Figure
1.5.15:
Foxing

spots on an
ancient

document.

Figure 1.5.14: A wall showing the severe damage due to
blackening of cinnabar in Poppea’s villa in Oplanti (left).

Visible light microscopy image showing debased and intact
layers (pigment) and limestone (substrate) (top right).

µXANES allows the identification of the debased
layer (bottom right).
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The enhanced powder diffraction instrument will be a
unique tool for both quantitative phase analysis of
complex mixtures and fine microstructure analysis
(see CDR POW). Similarly, one of the main added
values of synchrotron FTIR microscopy over classical
FTIR microscopy is the possibility of easily reducing
the spot size down to ~ 5 x 5 µm2 instead of ~ 20 x
20 µm2 (Cotte et al., 2005). The new and very
innovative project of a near-field FTIR microscope
(see CDR SMILE) with an anticipated spatial
resolution of just 100 nm would have a significant
impact on chemical and molecular characterisation.
Conventional X-ray absorption spectroscopy (EXAFS)
has proven to be a powerful tool for archaeometric
studies. The future combination with high spatial
resolution, as foreseen for the microspectroscopy
beamlines (see CDRs SMILE and XMAN), will give
access to structural and molecular information.
Furthermore, new spectroscopic techniques such as
X-ray emission after photoexcitation (XES) are
expected to provide even more accurate spectroscopic
information for some specific applications involving
metals and ligands (see CDR XAS-XES). Finally, in situ
chemical or time-resolved studies (corrosion or
consolidation kinetic synthesis processes) are still
underexploited by this community.

Coordination and synergy between the different
beamlines will be necessary. A simple but customised
scientific interface should aim at easing the access of
researchers to the synchrotron, facilitating contacts,
providing technical support and informing the
community. This ESRF project must be envisioned in
a collaborative way with other similar or even more
ambitious interface frameworks such as the one
envisaged at SOLEIL (Bertrand et al., 2006). 

Finally, not only is cultural heritage enormously
valuable in itself, but also it is a key contributor to the
economy, in particular by stimulating tourism. It has
been estimated that heritage generates income in
trade and services to Europe of the order of 334
billion euros per year. This large European industry
relies in part on the integrity of cultural heritage.
This activity is given significant support from various
Europe networks and funding organisations (e.g. FP6,
FP7, COST-G8, EU-ARTECH).

In conclusion, the Upgrade Programme, with its
technical and methodological advances, will offer a
unique opportunity to consolidate the new but still
fragile interface between the archaeological science
and synchrotron communities. The ESRF will then
play a central role in this emerging application area.

Relevant Conceptual Design Reports:
• EDXAS-L: Energy Dispersive Absorption
Spectroscopy (large spot) 
• EDXAS-S: Energy Dispersive Absorption
Spectroscopy (small spot) 
• EXAFS: Extended X-ray Absorption Fine
Structure Spectroscopy 
• IMPACT: Imaging using Parallel Beam and
Computed Tomography 
• POW: High Resolution Powder diffraction 
• SFINX: Scanning Fluorescence and Imaging at
the Nanoscale using X-rays 
• SMILE: Spectro-Microscopy and Imaging at Low
Energies 
• XAS-XES: Steady-State and Time-Resolved X-ray
Absorption and Emission Spectroscopy 
• XMAN: X-ray Spectroscopy Multi-Imaging
Analysis 

Key enabling technologies and infrastructures:
• Cultural heritage studies require a large set of
techniques: all that is required for nanofocusing,
imaging, diffraction, microanalysis, sample
preparation and characterisation laboratories, and
high quality detectors is valid in this case.
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PART 2 - TECHNOLOGY AND ENGINEERING CHALLENGES





A consistent programme of synchrotron
beamline instrumentation and associated
engineering developments is necessary to enable
the challenging scientific areas of the Upgrade
Programme to be put into practice: advances in
experimental techniques and improved
instrumentation lead to new science. 

All beamlines have six fundamental
requirements:
• Beam conditioning: high quality optics and
high stability.
• X-ray detectors: faster readout, higher dynamic
range, increased sensitivity and functionalities
allowing online data analysis.
• Sample positioning: navigation, recognition,
manipulation and control.
• Sample environment: special (often variable
and extreme) conditions.
• Accessible beamline control: e.g. through
graphical user interfaces and use of automation.
• Online data analysis and advanced data storage
and retrieval (described in chapter 3.3).

Part 2 describes the Upgrade technology and
engineering programmes necessary to fulfil these
requirements and, in turn, carry out the new
science outlined in Part 1. Details of the
infrastructures that underlies the science,
technology, and engineering are presented in
Part 3. 

The first, most fundamental requirement for a
beamline is to deliver a stable, brilliant beam to
the sample. This requires high performance
optics that maintain stability under the intense
heat load from the source, without deformation
leading to a loss of coherence or degradation of
the energy bandpass or focal spot size. The
developments foreseen in this area are presented
in chapter 2.1.

Large parts of the ESRF science programme,
detailed in Part 1, will rely on high spatial
resolution imaging techniques. More recent
developments exploit the partial coherence of
synchrotron X-ray beams for phase contrast
imaging or coherent diffraction imaging. 
These imaging experiments on the nanometre
scale (chapter 2.2) need not only focal spot sizes
in the nanometre range, but also nanometre
stability of the experiment. Reaching the
necessary stability requires low vibration, low
(thermal) drift mechanical designs and feedback
systems. Methods of handling nanosamples will
become critical and require complementary
techniques, e.g. in order to identify the point of
interest on the sample through atomic force
microscopy (AFM) or optical microscopy. 

Pump-and-probe techniques (see chapter 2.3) are
increasingly being used to study fast dynamics,
e.g. the evolution of a chemical process initiated
by an external stimulus (chapter 1.3). Diffraction
studies after laser excitation were pioneered at
the ESRF. The fastest timescales, down to
100 ps, need a maximum photon flux per
electron bunch. Pump-and-probe experiments
will therefore benefit from advances in wide
bandpass X-ray optics (e.g. multilayer
monochromators) and the source (e.g. increased
length of the straight sections, optimised
insertion devices). In addition to an extension of
pump-and-probe diffraction activities, the
Upgrade will also allow the development of
pump-and-probe techniques in combination with
X-ray absorption and emission studies. These
experiments are an important stepping stone
towards ultra-fast experimental resolution with
X-ray free electron laser (XFEL) sources.
Nonetheless, for timescales of 100 ps and above,
storage ring-based techniques are expected to
retain their competitive advantage.
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For large parts of the new science, it is crucial to
extend the range of extreme temperatures,
pressures, magnetic fields, and combinations
thereof. Developments foreseen for sample
environments and extreme conditions are
presented in chapter 2.4. High-pressure sample
environments combined with high temperatures
are needed in the fields of geophysical research
and planetary sciences (chapter 1.3).
Furthermore, studies of, for example, electron
correlations (chapter 1.4), rely on the
combination of these high-pressure sample
environments with low temperatures. This
combination is particularly interesting when used
with high magnetic fields. Indeed, one of the
most ambitious projects within the Upgrade
Programme is to implement pulsed and static
magnetic fields in the range of 30 to 50 T on the
joint ESRF/ILL site. Steady (DC) field magnet
installations are expensive to implement and
operate. The solution lies in the form of a
European High Magnetic Field Facility, which
has been put forward as a proposal within the
framework of the Upgrade Programme. This will
involve close collaboration between the ESRF,
ILL, and other European high magnetic field
laboratories to make DC magnetic fields higher
than 30 T available for X-ray and neutron
scattering.

Detectors are not only vital for the ESRF, but
also for all other synchrotron radiation research
centres. Chapter 2.5 outlines the ESRF’s
collaborative plans for detector development.
Detectors are very often the weakest part of
scientific experiments. In the past, this has been
addressed by a global remedy, based on a large
qualitative improvement of the X-ray source.
Better results can be achieved by addressing the
“detector handicap” directly. An X-ray detector
programme based on the most advanced
technology is needed to collect data with more
efficiency, resolution, sensitivity and speed. This
quest for better detectors is shared by all light
sources, and provides a great opportunity for
collaboration between specialists in physics,
optics, electronics, computing science and
others. Dedicated detectors specialised for a
given type of experiment will produce the
highest impact. A variety of detectors must
therefore be developed allowing samples to be
studied that are currently too small, too diluted,
or too difficult to produce in the required size
and shape.

The technical feasibility of several key questions
will be addressed through pilot studies, some of
which have already been initiated (e.g. ID11,

ID13, ID22 nanoimaging, and pulsed magnetic
fields). The implementation of new instrument
suites and control packages will be greatly
facilitated by stations dedicated to in situ testing
and optimisation of beamline components. 

The engineering and technology goals can only
be achieved if a new, integrated approach is
established that combines the different expertise
of engineers and experimenters. The design, for
example, of a nano-compatible beamline, must
be considered as a whole, and not as an assembly
of isolated modules. Its future operation and
maintenance must be taken into account from
the start. As a result, future beamlines will
perform more efficiently and will be easier to
maintain and operate by both users and support
staff.

Partnerships and collaborations with other
institutions should be the main methods in
which knowledge is shared. Initiatives have
already been made in collaboration with other
synchrotrons in the field of nano-engineering
and others are being actively assembled (for
example in optics development and nano-
characterisation). Such collaborations will allow
the instrumentation that reflects the main needs
of the Upgrade Programme and of other
European synchrotron radiation facilities to be
developed in the most effective way. Detector
developments, remote haptic manipulation and
high-pressure and magnetic field sample
environments are amongst the other areas where
the ESRF can most actively contribute or join
existing developments. These partnerships and
collaborations will strongly benefit from access
to the instrumentation test beamlines.
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2.1. Beamline engineering
developments

Science context

Synchrotron radiation experiments require high
quality beamline instrumentation. In order to
address the scientific questions laid out in Part 1,
common and more specific aspects of ESRF
beamline engineering must advance. Elements
common to all beamlines include X-ray optics
(especially nanofocusing optical elements) and
beamline control. Future scientific experiments
will require optical components able to
withstand higher heat loads, while preserving
the coherence of the beam. Nanometre-scale
science requires novel focusing systems with
unprecedented levels of thermal and mechanical
stability to operate on a routine basis. To
implement new developments effectively on the
beamlines, test facilities are needed, and the
different elements must be integrated into a
coherent package. These needs are common to
all synchrotron radiation facilities. Substantial
amounts of beam time are needed to prototype,
optimise and commission modern, complex
instruments, and to perfect their control software
(including high levels of automation). Yet, no
dedicated test station on an undulator source is
available in Europe. A central test facility, open
to collaborations and common projects, would
thus be of enormous benefit for European
synchrotron science.

Added value of the Upgrade

The new beamlines rely on considerable
advances responding to the context described
above which will underpin the science of the
Upgrade. These requirements will be met by
important component programmes assimilated
by the Upgrade Programme:
• Managing high heat loads: The development
of optics and engineering to handle high heat
loads efficiently whilst maintaining high quality
performance of the beamline components.
• Preservation of coherence: Coherence of X-ray
light is increasingly valuable in experiments at
synchrotrons and methods to improve the
preservation of coherence through to the sample
will be further developed.
• Optics: The development of standard, high

stability optics to obtain beams down to 10
nanometres in size whilst being able to sustain
high heat loads and preserve coherence.
• Two instrumentation stations (white and
monochromatic beams): The provision of central
test facilities for instrumentation installed on
undulator sections and open to the European
community.
• Beamline control: The collaborative
development of a common European beamline
control software platform able to handle
sophisticated instrumentation whilst still
allowing customisation to particular user and
experiment demands.

Partnerships

The challenges for beamline engineering are
common to all of the European light sources.
The developments will therefore benefit from
the deployment of new collaborative structures
that involve the whole of the synchrotron
radiation community. Beamline engineering will
be facilitated by the strengthening of existing
partnerships and new laboratories (from
nanopositioning to biomedical subjects, from
high pressure to control electronics and
software, and from precision metrology to
microfluidics) will be opened to encourage new
partnerships to establish collaborative
development platforms. A key part of these
alliances will be the instrumentation beamlines
of the Upgrade Programme, which will play the
important role of test bench for many of the
European organisations interested in synchrotron
radiation instrumentation developments.

Industry and technology transfer

Collaboration with industry is extremely
important. Partnerships amongst different
institutions will be aided by the creation and
support of a network of agile small and medium
enterprises capable of translating the needs and
ideas of research into instruments or
components. The hands-on training of facility
and industrial engineers will be one of the
objectives of the instrumentation beamlines.
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2.1.1. Introduction

Beamline instrumentation is a fundamental part of the
scientific experiment and must evolve with the
science. This chapter deals with the more general
aspects of beamline engineering requirements (X-ray
optics, including nanofocusing optical elements,
beamline control, test facilities and integration) whilst
engineering specific to nanoscale science (especially
imaging) is presented in chapter 2.2. Technological
questions specific to pump-and-probe experiments are
addressed in chapter 2.3. Engineering for sample
environments is described in chapter 2.4, and detector
developments are presented in chapter 2.5.

All beamlines rely on X-ray optical systems to deliver
the beam to the sample. Beam conditioning is critical
for the delivery of a beam tailored to the sample
under study, and to the X-ray technique that is
employed. In order for reliable, reproducible data to
be collected, the beam has to be as stable as possible,
as intense as possible (in particular, for high-
resolution techniques such as inelastic scattering and
nuclear resonance) and as coherent as possible (in
particular, for nanofocusing and imaging techniques).
How the Upgrade Programme will address these
points is detailed in section 2.1.2. One aspect of
crucial importance for the stability of the beam is the
management of the high heat load coming from the
source. Coherence preservation relies on the optical
perfection of reflecting and diffracting surfaces (see
also section 2.1.2), as does nanofocusing. 

All engineering developments need to be tested and
optimised before they can reach their full potential in
daily operation. To this end, the Upgrade Programme
proposes the revision and new implementation of
several support laboratories (see section 2.1.3). These
will be complemented by test beamlines (see
section 2.1.4) that will allow characterisation of X-ray
optical elements under realistic conditions (CDRs
WIBIDI and TIBIDI). These stations will also serve as
training facilities for students, technicians, engineers
and scientists. The increasing requirements in terms
of coherence preservation and nanofocusing demand
mirror surfaces of unprecedented perfection, beyond
the limit of present industrial techniques. To
overcome this limitation, the Upgrade Programme
includes proposals (CDR OPTICS) for a mirror
surfacing facility (also presented in section 2.1.4).

Beamline control has evolved significantly over the
last few years. Starting out from simple code
performing the geometry calculations for a single
diffractometer with point detectors, the control
package “spec” used at the ESRF now takes on tasks as
diverse as high-throughput readout of large 2D
detectors, and automation of beamline operation. The
underlying framework has clearly reached its limits. In
order to increase flexibility, reliability, and

functionality, a new instrument control package will
be developed (section 2.1.5). First steps to this end
have been undertaken in collaboration with
international partners.

Modern synchrotron X-ray experiments rely on the
combination of a large number of engineering
components, ranging from optics, focusing and beam
conditioning, through sample manipulation and
positioning and sample environment to detection
systems and control and analysis software. In the past,
these were largely regarded as independent modules.
However, with the generalisation of increasingly
complex, highly specialised beamlines, in particular
those optimised for the study of nanoscale objects,
this engineering paradigm needs to be shifted: the
beamline as a whole needs to be optimised, and the
different components, including control, have to be
integrated (see section 2.1.6).

The majority of the instrumentation developments are
of general interest to the synchrotron radiation
community and, consequently, could be undertaken
using collaborative approaches and EU programmes.
Other developments will be driven by industry and
input from the synchrotron light facilities will
therefore be marginal. When faced with
instrumentation and beamline engineering challenges,
a significant part of the added value of the Upgrade
Programme lies in its power to act as a catalyst to
produce a network of expertise and encourage
collaboration with laboratories to develop group
efforts in the field of instrumentation. The ESRF can
use its established knowledge and its future dedicated
test and training beamlines (see CDRs TIBIDI and
WIBIDI) to make a significant contribution to such a
network. This is also the case for its coordination
and/or development of specific projects. Partnerships
and a “user programme” centred on instrumentation
will rationalise access to the infrastructures and test
beamlines and promote the development of common
projects.

2.1.2. X-ray optical systems

High quality X-ray optical systems are critical when
enabling technology to be used to deliver
appropriately conditioned beams to the end stations
(Figure 2.1.1). The ESRF Upgrade Programme will
require a dynamic and well coordinated development
programme for X-ray optics in order to guarantee
optimal beams for the new experiments. The new,
long beamlines could be available from 2012 onwards
and so the optics development and production
capacity must start to be put into place immediately.
The ESRF expertise and experience will provide a
foundation for developing and putting into practice
the optics programme. The existing facilities will,
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however, maintain their regular activity and their
ability to ensure the continuing operation of the
existing ESRF beamlines. 

The science programme and infrastructure upgrade
comprises four key targets that have been identified
for optics instrumentation development:
• Stable nanofocusing optics
• High heat-load operation
• Coherence preservation
• Beam stability improvement or preservation and
monitoring

Demand for high-performance X-ray optics at the
European level is expected to grow rapidly in the
coming years. A recent survey has shown that the
total number of European X-ray beamlines will
increase by approximately 50% by 2010 to reach
three hundred. Micro- or nanofocusing techniques
will be used by approximately one hundred of these
beamlines. An integrated European initiative and
strategy is required to make optics development and
production sufficiently effective to embrace these
dramatic changes. The Upgrade Programme will act
as a catalyst in the co-ordination of this effort and
provide the necessary optics development for the
ESRF. 

Managing high heat-loads

Improvements of the brilliance from the accelerator
and source also increase the heat load on the
beamline optics. In order to provide a stable X-ray
beam to the user, the optical design has to limit
thermal drift within very strict limits. New strategies
have to be implemented to ensure that the beam
quality is not degraded by the higher power and
power densities incident on the optical components.
For example, diamond or multilayer-based pre-
monochromators could represent an elegant solution

to the problem. All high heat load components must
incorporate passive and active stabilisation systems,
such as smart shape design and advanced feedback. 

The following technologies will be assessed: 

• Attenuators: Metal coated diamond attenuators
have proved useful in overcoming the limitations of
conductive cooling in thin solid attenuating materials.
Gas attenuators are a promising alternative way of
preferentially removing the unwanted low energy
fraction of high power beams. Still, their quality in
terms of coherence preservation and transmission
predictability and uniformity deserves further studies
that will be very useful for development of new
sources.

• Cooling systems for crystal and multilayer
monochromators: The ESRF is one of the pioneers in
implementing liquid nitrogen cooling for silicon
monochromators. However, with increasing heat
loads from the X-ray source, the limits of this
technology are being reached. Within the Upgrade,
new cooling geometries and crystal mounting
techniques have to be developed and put into practice
for a new generation of monochromators. The new
applications lead to several types of monochromator
arrangement, which are the consequences of an
optimum use of the energy shaping, scanning,
resolution and flux output. The present generation of
monochromators is now limited by the vibration
stability due to the cooling scheme and the thermal
drifts of the crystal setup due to the cryo-
arrangement. The use of a double crystal
monochromator (DCM), or channel cut
monochromator (CCM), cascaded or not with a pre-
monochromator multilayer (MLM) will imply solving
the thermal distortions of a silicon monocrystal, or
substrate, which lead to optical degradation.

• Development of multilayer-based
monochromators: A significant challenge lies in the
development of high heat load multilayer-based
monochromators offering a wide energy bandpass.
These devices are of interest for high flux
applications, where they can provide a gain in photon
flux of about one hundred compared to silicon
crystals. Alternatively, as pre-monochromators, they
can reduce the heat load on downstream elements,
and thus improve the overall stability of the beamline.
However, problems such as multilayer structural
stability, substrate dimensional stability, and the
thermal behaviour between the layer and the bulk
material are critical and need new approaches to be
tested and assessed to find solutions. Studies and
experimental tests of the influence of high intensity
radiation on multilayers are rare due to the lack of
access to appropriate X-ray sources and test facilities.
Progress in this field depends on the availability of
the white beam test station (see CDR WIBIDI).

Figure 2.1.1: Schematic illustration of various X-ray optical
elements for third-generation synchrotron beamlines.
The Upgrade Programme will improve the focusing

capabilities of elements such as mirrors, multilayers, zone
plates, and refractive lenses in order to reach the 10 nm
spot size limit. High heat load monochromators based on
crystals and multilayers will represent a second important

area of development.
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This, in turn, necessitates continual development of
the internal ESRF programme for substrate
preparation and multilayer deposition which are
essential ingredients for this activity as well as for
improved coherence preservation (see below). 

• Increasing the usage of diamond: Diamond has
extremely attractive thermal properties for high heat
load applications and, in particular, is one of the rare
candidate monochromator materials that could be
used in XFELs. The ESRF has already gained valuable
experience in implementing this material as a
monochromator and it is used routinely in a number of
ESRF beamlines in a beam splitting Laue geometry.
Reliable sourcing of the material, which has relied on
high-pressure high-temperature synthesis onto high
quality natural seeds, has been a constant problem.
Accessing such materials is important from a strategic
point of view and requires close cooperation with the
(usually industrial) material growers. Targeted
improvements in high-pressure high-temperature
diamond synthesis techniques should result in
improved availability of diamonds for monochromator
applications. Recent developments in CVD single
crystal diamond growth are of particular interest.
These have the potential to make high quality crystals
widely available on an industrial scale. Such crystals
are also critical for applications such as phase-plates
when manipulating the X-ray beam polarisation.
Herein lies the challenge for the Upgrade Programme:
developing strain-free mounting systems for the
diamond plate whilst still guaranteeing an optimised
thermal exchange to dissipate the absorbed energy.

• High-power large-aperture parabolic refractive
lenses are ideal on-axis pre-monochromator
collimators, but technical issues must be addressed:
A larger aperture translates to a higher thermal load
that needs to be dissipated without inducing thermal
strain that would in turn deteriorate the optical
characteristics. The roughness must be controlled to
minimise the flare around the central beam, thereby
reducing the overall background.

• White-beam mirrors will mainly be used as low-
pass filters to reduce the heat load on the
monochromator. Thermal deformation of these
mirrors could be significantly reduced or minimised to
an acceptable level by introducing smart shape
profiling to cancel the thermal bump leading to the
slope error. There is a method of optimising a
“blocking groove” which then attenuates the thermal
expansion inside the bulk of the substrate lower than
a fraction of microradian (Figure 2.1.2).

All along the beamline, a thermal design strategy will
also help reduce beam instabilities that have their
origin in variations of heat load on the beamline
optics. As it has in the past, engineering will need to
take into account a wide range of monochromator

and mirror geometries including soft X-ray gratings,
channel-cut and double crystal systems. Access to a
test facility at an undulator beamline, both for
monochromatic (CDR: TIBIDI) and white beam
(CDR: WIBIDI), will be critical in establishing an
effective development strategy for high heat load
optics.

Coherence preservation

When the ESRF was founded, the frequent
observation of coherent diffraction phenomena led to
a growing awareness of the importance of the quality
of optical surfaces for providing clean wavefronts.
Wavefront aberration is detrimental to imaging
applications, but may also lead to reduced throughput
or unpredictable beam intensity profiles. Coherence
preservation is therefore the main drive in reducing
the slope errors and roughness of optical surfaces.
At the ESRF, the off-line and online characterisation
facilities (particularly coherent beam topography)
have been essential tools in refining the surface
preparation techniques. 

• The continuing development of these facilities is
important when shortening the production cycle of
coherence preserving optics through both
conventional polishing techniques and non-
conventional surface finishing methods (based, for
example, upon ion beam or differential deposition
techniques; see CDR OPTICS).
• Integrating the optical components in their supports
that can induce apparent losses in coherence via
thermal deformation or mechanical vibration. Access
to a white beam test facility will be the only effective
way to overcome this.
• When making progress in the beamline optical
specification, modelling of the effects of imperfect
optical surfaces on wavefront propagation along the

Figure 2.1.2: A low thermal slope error given by the
white mirror of ID26. The groove on the mirror

compensates the thermal slope error.
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beamlines must be considered. This is complementary
to the classical ray-tracing approach (see also
comments below under nanofocusing).

Integrating the optical components in their supports
can induce losses in coherence, via thermal
deformation or mechanical distortion. The last
focusing element is most sensitive, in particular, when
it is produced through dynamic benders. A major issue
should be solving the athermal design between silicon
substrate and its bending mechanism. Under a certain
limit, optical wave front analysers (Shack-Hartmann)
or capacitive sensors (global shape) might be required
in order to obtain closed loop driven performances.

Nanofocusing

The last ten years have seen a remarkable
improvement in the quality of X-ray focusing optics
for use in the multi-keV and hard X-ray energy range
(Figure 2.1.3). The properties of currently available
nanofocusing elements for hard X-rays are
summarised in Table 2.1.1. The ESRF has regularly

been at the forefront of these exciting developments.
These X-ray optics are increasingly critical to present
and future ESRF beamline operation; this has been
emphasised in a large number of the CDRs. An
essential point in carrying out this and other optics
development studies is the availability of a state-of-
the-art nano- and micro-optics test bench, which is
rapidly accessible on an undulator test beamline (see
CDR TIBIDI).

Routine X-ray focusing to the micro- and nanoscale
will be a key technological challenge that will shape
many of the future ESRF beamline developments
(longer beamlines, complex sample environments).
Current focusing optics based on diffraction,
refraction and reflection have all demonstrated spatial
resolutions in the 50 nm range and it is generally
accepted that there are no physical barriers to
achieving sub-10 nm resolutions. The diversity of the
ESRF beamline requirements, particularly in terms of
photon energy, energy resolution, focusing geometry,
and sample environment, leads to the belief that no
one type of optical device will dominate the
applications in the foreseeable future. In many cases,
when taking engineering aspects into account, optical
systems and end station designs must maintain a high
degree of modularity in order to readily implement
new optical devices as they become available.
Engineering initiatives on advanced nanofocusing
optics should be supported by wave optical
simulations to allow the resolution limits other than
the fundamental diffraction limit to be identified and
to help design optimised real optical devices.

Recent in-house developments for nanofocusing have
concentrated on using dynamically bent reflective
optics in the Kirkpatrick-Baez (KB) geometry. These
systems rely on either total reflection or laterally
graded multilayers. They have proved extremely
versatile and stable, and around half of the ESRF
beamlines routinely use them for user experiments.
They are in the process of being licensed for
technology transfer. KB mirrors are typically installed
in close proximity to the sample. As the sample
environments, available space, minimum distance to
the focal spot, etc., vary strongly from one beamline
to another, the mechanics and optics of the system
must therefore be modified and adapted for
installation. The next generation of KB systems
should decrease the size of the focal spot down to the

Figure 2.1.3: Historical evolution of the measured spot size
(in nanometres) for different hard X-ray focusing elements

(KB: Kirkpatrick-Baez mirror pair; MLL: multilayer Laue
lenses; CRL: compound refractive lenses; FZP: Fresnel zone
plate). There has been tremendous progress over the last

ten years irrespective of the technology. An extrapolation of
this trend would lead to the 10 nm level. Considerable

effort will be necessary by the Upgrade Programme in the
development of X-ray optics to continue this progress.

Type of optics Reflective Refractive Diffractive Waveguide
Achieved spot size [nm] 25 50 20 25
Efficiency < 90% < 50% < 50% < 10%
Energy range [keV] 5-100 10-300 1-50 5-20
Chromaticity Achromatic f ~ E2 (E) f ~ E Achromatic
Useful working distance ~ cm ~ mm ~ mm ~ µm

Table 2.1.1: Properties
of nanofocusing
elements for hard 
X-rays.
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nanometre range. This goal can only be achieved if
the residual slope errors are decreased significantly.
A promising approach, to be explored within the
Upgrade Programme, is to use pre-shaped substrates
with very short focusing distance that are matched to
the sample by an additional dynamic bending. These
systems are rather complex and designed by both
optics and mechanical engineering experts. They are
a critical component in the field of nanofocusing and
it is important to maintain and develop ESRF
expertise in this field. 

Compound refractive lenses (CRL), which originated
at the ESRF, continue to play an important role in
many beamline optical schemes. Close collaborations
with external groups allow the ESRF to remain active
in this field. The beryllium rotationally symmetric
parabolic lenses, particularly suitable for the higher
energy beamlines, are of growing importance. These
components should therefore continue to be readily
available.

The importance of this field has been recognised in
the future development of the ESRF and many in-
house developments in nanofocusing have already
been initiated. The ESRF reflective optics programme
will use a gradual migration towards statically profiled
mirrors as a basis. Achieving the required highly
ellipsoidal surfaces necessary for high
demagnifications may be possible using approaches
such as stressed-polishing. These will probably be
combined with ion beam or differential-deposition
finishing techniques in order to achieve the required
surface quality. Preliminary tests on BM05 have
shown that ion beam finishing in combination with
X-ray wavefront analysis (shearing interferometer) can
lead to control of the slope error in the ten picoradian
range. The CDR OPTICS proposes the creation of a
bending magnet station for optical surface finishing of
large substrates suitable for the ESRF reflective optics
programme.

In-house programmes are envisaged to develop
multilayer Laue lenses (MLL) for high-efficiency,
high-resolution, focusing of medium (~30 keV)
energy X-rays. They would be based on experience
gained at the APS and built using existing ESRF
investment and expertise in multilayer deposition
technology. Incorporating such optics into a useable
optical system would require a highly integrated
approach to the system, as is the case for the KB
mirror development. Several bilateral programmes are
also being conducted for the development of
diffractive (Fresnel) optics and planar compound
refractive or nanofocusing lenses (NFL). Developing
such devices requires an infrastructure and expertise
that is currently considered to be outside the core
activities of the ESRF. Continuous collaboration with
outside groups will be essential if these strategically
important devices are to be acquired.

On the European scale, the future demand for the
high-resolution focusing requirements of the X-ray
beamlines of all of the light sources cannot be
satisfied by the development of a single institute.
The ESRF has therefore recognised the need for a
coordinated approach in developing nanofocusing
X-ray optics and has initiated a European
collaboration programme intended to draw together
and better coordinate expertise in this field. It is
anticipated that the ESRF will continue, within this
programme, to lead the development of nanofocusing
reflective optics systems offering sub-100 nanometre
resolution. This would be done within the context of
an ultimate goal of attaining spatial resolutions of the
order of 10 nm. The collaboration is intended to be
wide ranging and currently involves partners from all
European X-ray light sources and the major public
research funded X-ray optics producers. In the future,
this participation will be extended to involve a
maximum of industrial partners. It could evolve into a
forum influencing future X-ray optics developments in
Europe.

2.1.3. Support laboratories

Carrying out the instrumentation programme requires
a range of tools extending from nanotechnologies for
optical elements, detectors and positioning systems to
fast readout electronics, metrology, real-time
modelling and software. A list of the supporting
laboratories and tools that need to be improved or
created is given in Table 2.1.2.

A number of laboratories oriented towards direct
support of scientific activities are also included for

Existing laboratories to be revised:
• Biomedical facility
• Chemistry and microanalysis laboratory 
• Control electronics laboratory 
• Detector laboratory 
• Mechanical workshops and mounting areas
• Precision engineering and metrology laboratory
• Sample environment laboratory

New laboratories to be created:
• Embedded software development laboratory 
• Engineering test facility (linked with CDRs WIBIDI
and TIBIDI)
• Integration laboratory
• Laser laboratory (complementary to the integration
and sample environment laboratory and timing
experiments)
• Microfluidics laboratory 
• Nanomanipulation laboratory

Table 2.1.2: Support laboratories to be improved or created.
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completeness. These should be enhanced to match
increased demands from the user community for on-
site services beyond the direct X-ray experiment, such
as sample preparation and characterisation.

2.1.4. Test beamlines and mirror
surfacing facility 

The Upgrade Programme aims to provide all of the
beamlines with X-ray beams with unprecedented
characteristics in terms of stability and dimensions
combined with a large choice of sample environments
and instrumentation for fast data acquisition and real-
time reduction. The challenge for conceiving,
manufacturing, integrating and validating a large
variety of instruments (which range from detectors to
optical systems, nanopositioning, automatic control,
fast data acquisition, online data reduction, vibration
and temperature control, sample environment, pump-
and-probe) can only be faced if appropriate test
benches are available to test, improve and assess
innovative instrumentation. Within the Upgrade
Programme, two undulator end stations, one
monochromatic and one white beam, are envisaged
for testing (CDRs: TIBIDI and WIBIDI, respectively).

TIBIDI: this monochromatic beam test station for
instrumentation will be open to synchrotron radiation
instrumentation developers on a proposal basis. It
should be considered as the key infrastructure for a
collaborative effort in instrumentation at the
European level.

WIBIDI: the white beam test station will be used for
the development, testing and qualification of white
beam components, such as multilayer and diamond
monochromators or devices for beam shaping (slits,
attenuators, and filters). Extensive beam time will be
dedicated to the development of a white beam
position monitor capable of generating feedback to
the source.

Both beamlines are also central to the development of
new techniques or combinations of techniques that
require several months of beam time and that are
therefore de facto excluded from the normal beam time
allocations. Another aim for these instrumentation
beamlines is training. The complexity of synchrotron
radiation instrumentation necessitates the specific
training of future engineers and instrumentation
scientists. The increasing pressure to use beam time
profitably for user experiments does not allow young
scientists, engineers and technicians to gain hands-on
experience.

A bending magnet station will also be necessary to
develop and improve the substrate finishing project.
The performance of reflective optics is directly

related to the surface finishing of the substrate. Ion
beam sputtering and/or selective deposition are
critical techniques to reach the desired objectives.
The CDR OPTICS proposes an upgrade to the test
facility presently on BM05 for consistent substrate
finishing with slope control in the range of tens of
picoradians.

2.1.5. Beamline control

At the user level, the principal concern for beamline
control software is the handling of experimental
sequences. Sequencing software combines the
functionality of the different beamline components to
controlled, often synchronised, operation. The
software must be designed and be configurable to
autonomously handle a large number of experimental
scenarios. Common software functionalities necessary
are: 
• Abstraction of the hardware control details into a
few common concepts: motor, counter, 2D detector,
temperature controller, etc.
• Programming features: flow control, naming and
recall of saved sequences, error handling.
• Possibility of accessing any beamline instrument
from one program.
• Save data, perform basic analysis, etc.
• Provision of graphical user interfaces where
appropriate.

The program providing sequencing at the ESRF is the
commercial package “spec” (http://www.certif.com/).
Network abstraction of the access to beamline
instrumentation, for which different computers are in
charge of several instruments, is obtained through a
set of libraries and tools (Taco) that have been
developed in common with the accelerator control
system. The evolution of Taco (within Tango) is,
nowadays, the subject of a collaboration with other
European synchrotrons. The role and evolution of
Tango within the Upgrade Programme is described in
detail in section 3.3.5.

Evolution linked to the science programme

The development of more sophisticated
instrumentation requires increased support for
beamline control and integration. The evolution of
detectors is already imposing faster acquisition cycles
and synchronisation. At the same time, the
development of motor controllers and other
electronics with embedded controllers multiplies the
synchronisation possibilities and data sources. The
configuration possibilities and the handling of data
are, consequently, more complex. The Upgrade must
therefore address this increased complexity. One
approach will be the development of a specific

http://www.certif.com/
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framework for fast data acquisition. This framework
will take into account configuration, synchronisation
and data source aspects and relay them to the
scientist in the most flexible way.

Another aspect to be considered is the opportunity
presented by the building of new synchrotron sources
in Europe. A common project with other synchrotron
facilities for an integrated beamline control platform
will aim for common protocols and standards for the
integration of instrumentation on one hand, and for a
common beamline integration scheme at the
sequencing level on the other hand. The ESRF will
promote initiatives and participate in the common
effort. 

User interfaces to experiments will evolve to integrate
new developments in the beamline graphical
framework. This framework and toolkit combine the
sharing of graphical developments for the different
beamlines with the flexibility to customise as
necessary for each experimental setup. 

The strategy for online data visualisation and
experiment online evaluation merits a dedicated
section and it is described in detail in section 3.3.2.

2.1.6. Integration 

Traditionally, the areas of instrumentation mentioned
above have been treated independently in a modular
fashion. However, this approach is no longer valid for
the new generation of instrumentation where speed,
precision, reliability and functionality are a must. As a
result of the extensive use of software, all of the
components of an instrument are linked together in a
hierarchy of nested shells that integrate the simple
components into one consistent, coherent package.
Integration is particularly important in the sample
area, where a multitude of instruments interact (see
Figure 2.1.4).

The usage of embedded software in the single
component is becoming more frequent, and most of
the recent ESRF electronics developments for
instrumentation (MUSST, OPIOM, Icepap) include
embedded processors (DSP, FPGA or CPU). All of
the essential components of a future beamline will be
provided with embedded software for real-time
regulation, synchronisation and communication with
the external shells and diagnostics.

A collaborative approach to the engineering
challenges set down by the Upgrade Programme will
be the key to success in the development of
instrumentation for the future.

Moreover, standard procedures and controls for
instrumentation development and testing will be
implemented to ensure conformity with the
performance objectives and requirements for
reliability, repeatability and maintenance. These are
the first steps that will lead to an ongoing quality
policy for beamline equipment to assure maximal
operational efficiency.

Figure 2.1.4: The working space around the
sample is a critical area shared by a plethora

of characterisation tools and sample
environment devices. On one side: sample

environment and positioning devices
complemented by X-ray detector(s), sample

viewing, optical tools and beam position
monitors. On the other side: characterisation

instruments that provide complementary
information to the X-ray derived data. For

example: scanning probe microscopes,
scanning electron microscope, various types
of spectrometers (UV/visible/IR, Raman). In

the long term, it is possible to envisage
intelligent sample holders based on

functionalised nano-electromechanical
systems (NEMS) that could provide a variety
of information on the chemical and physical

status of the sample.
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2.2. Towards nanoscale imaging

Science context

A substantial portion of the science described in
Part 1 relies on imaging techniques, in most cases
with a sub-micrometre spatial resolution, and with a
clear trend towards the nanoscale.

In the “imaging-type” approach, quantities such as
density, chemical content and state, structure, and
crystallographic perfection are mapped into two or
three dimensions. Nanometre-scale resolution can be
achieved by scanning the sample with a nanometre
focus beam, through direct imaging including phase
contrast imaging, and through coherent diffraction
imaging, a novel technique that exploits the partial
coherence of the ESRF X-ray beam. Morever, by
pushing the temporal resolution to the sub-second
scale for a complete three-dimensional image, new
fields of investigation will be opened. These levels of
spatial and temporal resolution are of critical
importance in understanding a multitude of systems:
following chemical and industrial processes in situ
(chemical reactions), environmental processes (such
as bioremediation of pollution), semi-conductors and
storage media (which are starting to exploit
nanometre scale structures) and imaging of biological
systems (such as the internal structure and organelles
of single cells). Maturing imaging at the nanoscale
into a routine experimental technique is thus a key
component of the Upgrade Programme.

Added value of the Upgrade

The Upgrade will address nanoscale imaging with
programmes in the fields of:
• Nanometre spatial resolution (towards 10 nm).
• Beam pinning: Hardware and software to ensure
that the co-location of nanosized beam and samples
will be developed together with nanocompatible
engineering and infrastructure (temperature and
vibrations).
• Sample management: Develop handling
methodology for fragile or nanoscale samples and to
minimise sample radiation damage.
• Higher temporal resolution: New detectors with
kilohertz framing rate.
• Structural information: combining diffraction and
imaging using the coherence of the ESRF X-ray beam.
• Chemically-selective X-ray imaging: high spatial
resolution fluorescence maps, or chemical state at the
micrometre level using energy dispersive
spectroscopy.

Enabling technology and infrastructure

Most enabling technology that is essential for
nanoscale imaging will also be highly beneficial for
many other types of X-ray science – Examples
include improvements in mechanical and thermal
stability, and focusing optics. Therefore this enabling
technology is presented in chapter 2.1 on general
beamline engineering developments. The key
technological developments necessary for nanoscale
imaging are:
• Buildings and infrastructure: Long nanofocusing
beamlines. Sample preparation and characterisation
facilities in close proximity to the experimental
stations are crucial.
• Accelerator and source: The increased flux and
brilliance will aid nanoimaging, for example in the
detection of trace elements.
• Beamlines and instrumentation: Nanoimaging and nano-
analysis beamlines with their associated specific
stringent infrastructure issues: mechanical and thermal
stability and coherence preserving, nanofocusing 
X-ray optics. High sensitivity and high speed X-ray
detectors. High levels of component integration will
be needed for the multi-model imaging environments.
• Computing: Software to simulate nanofocus
beamlines. Fast data reduction and storage of copious
amounts of data.

Partnerships

A partnership for nano-optics is being actively
pursued. The handling and characterisation of
nanosamples in connection with their study at the
beamlines will clearly benefit from the establishment
of a nanoanalysis platform partnership.

Industry and technology transfer

The imaging beamlines already have a considerable
number of industrial users. This user community is
expected to grow as nanofocusing techniques become
available on a routine basis. A number of technologies
linked to these new techniques are the subject of
licence agreements (for example, the Kirkpatrick-Baez
mirror optics systems for nanofocus beams). 
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2.2.1. Introduction 

Synchrotron radiation-based X-ray imaging is a
unique tool for a wide variety of applications. This
can be attributed to the extremely high brilliance of
modern synchrotrons combined with the penetration
power and element specificity of X-ray techniques
such as scattering, absorption, and fluorescence.

X-ray imaging (all the variants of microtomography,
diffraction imaging, chemical imaging) is currently a
strong attribute of the ESRF. Current techniques will be
pushed to the limits of their spatial and temporal
resolution in order to maintain the ESRF’s position as
leader within this field. The ESRF wishes to play a
crucial role in emerging and promising topics like
coherent diffraction imaging. The best science will be
produced by combining cutting-edge technical and
engineering improvements together with a platform of
optimised X-ray techniques and laboratories that make
it possible to prepare and fully characterise a sample.

In this chapter, several scientific examples are
presented to illustrate how the Upgrade Programme
will open new areas of research. These are followed
by technological considerations on how to ensure a
stable relative position of the X-ray beam and a
nanometre scale point of interest on a sample. In
addition to these specific points, nanometre
resolution imaging also relies on the more general
technological improvements described in chapter 2.1
(in particular high-performance focusing optics) and
on the detector developments outlined in chapter 2.5.
Furthermore, the developments outlined here will aid
the extension of other synchrotron X-ray techniques
towards nanoscale samples.

2.2.2. Towards nanoscale imaging with
synchrotron radiation 

Synchrotron radiation-based X-ray imaging has a clear
need for higher spatial resolution. This is required by
many different scientific communities including the
materials science, soft condensed matter, biology, and
cultural heritage communities. Nanofocused beams
and lensless coherent diffraction imaging are
techniques that make it possible to achieve high
spatial resolution, beyond the detector resolution.
The use of phase contrast is an invaluable addition to
this; not only is a source with high brilliance required
but the brilliance of the beam needs to be preserved
throughout the optical system to the sample. These
emerging techniques are amongst those that will
benefit the most from the Upgrade Programme. 

The different ways to achieve nanoscale resolution in
imaging are illustrated by examples. The most
obvious one is to scan a nanometre-sized beam across

the sample (Figure 2.2.1a). The spatial resolution is
then given by the beam size. Examples 1 and 2 show
how this technique can be used to measure the
distribution of chemical elements in the sample.

Parallel beam phase contrast imaging (Figure 2.2.1b)
allows obtaining a 3D density map of the sample,
which can be reconstructed from several images,
taken at different distances from the sample
(holotomography, see Example 3). Alternatively, phase
contrast imaging with a diverging beam may be used
to achieve magnification images with unprecedented
resolution (see Example 4). The ESRF excels in these
areas. 

Taking advantage of the coherence of the beam is
another approach when trying to reach a resolution of
a few nanometres. This is achieved in two ways, as
shown in Figures 2.2.1b and 2.2.1c. Part b) of Figure
2.2.1 corresponds to phase retrieval in the near-field
regime, based on images recorded at various sample-
to-detector distances (see Example 3). When using
this parallel-beam technique, no image magnification

Figure 2.2.1: The various setups for nanoimaging that are
foreseen at the ESRF: a) nanobeam, allowing both chemical

mapping or image magnification; b) parallel beam phase
contrast imaging setup used for holotomography: several

images are recorded at various distances on a high-
resolution detector (usually FreLoN camera, sub-µm pixel

size) and combined to obtain a 3D density map of the
sample; c) far field “speckle” pattern, allowing coherent

diffraction imaging (CDI) to be performed.
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is performed, and the detector is the limiting factor
for the spatial resolution. This “holotomographic”
approach can be combined with magnification (as
indicated in Figure 2.2.1a, and Example 4) to achieve
sub-micrometre resolution.

The coherence properties of the X-rays may also be
employed to go beyond the detector resolution in
imaging by reaching into the far field (diffraction)
regime, as indicated in Figure 2.2.1c. Coherent
diffraction imaging (CDI) is a lensless technique in
which the far field scattering image (speckle pattern)
is recorded, and the real space structure of the
scattering object is reconstructed via a phase retrieval
algorithm (see Example 5). 

The recent extension of the materials science
beamline, ID11, is a pilot project whereby the
technology will be developed to make the diffraction
instruments fully compatible with work at the
nanoscale, whilst still enabling other length scales of
interest (see chapter 1.3) to be characterised. The
major part of this work involves constructing a three-
dimensional detector capable of collecting data
relevant to all of the length scales in the sample. The
three-dimensional detector will be comprised of a
series of semi-transparent two-dimensional detectors,
allowing both the collection of variable resolution
data and the back-projection of the diffraction signal
in order to produce grain maps. Furthermore, it will
enable the simultaneous collection of highly
complementary tomographic data either for the
characterisation of the morphological aspects of the
sample (whereas the crystallographic techniques
characterise the orientation, crystal structure and
micro- or macroscopic strain) or for diffraction
contrast tomography (Ludwig et al., 2007).

All of these nanoscale imaging developments started
as test experiments or pilot projects at the ESRF. They
have developed into specific CDRs that can only be
fully developed within the framework of the Upgrade
Programme.

Example 1: High-resolution chemical imaging 

A nanoimaging pilot project has been initiated
consisting of a Kirkpatrick-Baez (KB) nanofocused
high flux beam (Figure 2.2.1a). Figure 2.2.2 shows a
high-resolution chemical map of a cell obtained using
this setup. Both the spatial resolution (given by the
80 nm spot size) and the very high sensitivity
(attogram range) achieved in this pioneering and
multidisciplinary project, demonstrate the feasibility
of investigations at the level of cell organelles.
This paves the way for new exciting scientific fields,
like the study of the role of metal in the
physiopathology of the cell. Other approaches are
possible in imaging sub-cellular details (electron
microprobe, near-field scanning microscopy, etc.).
However, the deep penetration depth of hard X-rays
is unique: the specimens do not have to be
sectioned, and with X-ray chemical nanoscopy
complete, frozen-hydrated cells are imaged at high-
spatial resolution without introducing artificial dyes.

The X-ray fluorescence is induced throughout the
thickness of a whole cell and can therefore be used to
quantify elements on a “per cell” basis, as shown in
Figure 2.2.2. Elemental speciation can also be carried
out by scanning the energy across an absorption
edge. Only third-generation synchrotron radiation
sources provide the high brilliance at high-photon
energies that is required to acquire elemental maps of
biological structures at subcellular spatial resolution.

The high resolution and high sensitivity chemical
nanoscope (CDR SFINX) proposed within the
framework of the Upgrade Programme will be
optimised for this type of demand, particularly in the
field of cellular targeting (cancer therapy, gene
therapy, molecular imaging, etc.) and for investigating
metal transport routes associated with
neurodegenerative diseases. These areas are of
paramount biological and medical significance.
The impact of nanoprobes in biomedicine would be
strengthened by the development of an integrated
sample characterisation and positioning platform.
This would be created with the aim of combining
information from fluorescence microscopy, X-ray
fluorescence elemental analysis, X-ray projection
microscopy and electron microscopy.

Intense X-ray nanobeams could, however, provoke
radiation damage and modifications of the sample
chemistry. A widely accepted method of slowing
down damage is cryo-cooling, which preserves the

Figure 2.2.2: High-resolution imaging of freeze-dried human
lung fibroblast cells incubated in the presence of 13 nm gold
nanoparticles. Images show aggregates of Au nanoparticles

within the cytoplasm and around the cell nucleus. Zn displays
a distribution proportional to cell volume with a higher
concentration within the nucleus. It is known that this
essential trace element is involved in numerous protein

functions in all cellular compartments. Image size: 210 x 190
pixels (H x V), pixel size 200 nm. Dwell time: 100 ms, photon

flux ~ 5 x 1011 ph/s at 17 keV (In collaboration with
Dr Kysela, Genome Stability and DNA Repair Group, The

Medical School, University of Birmingham, Birmingham, UK).
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native state of the sample. The available electron
microscopy cryo-technology cannot be directly
transferred to the X-ray world. It is therefore a high
priority to develop specific cryo-environments for
frozen hydrated cells in order to carry out X-ray
scattering, imaging and spectroscopy techniques
aiming for subcellular resolution.

Example 2: Microbeam-based energy dispersive
spectrometry 

Chemical imaging could widely benefit from the use
of an energy dispersive spectrometer coupled with a
microbeam. The advantages of such a setup, which is
proposed within the framework of the Upgrade
Programme (CDR EDXAS), is that it features no
movement of optics during acquisition. This leads to
enhanced stability of energy scale, spot size and
position. This, combined with a micrometre-sized
spot and the option of fluorescence detection, has
made it possible to address 2D mapping with
micrometre resolution on heterogeneous samples. Full
XAS information on each pixel (Pascarelli et al., 2006)
has been provided. Figure 2.2.3 shows the results of a

first test experiment at the Fe K-edge on a natural
rock thin section (Muñoz et al., 2006). 

This approach is a starting point for the investigation
of a completely new set of scientific topics. The
Upgrade Programme will allow a dedicated
experimental setup to be constructed, as well as
creating the tools required to obtain the best
scientific results from the information collected.
The data obtained are intrinsically complete but
complex to interpret. Specific software is required to
process the raw data before the relevant information
can be visualised. This is the case for the simple
oxidation state identification (from XANES), or the
local structural parameters (from EXAFS). Specific
software developments are therefore required for data
reduction, image reconstruction and visualisation and
to produce targeted and reduced XAS information on
each pixel. 

Example 3: Holotomographic approach

Parallel beam quantitative phase contrast imaging or
“holotomography” with a high spatial resolution detector
has great potential for visualising detail that cannot
easily be seen by any other technique. It has already
brought to light a 3D network for air circulation in
seeds (Figure 2.2.4) of the model plant Arabidopsis
(Cloetens et al., 2006). This reservoir could allow
rapid gas exchange for energy supply during
germination. This type of experiment will be
optimised on the parallel beam imaging beamline
corresponding to the CDR IMPACT.

Example 4: Magnified phase contrast imaging 

The first results obtained through the use of the pilot
project setup consisting of a Kirkpatrick-Baez (KB)
focused pink beam and X-ray image magnification are

Figure 2.2.3: Chemical map of a thin slice of natural rock
obtained on an energy dispersive spectrometer, around the

Fe K-edge. About 3000 spectra were collected in
~ 100 minutes in fluorescence detection, with 5 µm

resolution, to cover an area of about 200 x 400 µm2.
2D maps of (a) iron content, (b) oxidation state and (c)
speciation, were obtained by extracting values of the

absorption jump, edge energy position and absorbance at a
defined energy, respectively. Quantitative values of Fe redox

were extracted by analysis of the pre-edge region.

Figure 2.2.4: 3D rendering of an Arabidopsis seed, obtained
by holotomography. The schema used was that indicated by

Figure 2.2.1b, with a 0.28 µm pixel size.
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shown in Figure 2.2.5. The recorded images with
different magnifications are numerically combined
(phase retrieval) to obtain a magnified image
displaying a pixel size of 85 nm. X-ray projection
microscopy can be combined with tomography or
laminography to obtain a 3D high spatial resolution
image of a relevant region inside a laterally extended
sample (Mokso et al., 2007). This type of experiment,
as well as chemical maps with very high resolution,
will be developed within the framework of the
Upgrade Programme in the CDR SFINX.

Example 5: Coherent diffraction imaging

Coherent diffraction requires the scattering volume
and the coherence volume of the beam to be
matched. In this case, a strongly modulated intensity
pattern, i.e. a “speckle pattern”, is seen in the far field due
to self-interference of the scattered radiation
(Figure 2.2.1c). The speckle pattern contains
information about the exact spatial configuration of
the scattering volume, unlike incoherent scattering
where only average properties can be deduced.

One application is X-ray photon correlation
spectroscopy (XPCS), which follows the time
evolution of the speckle pattern (CDR XPCS-CXS).
The scientific applications of XPCS to slow dynamics
are described in chapter 1.2.

A second application is coherent diffraction imaging
(CDI), a lensless imaging technique that aims to
retrieve real space information from the speckle
pattern (CDRs: CDI, MX-BIB, XPCS-CXS). In
principle, the resolution is only related to the
maximum momentum transfer, Q, to which the speckle
pattern can be measured. The ultimate resolution is
thus simply given by the X-ray wavelength. In
practice, however, the resolution limit is set by the
signal-to-noise ratio. The development of large, 2D
detectors with low noise and high sensitivity (see
chapter 2.5) is of utmost importance for CDI.

Despite recent progress in electron diffraction and
optical microscopy, performing both 3D imaging with
nanometre resolution of biological samples (cells,
macromolecules) and strain field mapping inside small
crystals is unique.

CDI with sub-50 nm resolution has already been
achieved (Figure 2.2.6). Examples of its use can be
found in studies of freeze-dried cells (Shapiro et al.,
2005), 3D composition of quantum dots (Miao et al.,
2006), and strain inside nanocrystals (Pfeifer et al.,
2006). Grazing-incidence CDI has also been
demonstrated and there is exciting potential to study
buried interfaces and exploit polarisation and
anomalous effects in CDI. 

The Upgrade Programme will make it possible for the
ESRF to construct new, dedicated beamlines for
coherent diffraction imaging. 

Figure 2.2.5: (a-c)
Radiographs of a

neuron at different
distances downstream
of the focus, indicated

by Figure 2.2.1a,
hence changing the

magnification, and (d)
phase image resulting
from the combination
(phase retrieval) of the

various images
recorded.

a) b) c) d)

Figure 2.2.6: Coherent diffraction imaging (CDI) of the ESRF
logo (made from tungsten, 3 µm diameter, SEM micrograph

inset). The central part is blocked by a beamstop and the
speckle pattern can be reconstructed via a phase retrieval
algorithm to obtain the real space structure with ~ 25 nm
resolution (data taken with coherent 7.3 keV X-rays, at

the ESRF). The experimental schema for CDI is
presented in Figure 2.2.1c.

C
ou

rt
es

y
E.

Li
m

a,
F.

G
la

ss
m

ei
er

,F
.Z

on
to

ne
,a

nd
A

.M
ad

se
n.



2.2. Towards nanoscale imaging

120 ESRF Science and Technology Programme 2008-2017

2.2.3. Beam steering and sample
positioning

All of the efforts to increase the performance of the
ESRF X-ray light towards nanoscale beams would be
pointless if it would not be possible to reliably steer
and consistently keep the beam on the region of
interest of the sample. Two different issues are
important: monitoring and control of the X-ray beam
and positioning and handling of the sample.

Beam monitoring and control

Stability of the X-ray beam remains a basic concern of
any synchrotron user. The radiation source delivers
powerful and stable beams, but the determining factor
in ensuring their stability at the sample position lies in
the engineering design of the beamlines. In the
framework of the Upgrade Programme, the beam
stability issue will be dealt with in an engineering
programme encompassing highly optimised
mechanical designs and the most advanced feedback
techniques. The main goals of the programme are:
• Strict control of the dynamic response (vibration) of
the optical systems from the supports upwards
• Improved thermal and acoustical stability of the
hutches, cabins and optical systems 
• Control of all drifting mechanisms for optical
systems (such as actuator creep).

Good mechanical design is mandatory, but alone is
insufficient to overcome these challenges. Beam
monitoring is therefore a necessary ingredient of
present and future experimental setups to integrate
feedback and correction algorithms. In the Upgrade
Programme, beam monitoring will not be restricted to
intensity and position monitoring, but will
encompasses a wide range of parameters ranging from
size, position, spatial profile, and timing. Monitoring
the spatial profile of the beam to perform pattern
recognition, for example, is necessary for applying
automatic beamline alignment algorithms that will
keep the characteristics of optical elements tuned to
their optimum performance. Beam position
monitoring has evident implications on the positional
stability, but has also to be correlated with the sample
position control in order to ensure that the beam
stays centred on the specific detail of interest of the
sample.

The present technology for beam monitoring includes
systems based on scintillator/CCD and gas-filled
setups, as well as thin diamond slabs or solid state
ionisation chambers. All of these technologies have to
be further developed to tackle the issues relevant to
the Programme:
• Spatial resolution and stability in the 10 nm range
• Compact design, fitted as closely as possible to the

critical experimental beam and sample areas
• Transparent white beam position monitors
insensitive to undulator gap changes.

Moreover, ESRF efforts on beam monitoring will be
intensified to continue developing thin phosphor
screens coupled to CCDs, diamond-free standing
membranes and gas-filled beam intensity and position
monitors. Beam monitoring also includes development
of dedicated electronics and software, especially
where fast timing and pattern recognition are
necessary.

Electromagnetic compatibility is an issue with
increasing importance. The burgeoning of remote
handling, electronic controls, and computer links in
the experimental hutches has considerably increased
the levels of electronic noise. This noise level can be
reduced only if particular attention is given to issues
of electromagnetic compatibility. 

Because so many components and the overall
environment of a beamline influence its stability,
the design of the new, and particularly the
nanofocus, beamlines will need to integrate all the
requirements for vibrational and thermal stability,
beam monitoring and feedback from the inception of
the beamline.

Handling nanoscale samples

For the Upgrade Programme and its many projects to
study nanoscale objects, the ESRF must adopt and
develop the most recent advances in sample
positioning and nanomanipulation technology for use
on X-ray beamlines. A large variety of engineering
fields are involved in these technologies and their
various functionalities need to be integrated.

As for the positioning of optical elements, many
challenging issues have to be considered in this
regard:
• Thermal power budget management and
temperature stability
• Vibration control
• Metrology and beam monitoring for fast position
feedback (beam and sample).

These issues are handled within the framework of the
ESRF nanotechnology platform which was established
in 2006. The platform explores the different domains
of engineering in order to prepare them to be
integrated on diverse beamlines. The prime role of
the nanotechnology platform is to assess the
performance of commercially available components.
Pilot studies are already under way and are providing
good reference results for components such as linear
bearings and high accuracy spindles. Issues more
relevant to the structure of the ESRF, like vibration
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and temperature control of hutches, are taken in
account by programmes of simulation and actual tests
of different experimental configurations. The
integration laboratory established within the
nanotechnology platform must be reinforced and
linked to an enlarged ESRF precision engineering
team. This possibility will be offered within the
framework of the Upgrade Programme, allowing a
consistent set of nanocompatible instrumentation to
be developed.

As for optical elements, good mechanical design
needs to be integrated with new technologies for
aligning samples at the nanoscale. For all of the
samples that are compatible with liquid media,
microfluidics is a promising technology. Its
integration into the beamlines will add the possibility
of handling extremely small quantities of sample,
making dynamic experiments easier and offsetting the
problem of radiation damage by continuous renewal
of the sample.

A powerful addition to microfluids in handling
samples at the nanoscale will be the further
development and integration of three-dimensional
dynamic multitrap optical tweezers. The precision
and ease of use of this micro/nanopositioning tool will
open a new class of experiments with the possibility
of automatically loading and moving samples in a
given sequence and in arbitrarily defined patterns.
This, again, offers a way to minimise the problem of
radiation damage on biological and soft condensed
matter samples for which optical tweezers are
particularly adapted. Individual nanometric samples,
for example, could be prepared in well aligned optical
multitraps and continuously displaced on the beam. 

Microfluidic and dynamic optical tweezers are ideally
suited for liquid samples or ensembles of identical
samples. The situation may be very different for
unique or non-monodispersed nanosamples. In these
samples, it is their size that defines their properties
and an auxiliary technique has to be employed to
identify and locate the point of interest. The
information thus obtained can then be used to
properly align the sample and the X-ray beam
positions. For these samples, handling at the
nanometre level in synchrotron radiation research
may also involve movements away from substrates,
straining them, compressing them, trapping them, or
testing their tribological properties in the presence of
the X-ray beam. All of this can only be achieved with
further levels of experimentation and integration. The
paragraphs below outline the future developments of
a project that has already started at the ESRF aimed at
the requirements of nanomanipulation and
multimodal sample characterisation.

In the last three years, the ESRF has developed a
variety of scanning probe microscopes that can be

integrated at the sample position and be used as beam
position monitors. They can give the morphology of
the surface with better than 40 nm resolution, even in
the worst conditions of mechanical noise. The same
device can also be used to sweep the surface, induce
local stress on the sample, or, if the tip to surface
distance is modulated, perform tip induced
spectroscopy experiments. Figure 2.2.7 illustrates this
type of development: an AFM/STM tip is used to
explore the sample surface where the X-rays impinge.
The tip to surface distance is kept within tens of
nanometres through a feedback mechanism that is
independent of the X-ray beam and is insensitive to
perturbations induced by the beam. The drain current
from the tip can be used to monitor the position of
the X-ray beam (see inset on the right of the figure
that shows the profile of the tip of the beam) and is
used as input to the beam conditioning supervision
system. The tip can also raster the surface to verify
that the beam is consistently on top of the feature
under analysis.

The simple AFM tip described above can develop
more complex functions than imaging the surface
morphology and finding the beam. Extensive use of
micro- and nano-electro-mechanical system (MEMS
and NEMS) technology will allow nanogrippers to be
developed. Figure 2.2.8 shows the functional elements
of a nanogripper: two counteracting tips provided in
turn with an independent haptic rendering of the
forces exerted on the sample. This haptic control is
an independent layer of sensors, software and
actuators embedded in the beamline control
hierarchy. It is believed that haptic sensing and

Figure 2.2.7: Scanning probe microscopy (AFM/STM) uses
piezoelectrically controlled tips to probe different

characteristics of the sample at the nanometre scale. At the
ESRF, this technology has been used to image, at the focal
plane, both quantum dots and beam position (see insets),

thus making the alignment of the beam on the POI
extremely convenient. The Upgrade Programme aims to

further this technology for haptic manipulation of
nanosamples. 
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remote handling will be necessary in a large range of
experimental situations. 

The Upgrade Programme will give the ESRF the
means to develop the laboratories and infrastructure
needed to support the engineering programme for
high precision sample and optics positioning.
However, these concepts cannot be developed
exclusively on in-house know-how and resources.
It will be necessary to integrate resources on a large-
scale, via EU programmes and partnerships with
industry. The needs of synchrotron radiation research
match many of the needs of the most advanced
industry. This is the case as far as efficiency and
robustness are concerned and a solid framework of
interaction has to be developed and put in place.

Relevant Conceptual Design Reports:
• CDI: Coherent X-ray Diffraction Imaging and
Microdiffraction 
• EDXAS-S/-L: Energy Dispersive Absorption
Spectroscopy (small and large spots) 
• HIENE: High Energy X-ray Beamline 
• IMPACT: Imaging using Parallel Beam and
Computed Tomography 
• INELX: Inelastic X-ray Scattering 
• MATSCI: Materials Science 
• MINADIF: Micro- and Nano-Diffraction 
• MX-BIB: Biological Imaging Beamline 
• MX-MAD1 and MX-MICROFOCUS:
Macromolecular Crystallography using Multi-
Wavelength Anomalous Dispersion and Microfocus 
• MX-MAD2: Macromolecular Crystallography
using Multi-Wavelength Anomalous Dispersion
with Microfocus 
• NR-HE: Nuclear Resonance - High Energy 
• PHIXS: Phonon Inelastic X-ray Spectroscopy 
• SFINX: Scanning Fluorescence and Imaging at
the Nanoscale using X-rays 

• SMILE: Spectro-Microscopy and Imaging at Low
Energies 
• SURF: Surface Diffraction 
• TRD: Time-Resolved Diffraction and Pump-and-
Probe 
• XMAN: X-ray Spectroscopy Multi-Imaging
Analysis 
• XPCS-CXS: X-ray Photon Correlation
Spectroscopy and Coherent X-ray Scattering 

Key enabling technologies and infrastructures:
• Detectors: crucial for all imaging developments
• Buildings: new long beamlines, extension and
optimisation of present ones, buildings for
associated laboratories and partnerships
• Computing: to handle the large data sets,
computational complexity of holographic
reconstruction, phase retrieval of CDI and phase
contrast images
• Source and Accelerator: improved brightness at
high photon energies 
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Figure 2.2.8: The concept of a nanogripper and its
functional scheme: the tip of an AFM (in green) explores

the sample surface in terms of morphology and rheological
properties. The operator can interact haptically with the
nano-objects on the surface using the two prongs of the
gripper through a reconstructed virtual reality interface.



2. Technology and Engineering Challenges

123ESRF Science and Technology Programme 2008-2017

2.3. Extended pump-and-probe techniques

Science context

Structural and electronic changes on a timescale
that varies from picoseconds to seconds can be
studied using pump-and-probe techniques.
Dynamics down to picoseconds are studied in
stroboscopic mode that relies on the various time
structures available at the ESRF. Continuous wave
experiments take advantage of fast detectors with
a huge gain in data collection efficiency at slower
timescales (ms).

The ESRF has been pioneering diffraction and
scattering experiments down to 100 picoseconds.
Many relevant systems, in particular in biology,
produce very weak signals and low conversion
rates and are thus beyond the current detection
limit. The Upgrade Programme will help to
access a new realm of systems that can be studied
by increasing the incident flux as well as the
pumping and detection efficiency.

The ESRF portfolio for pump-and-probe studies
will be extended to X-ray absorption and
emission spectroscopy (XAS-XES). These
techniques complement the structural information
obtained from diffraction and scattering
experiments and furthermore give an insight into
changes in the electronic structure such as
oxidation and reduction processes as well as spin
transitions. The approach to time-resolved XAS-
XES presented here is based on wavelength
dispersive optics for X-ray emission detection. 

The ESRF Upgrade Programme for pump-and-
probe studies is complementary to future XFELs
in Europe and the USA. It covers applications
that are more suitable for synchrotron sources
whilst laying the foundations for pump-and-probe
technology in general.

Added value of the Upgrade

The effectiveness of pump-and-probe
experiments will be enhanced by the ESRF
Upgrade:
• New probes (absorption and emission
spectroscopy with time resolution below one
nanosecond).
• Background-free X-ray absorption spectroscopy
by fluorescence detection with lifetime
resolution.

• SAXS option for protein dynamics in solution.
• Optimising the pumping efficiency in laser-
pumped experiments.
• Extending the range of timescales that can be
accessed with continuous wave techniques,
through the development of faster 2D detectors.
• Extended X-ray detected magnetic resonance
(with terahertz pump waves and very high
magnetic fields of 30 to 40 T).

Enabling technology and infrastructure

Some of the enabling technology for these areas
is referred to in the ‘Added value’ section above.
However, other important developments for these
areas include:
• Buildings and infrastructure: Handling of biological
materials; laboratories for table-top
spectroscopies (UV-Vis, IR, optical Raman, etc.)
and clean room space for the laser facilities.
• Accelerator and source: Pump-and-probe techniques
require a highly stable beam. Top-up operation
will improve the stability of the machine and the
optics and increase the average flux due to the
reduced life time in the timing modes. Smaller
source emittance and increased brilliance will
make pump-and-probe experiments on very small
samples more efficient. 
• Beamlines and instrumentation: Dedicated end
stations for laser pumping, including separate
laser hutches. Development of X-ray emission
spectrometers, in particular analyser crystals.
• Computing: Fast data reduction and storage of
large amounts of data.

Partnerships

Close collaboration with European Molecular
Biology Laboratory (EMBL) and Institut de
Biologie Structurale (IBS) within the Partnership
for Structural Biology (PSB).

Industry and technology transfer

A collaboration with commercial partners is
anticipated for the development of spherical
analyser crystals and tuneable picosecond lasers.
XES end stations are planned for many national
sources in Europe. Furthermore, XES also has
applications for laboratory X-ray sources. 
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2.3.1. Introduction 

Pump-and-probe techniques are used to study fast
dynamics initiated by an external excitation.
Diffraction studies after laser excitation were
pioneered at the ESRF (Srajer et al., 1996). The fastest
timescales, down to 100 ps, need a maximum photon
flux per electron bunch. Pump-and-probe experiments
will therefore benefit from advances in high
throughput X-ray optics (e.g. wide bandpass multilayer
monochromators) and of the source (e.g. increased
length of the straight sections, optimised insertion
devices). In addition to an extension of the pump-
and-probe diffraction activities, the Upgrade
Programme will also develop pump-and-probe
techniques in combination with X-ray absorption and
emission studies. The scientific case is presented in
sections 1.3.3. and 1.4.2.

The experiments are an important stepping stone
towards ultra-fast experiments with femtosecond (fs)
resolution at X-ray free electron laser (XFEL) sources.
Despite the superior properties of the XFEL with
respect to time resolution and brilliance, storage ring-
based techniques are expected to retain their
competitive advantage due to the greater tunability of
the incident X-ray energy and X-ray pulse length for
timescales of 100 ps and above. Radiation damage will
be a fundamental problem at the XFEL and it is thus
critical to further develop time-resolved techniques at
third-generation sources in order to cover important
biological applications where the high brilliance and
time structure of the XFEL are not required.

At present, half a beamline, ID09B, is dedicated to
pump-and-probe experiments. In the future, one full
beamline could be dedicated to diffraction and
scattering (CDR TRD) and, in addition, it will
become possible to undertake pump-and-probe
spectroscopy on ID26 (CDR XAS-XES). 

The goal of synchrotron radiation pump-and-probe
experiments is to study the evolution of a system such
as a protein, a small molecule, a photoactive semi-
conductor or a material that exhibits a magnetic
transition, after an external excitation. Experiments
that study the shortest timescales (pico- to
nanosecond range) are performed in stroboscopic
mode: a process is initiated by a pump pulse that
raises the energy of the sample above a threshold.
The excited system then evolves, until it is probed by
an intense X-ray pulse. Stroboscopic experiments
therefore require temporally isolated X-ray pulses that
can be selected using either a high speed chopper
(Figure 2.3.1) or a detector with sufficient temporal
resolution (e.g. avalanche photo diode, APD).

Longer timescales can be studied in the continuous
wave (CW) mode, where the X-ray signal is recorded
continuously after the pump pulse. This mode is

much more efficient as a range of delay times is
studied for each excitation, whereas in stroboscopic
mode, only one delay time per pump pulse is
recorded. The time limit for CW studies is
determined by the speed of the detector. Area
detectors with millisecond resolution to be developed
within the Upgrade Programme (see chapter 2.5) will
revolutionise slower pump-and-probe diffraction and
scattering experiments such as protein folding.
Detectors for spectroscopy measurements do not
necessarily require spatial resolution. If the energy
resolution is achieved using Bragg or Laue optics, very
fast detectors can be used in CW mode.

Stroboscopic mode experiments require a temporally-
isolated, well-defined X-ray pulse. Hence, they rely
on the time structure of the synchrotron beam and
require special filling patterns. These experiments are
notoriously photon starved, so it is important to
optimise the incident photon flux through the use of
specialised insertion devices and beamline optics, and
to collect the scattered photons efficiently, for
example, by using a large-area CCD detector, diode
arrays or a large solid angle emission spectrometer.
Improvements in all of these areas are foreseen within
the framework of the Upgrade Programme. 

The sections of this chapter outline the present
technological limitations of pump-and-probe
experiments, and how they will be alleviated by the
Upgrade Programme. Improvements are foreseen in
pumping efficiency, the X-ray source and beamline
optics, and the X-ray detection system. Achieving
temporal resolution faster than the X-ray bunch
length, and new applications of the X-ray pump-and-
probe technique for X-ray absorption, spectroscopy
and magnetisation dynamics are all suggestions that
are put forward.

Figure 2.3.1: The principle of a single pulse pump-and-
probe study of a chemical reaction in solution. A reaction is

initiated by a short laser pulse and the scattering from a
delayed X-ray pulse, isolated by a chopper, is recorded on a
CCD detector. The experiment is repeated at up to 3 kHz. 
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2.3.2. Picosecond lasers

The majority of biomolecules work in solution at
typical concentrations of one biomolecule per one
thousand solvent molecules. At these concentrations,
a (0.1 mm)3 test sample contains about
1013 biomolecules. If all these molecules are to be
excited with one laser pulse, the pulse must contain at
least 1013 photons. In the past, the fastest reactions
were triggered by 100 fs lasers since these lasers were
commercially available and tuneable in wavelength.
However, experience has shown that the high peak
intensity in a 100 fs pulse with 1013 photons damaged
the sample which therefore forced previous studies to
reduce the number of photons at the cost of lowering
the concentration of excited molecules (and hence
the signals). Within the framework of the Upgrade
Programme, 100 fs lasers will be replaced by 1 ps
lasers that are now commercially available. If the
damage threshold proportional to the peak intensity
(ph/s), a 1 ps pulse can potentially excite 10 times
more molecules. A ten-fold increase in the
concentration of excited molecules will lead to a ten-
fold increase in the signal-to-noise ratio in scattering
experiments. The data quality will greatly improve
and it should become possible to refine the atomic
positions in short-lived structures for the first time.

2.3.3. Advanced hybrid filling patterns
for the storage ring 

Pump-and-probe experiments are complicated and
require extensive beam time. The amount of beam
time in the classical timing modes was limited to 35%
in the past, which made it difficult to explore new
techniques and carry out challenging experiments.
The introduction of the 7/8 + 1 hybrid mode in
March 2007 has increased the beam time available for
stroboscopic experiments from 35% to potentially
80% – the remaining 20% in uniform mode is ideally
suited to complementary CW experiments. In the 7/8
+ 1 mode, a 2 mA single bunch is placed in the
middle of a 1/8 gap in a uniform fill. The shortest
time delays are probed by the single bunch, whilst for
longer time delays beyond 1 µs, the choppers will use
the multi-bunch part, which has much higher
intensity. A train of choppers is planned as part of the
Upgrade that can vary the pulse length quasi
continuously from 100 ps to seconds. By adjusting the
pulse length to match the targeted time delay, the
pulse intensity can be optimised, which will speed up
the data collection. Note that the X-ray pulse is
shorter in the 7/8 + 1 mode, 60 ps compared to
100 ps in 16 bunch mode. 

2.3.4. Future insertion devices and
beamline optics

Pump-and-probe experiments need a very intense X-
ray beam. Extensions of specific storage ring straight
sections to 7 m will allow three in-vacuum undulators
to be installed on these sectors. For a time-resolved
diffraction and scattering beamline, the first insertion
device should be a single-harmonic undulator
producing a 3% bandwidth pink beam at 15 keV for
Laue diffraction with up to 1 x 1010 photons per
pulse. The second one should be tuneable between
5 and 40 keV for SAXS and WAXS experiments and
the third one should be cryogenic with a third
harmonic at 60 keV for extreme spatial resolution. A
spectroscopy beamline will be optimised to reach the
absorption edges of all relevant elements, between
2.4 and 30 keV. It should be possible to operate the
undulators simultaneously and the increased heat load
on the optical elements will be reduced by a high
power heat load chopper. Simulations show that the
three undulators will produce up to 3.0 x 1010 ph/pulse
at 20 keV, which is a gain of 2.5 over the present,
already optimised, levels.

With the Upgrade, an updated diffraction and
scattering beamline will be designed to have space for
two independent monochromators operating between
5 and 60 keV: a classical silicon monochromator and a
multilayer monochromator with three bandwidths
0.1, 1 and 3%. Simulations show that a multilayer
focused beam from a cryogenic undulator will
produce 1 x 1010 ph/s in a 1% bandwidth at 60 keV
in a 3 kHz train of X-ray pulses. This unprecedented
performance will enable phase transitions in large
samples and in confined materials to be studied at
record spatial resolution.

A typical absorption spectroscopy beamline is usually
equipped with a silicon monochromator. Non-
resonant X-ray emission spectroscopy, however, does
not require a small energy bandwidth in the incident
beam and the use of multilayer-based optics here can
also bring about a more than ten-fold gain in
intensity. More details on multilayer-based beamline
optics are given in chapter 2.1.

2.3.5. Time-resolved 2D detectors

Time-resolved pixel detectors will revolutionise time-
resolved experiments. For weakly scattering samples
such as liquids and glasses where photon counting is
possible, the angular resolution can be relaxed
compared to crystallography and the scattering
patterns are comfortably recorded with a 100 x 100
matrix of avalanche diodes. If each pixel is equipped
with a multi-channel scaler, then the scattering
function S(Q, t) could be measured very efficiently by
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individually recording the scattering of many single
pulses of X-rays around each laser excitation. In 
16-bunch mode, for example, a chopper could produce
a 1 µs X-ray pulse. If the laser pulse excites 100 ps
before the arrival of the second pulse in the train, the
first pulse will record the non-excited structure, the
second pulse the 100 ps structure, the third the 176 ns
structure, and the fourth the 352 ns structure, and so
on. A huge advantage in time occurs because the non-
excited and excited states with many different delay
times are recorded quasi simultaneously around each
laser excitation. The accuracy of the laser induced
change ∆S(Q, t) will therefore be greatly improved. 

Another interesting technology development could be
an energy dispersive pixel detector. As higher X-ray
energies and a wider Q range are reached, the
Compton background increases. In an organic solvent
at Q = 15 Å-1 and 30 keV, for example, 80% of the
background is inelastic and shifted in energy to
29.2 keV. If a 30 keV pixel detector with 0.5 keV
energy resolution could be made, this background
could be screened out electronically, and the signal-
to-background ratio would improve by a factor of
five, The high-Q range could be measured much more
quickly and with higher precision.

Recently, pixel detectors have been used to combine
spatial with temporal resolution in transmission
detected X-ray absorption spectroscopy (Grunwaldt et
al., 2006, 2007). This application has enormous
potential to monitor the evolution of chemical
reactions across the catalytic reactor bed under
working conditions on the millisecond timescale.
With increasing detector efficiency, one can envision
a pump-and-probe experiment with time resolution
down to the picosecond timescale. 

2.3.6. Time-resolved X-ray absorption
and emission spectroscopy using
pump-and-probe 

Many systems that exhibit reversible electronic and
structural changes after a pump pulse need to be
studied at low concentrations (< 10 mM). This has
been identified as one of the major requirements for
further development in time-resolved spectroscopy
(Bressler and Chergui, 2004; Chen, 2004). The main
reasons for this are:
• Sample integrity: low concentrations ensure that
only the desired species are present in the sample,
i.e. the probability for clustering is reduced.
• Naturally low concentrations: some systems,
e.g. metalloproteins, have low metal concentrations.
• Matching the pumped and the probed volume: low
concentrations bring the optical and X-ray absorption
path lengths closer together.

The Upgrade will allow a beamline to be enhanced to
allow time-resolved spectroscopy. The developments
required are outlined below.

X-ray spectroscopy on dilute systems cannot be
conducted in transmission mode and requires
fluorescence detection. Time-resolved X-ray
spectroscopy with possibly low conversion rates in
the pump process requires good energy resolution in
the fluorescence detection in order to maximise the
signal-to-background ratio. Furthermore, the
detection system has to be able to process count rates
of several megahertz from the respective fluorescence
line. In fact, the fluorescence detector must be fast
enough to separate events from subsequent X-ray
pulses. This is desirable even if a chopper is used for
X-ray pulse selection, as in the case of slower reaction
time constants (>1 µs) subsequent bunches can be
used to monitor the time evolution, which results in
very efficient data collection. The optimal solution
for this problem is a wavelength dispersive setup
linked to a fast photon counting detector, e.g. an
avalanche photo diode (APD). 

A Bragg geometry is preferable over a Laue geometry
because of the better suppression of unwanted X-ray
events outside the selected energy window. A large
solid angle Bragg spectrometer plus APD will give
XAS data with excellent signal-to-background ratio
and it will be fast enough to separate events from
subsequent bunches. The radius of a Johann-type
spectrometer should be adjustable in order to
optimise the solid angle or energy resolution and such
a spectrometer should be suitable for fluorescence
detected XAS as well as X-ray emission spectroscopy
(Figure 2.3.2).

Figure 2.3.2: Large solid angle emission spectrometer
with Kirkpatrick-Baez focusing mirrors. Ten analyser

crystals act as monochromator and focus the emitted X-rays
on two detectors. The radius can be varied between

0.5 and 2 metres.
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Either silicon or germanium crystal wafers glued or
bonded on a spherical substrate are used as analyser
crystals. Covering the fluorescence energies of
important 3d and 5d transition metals necessitates a
minimum of 15 different types of crystals, giving a
total of 150 analyser crystals for a spectrometer
employing 10 analysers. Improving the silicon
analyser manufacturing process, mastering the
fabrication of germanium analyser crystals and the
production of a large number of analyser crystals are
the issues that need to be addressed in the near future. 

An example of the feasibility of time-resolved XAS in
fluorescence detection using a Bragg spectrometer can
be found in the case of the Mn4O5Ca-cluster in the
photosystem II protein complex. This is responsible
for almost all of the dioxygen content in the
atmosphere of the earth. Assuming a 1 mM
concentration, 10 analyser crystals with R = 0.5 m
and the Kα1 counts per incident photon based on
knowledge from previous experiments, a signal of
103 counts/s with 1 µs time resolution and a 3 kHz
pumping frequency can be estimated. It thus becomes
possible to record the complete X-ray absorption
near-edge structure of the Mn4O5Ca-cluster with
sufficient time-resolution to identify electron transfer
and structural changes during the biocatalytic cycle.

2.3.7. Pump-and-probe studies of
magnetisation dynamics with circularly-
polarised X-rays 

Several approaches can be used to study
magnetisation dynamics in the field of pump-and-
probe techniques. In the time domain, for example,
pulsed magnetic fields can be used to excite the
sample. This is the case for high power microwaves in
the frequency domain. The former approach is
perfectly suitable for pump-and-probe experiments
with timescales down to ~100 picoseconds. Future
challenges are in implementing spatial resolution and
increasing the sensitivity of such measurements. Their
extension to scattering experiments will give
ensemble average information. The latter method is
very recent and it could be envisaged to extend the
frequency range of the pump to the terahertz range in
the future using the recently developed X-ray
detected magnetic resonance technique. This would
correspond to a timescale of 1 ps (see section 1.4.2).

High pulsed magnetic fields up to 25 T are currently
feasible. Even higher fields are envisaged (~ 60 T) and
new phenomena may emerge. In the future, timescales
from 1 to 100 ps could be reached with faster time-
resolved detectors. Fast detector schemes will open up
a huge new scientific area utilising high fields and
short pulses or moderate fields and longer pulses.

The proposed Upgrade will make aims pump-and-
probe studies of magnetisation dynamics routine.

Relevant Conceptual Design Reports:
• PMF: Pulsed Magnetic Fields 
• TRD: Time-Resolved Diffraction and Pump-and-
Probe 
• XAS-XES: Steady-State and Time-Resolved X-ray
Absorption and Emission Spectroscopy 

Key enabling technologies and infrastructures:
• New detectors are a crucial factor in the success
of these new techniques (see text)
• New optics is essential for the time-resolved X-
ray absorption and emission spectroscopy using the
pump-and-probe technique (XAS-XES)
• Increased length of the straight sections of the
storage ring will provide more incident photons 
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2.4. Advanced sample environments
and extreme conditions

Science context

Extreme conditions are a central feature in very
diverse fields of science, for example, geophysics,
catalysis, engineering and new materials, and
fundamental physics. The most demanding
experiments require dynamic sample environment
parameters such as pressure, temperature, magnetic
fields, strain and chemical reactions. Current and
future avenues of research require that several of
these techniques be applied simultaneously in situ.
Examples include high pressure and high temperature
(e.g. for planetary science and materials synthesis) or
low temperature and high magnetic fields (e.g. heavy
fermion studies with a view to understanding exotic
superconductivity). 

All of this information, complementary to the
primary X-ray data, gives a fuller characterisation of
the sample. Thus, a key area of development within
the Upgrade Programme is the design, integration
and use of multimodal techniques in sample
environments, and to bring such sample
environments, individually or combined, to
synchrotron beamlines specialised in diffraction,
spectroscopy and imaging techniques. Extending the
length of the beamlines will make it possible to
increase the working space around the sample for a
given spot size, making it easier to integrate more
probes and analytical systems to explore the sample.

The most extreme conditions can be generated only
within a very small volume or over a very short time
period. It is therefore imperative to integrate a
specialised sample environment with state-of-the-art
data collection using the ESRF’s high brilliance and
flux, new fast and efficient detectors, micro- and
nanofocused X-ray beams and adapted software for
data collection and online analysis.

The Upgrade will push the present limits of
thermodynamic parameters and enable the routine
application of extreme environments of pressure
(section 2.4.2) and temperature (section 2.4.3) to
samples on the beamlines. Within the framework of
the Upgrade Programme, the range of standard and
special sample environments available to the
beamlines will be extended, in combination with
other techniques (section 2.4.4). 

In the last section (2.4.5) of this chapter, the project
to implement static (DC) high magnetic fields in the

range up to 30 T on the ESRF-ILL site is described.
This facility will make fields well beyond the
superconducting limit available for X-ray and
neutron scattering and spectroscopy. The
development will be coordinated through the form
of a European High Magnetic Field Facility, which
has been put forward as a proposal within the
framework of the Upgrade Programme. This will
involve close collaboration between the ESRF, ILL,
and European high magnetic field laboratories to
make DC magnetic fields higher than 30 T available
for X-ray and neutron scattering and thus create a
worldwide unique facility.

Added value of the Upgrade

The Upgrade Programme will integrate sophisticated
and/or extreme sample environments into the
beamlines and will extend the range of environments
routinely available on the beamlines. In particular, it
will provide facilities for routine extreme conditions
of:
• High pressures up to 1 Mbar and also at lower
kilobar pressures with wider opening angles for
improved X-ray optical access
• High temperatures up to and above 3000°C
• Low temperatures, extending the range available to
below 1 K
• High magnetic fields up to 50 T in pulsed mode
and 30 T in continuous mode
To make optimum use of these environments, they
need to be integrated with specialised equipment and
instrumentation on beamlines dedicated to a
particular X-ray technique.

Enabling technology and infrastructure

Some of the enabling technology for these areas is
referred to in the “Added value” section above.
However, other important developments for these
areas include:
• Buildings and infrastructure: Space for new
infrastructure such as the DC magnetic field power
supply. Facilities for off-line sample preparation and
characterisation.
• Accelerator and source: The increased brilliance will
improve the efficiency of one-shot destructive
experiments that cannot be repeated (e.g. exothermic
chemical reactions). 
• Beamlines and instrumentation: High sensitivity and high



2.4.1. Introduction 

The ESRF makes available a range of sample
environments to help scientists carry out new and
exciting experiments and these environments are
continuously being developed and updated for new
experiments. The four key areas of environment
handled are high pressure, high and low temperature
and high magnetic field. Each beamline, and
sometimes even each experiment, requires a specific
sample environment. Four main considerations need
to be addressed when determining how to build the
specific sample environment:
• The thermodynamic parameters to be varied
(pressure, temperature, electric and magnetic fields)
and their combination
• The geometry of the X-ray technique, where
photon energy and opening angles dictate the
construction and choice of a suitable window material 
• The sample shape and phase: liquid, solid, in
solution, surface, bulk, etc.
• The ancillary equipment for complementary
analytical methods such as optical spectroscopy,
electrical resistivity, STM, AFM or for special
procedures such as fatigue, rheological treatments,
chemical reactions, mixing, etc. 

In the fields of geophysical research and planetary
sciences (chapter 1.3), high-pressure sample
environments combined with high temperatures are
heavily exploited. Ancillary equipment such as a ruby
luminescence spectrometer, radiation thermometer or
additional optical spectroscopy can be used in
parallel. However, when studying, for example,
electron correlations (chapter 1.4), these high-pressure
sample environments are used in combination with
low temperatures. High pressure and low temperature
are particularly interesting in combination with high
magnetic fields. As a third example, catalysis at high
temperature requires a furnace with its sample space
under a controlled atmosphere (consisting of a
mixture of various gases) being separated from the
heater space.

2.4.2. High-pressure technology

Requests for high-pressure sample environments have
significantly increased over the last few years.
Originally, only one and a half beamlines were
dedicated to high-pressure research. At present, five
additional beamlines employ high-pressure techniques
during up to 50% of their beam time. The diamond
anvil cells (DACs) in use for most experiments are
able to handle a few tens of µm3 of sample up to
pressures above 1 megabar. The science developed in
sections 1.3.4 as well as in sections 1.4.2 and 1.4.3 will
require new geometries for DACs combined with new
technologies for sample confinement. As an example,
the recent development of conical diamonds has
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speed X-ray detectors. High levels of
component integration will be needed for the
sample environments. End-stations dedicated to
DC and pulsed high magnetic field experiments.
Development of high field magnets adapted to
X-ray (and neutron) experiments.
• Computing: Fast data acquisition and handling.

Partnerships

The projects on pulsed and static high magnetic
fields will be undertaken in close collaboration
with several European high magnetic field
laboratories and the ILL. Further contacts exist
with Japanese and American groups, in
particular on the topic of series connected
hybrid magnets.

Industry and technology transfer

There is some potential to sell technological
developments to other synchrotrons and/or
other research laboratories. Examples include: 
• Microtomography furnaces.
• Small-scale production of pulsed magnetic
field instruments. First contacts exist with APS.
The system was developed in collaboration with
industrial (METIS, Belgium) and academic
(LNCMP, France and GHMFL, France) partners.
• Similar interest exists for small-scale industrial
production of the in-house developed low-
vibration mini-flow cryostat for low
temperatures.
• Sample changer for macromolecular
crystallography co-developed by ESRF and
EMBL and now the subject of a licence
agreement.
• High pressure: An automatic pressure drive for
diamond anvil cells has been developed in
collaboration with industry. First contacts for a
larger scale commercialisation have been
formed.
Within the Upgrade Programme, numerous
other systems will be developed. The ESRF will
build upon these existing industrial contacts in
order to make these available to the synchrotron
X-ray community at large. A general problem in
the commercialisation of synchrotron-specific
developments is the small size of the potential
market.
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increased the available opening angles. Additionally,
the use of high pressure has been extended from the
traditional areas of physics and earth sciences into
new areas such as soft condensed matter and biology.
Consequently, more and more non-specialised
beamlines need support. The list below presents areas
that will be developed within the framework of the
Upgrade Programme.

• Mechanically driven diamond anvil cells for
temperatures below 10 K
The diamond anvil cells currently in use are driven by
a helium gas membrane; they stop working below 10
K because of condensation of the helium. High-
pressure experiments at low temperature (e.g. CDRs:
HIPRE, MAGSCAT, NR-HE) are awaiting the
possibility for in situ pressure variation and
measurement, coupled to a lowering of the minimum
temperatures available (<1 K for HIPRE) to study
many interesting phenomena in physics that only
occur at such low temperatures.

• High pressure, high temperature
High-pressure experiments at high temperatures have
several options depending on the pressure range
required. A large-volume press (able to manage a few
mm3 of sample up to ~100 kbar) will be installed on
ID06 and the development of the Paris-Edinburgh
press (able to handle 1 mm3 to 200 kbar) will
continue to reach larger opening angles and increase
the pressure and temperature range. The prototype
(as used on ID27) diamond anvil cell laser heating
system needs to be transformed into a mobile system
able to be integrated as required on a number of
beamlines (e.g. CDRs: EDXAS, PHIXS). There is a
large gap between the whole cell heaters capable of
reaching 500°C that are currently available on most
beamlines and the laser heating system that was
tailored for use on ID27 and which has a minimum

temperature of 1200°C. Whole-cell and in-cell
resistive heating techniques (as mentioned below for
the laser machining) and adapted DACs need to be
developed further to facilitate access to the medium
temperature range between 500°C and 1200°C.
Further developments in in-cell heating will be of
particular benefit to the area of earth sciences where
heating of samples is often required. 

• New diamond anvil cells
New diamond anvil cells (Figure 2.4.1) need to be
developed to cope with the diversification of
experiment types (XMCD, scanning
microfluorescence, biology, etc.). These developments
aim to permit higher pressures above 1 Mbar, lower
pressures down to a few kilobars, larger opening
angles, perpendicular optical access and operation for
lower photon energies or at high magnetic fields. A
new pressure cell needs to be developed for samples
that react with the pressure marker currently used
(mechanics and material choice such as CuBe for high
magnetic field), as well as the diamond seats (shape,
size), the gasket (material, multiple holes for
samples/pressure marker, built up from different
materials) and the diamonds (moissanite, shape, size,
hollow, double).

• Ancillary equipment: gas loading system, laser
drill, and sample manipulation
As many experiments (e.g. CDRs: HIPRE, INELX,
PHIXS) need to maintain hydrostatic conditions up
to the highest pressures possible, helium gas loading
is a necessity. The current gas loading system can
only manage a single type of DAC and will have to
be upgraded to an automatic system able to accept
the different designs of diamond anvil cells (the cells
vary to suit the various experimental requirements
such as cryogenics, magnetic field, high temperature,
etc.).

Figure 2.4.1: Large-angle high-pressure cell with conical
diamond anvils, adapted at the ESRF. A conventional cell

uses diamonds with a flat back face, seated on a flat
tungsten carbide surface. The use of a conical diamond
distributes the force, allowing the opening angles of the

tungsten carbides to be enlarged without weakening them.
Future developments will include machining of the backside

of the diamonds to make them thinner and improve the
transmission for lower energy XAS experiments. 
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Improvement of the laser drill installed at the ESRF is
required to bring it to routine operation. Laser drilling
consistently provides the small hole sizes necessary to
reach the megabar range. Drilling multiple holes in
gaskets will allow more samples to be loaded in a
single run, thereby increasing the efficiency of
experiments. In the longer term, an additional benefit
of the laser drill is to provide laser machined gaskets
suitable for direct electrical heating using the gasket
as the heating element.

Specialised equipment is needed to manipulate and
load samples of sizes below 20 µm into the sample
space. Smaller focal spots will allow smaller samples
to be used and therefore higher pressures to be
reached. Small samples are, however, difficult to
handle and tools will be needed to cut and handle
micrometre-sized samples.

2.4.3. High- and low-temperature
environments

Numerous techniques have been developed to create
stable temperatures over a large part of the
temperature range (2 K up to 2000 K). More extreme
temperatures are required, for example in the study of
glass transitions, which can be found in a range of
temperatures from 10–3 K to 103 K, i.e. over six orders
of magnitude. Starting at low temperatures, the
steadily improving beam stability pushes the choice in
favour of vibration-free gas flow cryostats, which are
constructed for maximum ease of use. Around room
temperature, Peltier elements offer a bidirectional
temperature swing and ten times better stability than
a thermostat bath. Encapsulated resistive elements
allow work to be carried out up to 1000°C in an
oxidising environment. The Upgrade Programme will
make advances possible in the following areas: 

• Low temperature
Today, temperatures down to 2 K can be accessed
routinely on the ESRF beamlines. Cooling
techniques based on the use of nitrogen and helium
are well established. Gas flow cryostats are currently
in favour over closed cycle cryostats because of
vibrationless operation. In particular, gas flow
cryostats are the only way to create a low-vibration,
low-temperature environment for nanofocusing. The
challenges in the field of cryogenics come from the
total energy of the X-ray beam absorbed by the
sample which renders access to very low
temperatures especially difficult. As very low-
temperature instrumentation is technically complex,
key points will be integration, efficiency and user
friendliness. The developments described below,
within the Upgrade Programme, are required to
make lower temperatures available on the beamlines.

Stability and finely controlled alignment to ensure that
the X-ray spot remains pinned on the sample remains an
issue to be investigated for micro- and nanofocusing
(e.g. CDRs: MATSCI, MX-MAD1, SMILE). Moreover,
the cooling power conveyed and the temperature
measurement on a focal spot of size 20 x 20 nm2 are
wholly new territories that will need to be managed
within the Upgrade Programme. The eventual goal is to
enable routine <2 K cooling for such experiments.

Low temperature and sample movement (e.g. phi
rotation, xyz scanning), with cooling below 10 K
(e.g. CDRs: RIXS-PES, SMS) under UHV or with
exchange gas. The two options are to create a moving
stage able to carry a cryostat, or fix the cryostat and
create the movement inside. The latter is the only
option when a sample in a cryomagnet or pulsed
magnet has to be rotated to orient crystal directions
with respect to the beam and magnetic field. The
similarity with MX-MAD1 and MX-MAD2 should be
pointed out, where the present in-air setup (using
cold nitrogen gas streams) cannot be maintained with
the extension to low X-ray energies to reach the
sulphur and phosphorus edges. The challenge here for
the Upgrade Programme is to combine automatic
sample changing in a low X-ray absorption
environment also compatible with sample cryogenics. 

The other axis of cryogenic development is to gain
access to below 1 K temperatures. As the thermal
boundary resistance between sample and substrate
increases with decreasing temperature, it becomes
increasingly difficult to evacuate the heat deposited in
the sample by the X-ray photons. Methods must be
developed to perform efficient sample cooling at
temperatures below 1 K for the synchrotron radiation
environment.

One type of experiment demands the development of
a large-capacity 3He circulating cryostat able to reach
sub-1 K temperatures with high cooling power and
capable of routinely handling large mass apparatus
(such as DACs) and/or high beam powers (e.g. CDRs:
HIPRE, MAGSCAT, PMF) eventually in conjunction
with high pressure and magnetic field (e.g. CDRs:
MAGSCAT, NR-HE). On the other hand, the
development of synchrotron radiation-compatible
techniques using a dilution refrigerator will allow
access to temperatures below 100 mK for relatively
few experiments (e.g. CDRs: HIENE, NR-HE). The
challenges to overcome are the X-ray optical access
which needs to be small to minimise heating by
ambient radiation and the transfer of cooling power
to the sample. For high-energy nuclear resonance
experiments, the combination of mK cooling with
high pressure (200 kbar) has a high potential for
exciting scientific results.

• High temperature
A general trend for higher temperatures is evident in
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many of the Upgrade Programme’s scientific areas
(e.g. CDRs: EDXAS, EMS, EXAFS, HIENE, INELX,
MATSCI, NR-HE, NR-NSM, PHIXS, SMILE, XAS-
XES). At the same time, higher temperature furnaces
are required to cope with the diversification of
experimental techniques. Unlike neutron science,
where many experiments can be undertaken using a
single furnace geometry, different synchrotron
radiation techniques demand different geometries.
Radiation losses increase with the fourth power of the
temperature and thus large X-ray opening angles (e.g.
CDRs: INELX, PHIXS, XAS-XES) put even more
constraints on the structure, window material and
temperature difference between heater and sample.
The Upgrade Programme will address this challenge
and will aim to enable routine access to temperatures
greater than 1400°C using electrical heating for these
open configurations.

Other requirements for new high-temperature
furnaces within the Upgrade Programme are the
reduction in size and thermal inertia, relief of strain
from electrical leads, alternative heating mechanisms,
new inert materials and constructions to separate the
heater from the sample space coupled with control of
the sample atmosphere. High-temperature and
nanofocusing environments (e.g. CDRs: SMILE,
MATSCI) will require exceptional spatial stability to
maintain the beam pinned on the sample. This is
similar to the case of cryogenics, mentioned above.
Space around the furnace is needed for focusing
devices and detectors (see Figure 2.4.2). The
challenge lies in making these modular and flexible
furnaces available on a standard everyday basis using
resistive, microwave or inductive heating techniques.
The latter will allow metallic samples to be studied at
temperatures up to 3000°C. Samples heavily
interacting with their environment require the use of
a sample floater, which, in combination with a laser
heating system, permits temperatures up to 2500°C to
be reached in order to study ceramic materials at high
temperature. Laser heating can only be used for
smaller samples (less than a few mm3) compared with
electric heating.

2.4.4. Other developments

Optical techniques: spectroscopy and laser heating

Time-resolved techniques already use laser pumping
(see section 1.3.3 and chapter 2.3). Two further areas
have been identified that are required for the Upgrade
Programme:
• Multimodal complementary experiments using
UV/visible/IR and/or Raman (micro)spectroscopies as
complementary methods are increasingly required (e.g.
CDI, EDXAS, HIPRE, HISAXS, MINADIF, NR-
NSM, SMILE, XAS-XES). The experience gained
from the systems used, for example, on ID24 and the
MX beamlines, will be used to build spectroscopic
systems to be transported routinely to multiple
beamlines and combined with adapted sample
environments.
• Extension of laser heating, enabling higher
temperatures (between 1500°C and 3000°C), to more
beamlines (e.g. CDRs: EDXAS, EMS, INELX,
MATSCI, PHIXS).

Other developments: nanotechnology,
microfluidics, chemistry

Nanotechnology can help to integrate
complementary techniques around the crowded
sample space. The development of MEMS and NEMS
allows concepts such as “lab on a chip” to be
developed, whereby specifically functionalised
electromechanical nanodevices make it possible to
measure and control essential parameters of the
sample: temperature, pH, humidity, viscosity, etc.
Other sample environment developments required are:
• Microfluidics for soft condensed matter samples
allowing control of various parameters such as pH,
temperature, mixing, etc. (see section 1.1.3 for
examples).
• Chemistry/catalysis cells for following wet and dry
chemistry in situ at varying temperatures (from 150 K
to greater than 1000°C) and pressure
(see section 1.3.3 for more details and examples).

Figure 2.4.2: Catalysis furnace capable of
800°C, used for turbo-XAS fluorescence

experiments on the ID24 dispersive
beamline. It is less than 10 cm in size and
features a large X-ray opening angle and
temperature stability of 0.1°C. The very

small sample volume is physically
separated from the in vacuum heater to

reduce the reaction time. One of the
future developments in high temperatures

is to maintain this separation whilst
increasing the maximum temperature

to 1200°C.
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2.4.5. High magnetic fields

High magnetic fields are one of the most powerful
tools available to scientists for the study, modification
and control of the state of condensed matter (Herlach
and Miura, 2003). The magnetic field acts
independently on the orbit and spin of the particle.
These two degrees of freedom control the collective
properties of condensed matter through correlation
effects and the magnetic field can therefore be used
to change the balance of the correlation effects and
thus investigate and/or modify these properties. The
modification often leads to phase transitions, many of
which have already been identified in numerous
research laboratories dedicated to high magnetic
fields. The higher the field, the larger the number of
transitions to new fundamental states of matter that
can be observed. The most recent examples of new
effects driven by high magnetic fields are transitions
to a quantum critical point, field induced
superconductivity in quasi 1D-organic conductors,
and the interplay between magnetic and electric
properties in multiferroics. A prominent example for
quantum criticality, URu2Si2, has already been
described in section 1.4.2. Another system being
closely monitored for insights from X-ray experiments
is the quasi 1D-organic conductor λ-(BETS)2-FeCl4,
which displays changes of the macroscopic properties
in its low temperature ground state as the magnetic
field is increased. The zero-field antiferromagnetic
insulating phase is suppressed by application of a
magnetic field. The sample first becomes metallic and
eventually shows a superconducting phase, where the
external magnetic field compensates for the exchange
field of aligned Fe3+ ions. These two new phenomena
occur in the presence of external magnetic fields in
the range of 20 to 45 T and illustrate how the
magnetic field affects the charge or spin and orbital
degrees of freedom leading to novel states of matter.
The problems of interest in high magnetic fields are
not limited to correlated electron systems and cover a
large range of topics in contemporary condensed
matter physics, materials science, chemistry and even
biology. 

There is often a long delay between identifying a
macroscopic phase transition and understanding its
microscopic properties. Nearly all available
techniques for studies of materials in high magnetic
fields larger than 15 T are restricted to macroscopic
methods, such as magnetisation, transport and
thermodynamics, optical and microwave-based
spectroscopies. These cannot yield information on
the microscopic properties of the system, which are
vital when understanding the electronic interactions
that drive the phase transitions and their relation to
the static and dynamic structural properties of the
system. Over the last few decades, synchrotron
radiation techniques have matured into the most
suitable tools to provide access to these microscopic

properties as they directly probe the charge, spin and
orbital degrees of freedom (see chapter 1.4). The very
high brilliance, polarisation state and time structure
result in synchrotron X-rays being able to be used for
a large variety of cutting-edge spectroscopy and
scattering techniques to explore the aforementioned
effects in various complementary ways. In particular,
these techniques are the tools of choice to study the
structure, static and dynamics of the electronic and
magnetic properties at a microscopic level. Their shell
and element specificity renders these spectroscopies
even more attractive as a means to probe the
electronic and magnetic interactions, and to
understanding more thoroughly the mechanism that
governs the observed macroscopic properties.

The highest steady magnetic field currently available
for experiments at synchrotron radiation facilities is
only 15 T. This is in operation at Spring-8 (Japan).
A 13 T superconducting magnet for scattering
experiments is also available at the Advanced Photon
Source (APS) (USA), whilst the highest magnetic
field at the ESRF is provided by a 10 T
superconducting split-pair magnet. There is currently
a rapidly growing interest from the synchrotron
radiation user community in a facility that combines
X-ray absorption spectroscopy and X-ray scattering
experiments with higher magnetic fields. 

High magnetic fields beyond the superconducting
limit (at present ca. 18 T for solenoid magnets, and
15 T for split-pair magnets) can be generated by two
complementary techniques:

• Pulsed magnetic fields are generated by capacitive
discharge. The ultimate achievable field (including 
X-ray applications) lies in excess of 60 T, well beyond
the highest steady field available worldwide. First
prototype experiments have already been carried out at
the ESRF. The technique has the intrinsic disadvantage
of a very low duty cycle, limited by the cool-down
time of the load coil (e.g. one 30 T pulse of about
30 ms (FWHM) per 3 minutes) and is therefore only
useable for X-ray techniques yielding large signals.

• Steady (DC) magnetic fields up to 33 T and 45 T
can be achieved using purely resistive or resistive-
superconducting hybrid magnets, respectively. Steady
fields are needed for X-ray techniques that require
very good statistics (and thus long data collection
times), such as X-ray magnetic linear dichroism. This
is also the case for X-ray techniques that have
intrinsically low count rates, such as inelastic X-ray
spectroscopy and resonant and non-resonant
magnetic X-ray scattering. This need is underlined by
the fact that many systems of interest have strongly
quenched magnetic moments, and thus only very
small magnetic signals. An example of this can be
found in many of the heavy fermion systems that
undergo phase transitions of unknown nature.
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The strong interest in simultaneously developing
pulsed and steady (DC) high magnetic fields is
demonstrated by the sheer number of such projects
worldwide (see, for example, Committee on
Opportunities in High Magnetic Field Science, 2005).
The proposed 45 T steady high magnetic field
scattering facility in the USA is an example of this. It
will be built through a partnership between university
researchers, the Advanced Photon Source (APS) at
Argonne National Laboratory (ANL) and the
National High Magnetic Field Laboratory (NHMFL).
Pulsed magnetic field projects are under way both at
SPRING-8 and at the APS.

The ESRF Upgrade Programme creates a unique
opportunity to combine the state-of-the-art X-ray
techniques developed and perfected at the ESRF with
high magnetic fields in excess of 30 T. New science
will be enabled through the exploration of the
microscopic properties of novel states of matter. 

In the remainder of this section, the specific scientific
cases are introduced for pulsed and DC high
magnetic fields. The challenges in magnet design and
other technical aspects are then described. Organising
the pulsed and DC high magnetic field projects and
creating potential partnerships to do this are also
discussed. 

Pulsed magnetic fields

Any realistic theoretical model of a correlated
electron system in a high magnetic field must be
based on knowledge of the atomic arrangement
because the different interactions strongly depend on
it. The determination of the correct crystal structure
is thus a prerequisite for validating any model of the
ordered state and the underlying interactions. The
importance of such structural studies is further
reinforced by the observation of anomalies in the
ultrasound velocity and dilatometry at magnetic field
induced phase transitions.

X-ray scattering has, until very recently, only been
combined with moderate static magnetic fields,
despite the fact that it is the dominant method for the
determination of crystal structures. Within a relatively
simple setup that does not require movements of the
sample during data acquisition (except for improving
the powder average), it is possible to determine the
space group, lattice parameters, and angles, and to
estimate atomic positions within the unit cell. First
demonstration experiments on BM26 and ID20, in
collaboration with the Laboratoire National des
Champs Magnétiques Pulsés (LNCMP, France), have
been carried out with great success using a
stroboscopic method where an image plate detector is
exposed only near the maximum of the magnetic field
pulse. Significant improvements in the efficiency and

data quality of the experiment will be achieved by
replacing the detector by a 2D system with a frame
rate in the order of 1 kHz (see chapter 2.4).

An example can be found in the magnetisation
plateaus in low-dimensional S = 1/2 systems. The
magnetisation process of low-dimensional quantum
spin systems with spatial structures such as spin
ladders, exchange-alternating chains and dimers, are
new problems in magnetism and do not yet have a
theoretical grounding. For many of these systems, it
has been predicted that the magnetisation is not a
uniform function of the applied magnetic field, but
rather tends to form plateaus where the magnetisation
is quantised to a fractional number of the total
magnetisation. These plateaus have been observed in
the dimer chain compound NH4CuCl3 and in the 2D
highly frustrated spin dimer SrCu2(BO3)2 (Kageyama
et al., 1999). There is recent evidence to show a
discontinuous phase transition in SrCu2(BO3)2 from a
uniform magnetisation to a modulated superstructure
near 27 T, with a magnetisation plateau at 1/8 of the
full magnetisation. The possibility of a lattice
distortion at the plateaus is strongly supported by
ultrasound experiments, in which sharp softening of
the elastic constants is observed in high fields.

One of the questions that will be addressed in this
project is the nature and magnitude of the atomic
displacements occurring at the magnetisation plateaus
in 2D quantum spin systems like SrCu2(BO3)2 and
NH4CuCl3. These powder diffraction studies in
pulsed magnetic fields will make it possible to directly
determine the superstructure using resonant X-ray
scattering off single crystals in DC fields.

Two disadvantages intrinsic to powder diffraction also
favour the development of single crystal diffraction:
(a) the comparatively low signal-to-noise ratio does
not allow magnetic scattering to be detected and
(b) in powders, the magnetic field is applied along a
random direction, a significant inconvenience for
samples that exhibit strong magneto-crystalline
anisotropy and phase diagrams that depend on the
direction of the applied magnetic field. It is expected
that, in favourable cases, superlattice reflections will
be able to be studied directly due to magnetic or
orbital order using X-ray resonant scattering. The
K-edges of 3d transition metals, however, exhibit only
small resonances, and the resulting weak signals
require long data acquisition times, which can only be
undertaken with DC field installations, as described
below. 

Other X-ray techniques that may be combined with
pulsed magnetic fields include X-ray magnetic circular
dichroism (XMCD), and nuclear resonant forward
scattering (NRFS). First proof-of-principle
experiments have been carried out on ID24 and ID18,
respectively.



2. Technology and Engineering Challenges

135ESRF Science and Technology Programme 2008-2017

As demonstrated above, fields in the order of 30 T
have already been implemented at the ESRF, and
extending the technology up to ~50 T can be carried
out in a fairly straightforward manner. However, this
requires a larger generator, which can reasonably be
implemented only in a fixed installation on a
dedicated end station (see CDR PMF). Prototypes of
split-pair coils for magnetic fields up to 40 T, needed
for single crystal diffraction, are already under
development at the LNCMP. Both miniature coils for
stored energies in the kilojoule range and standard
coils for energies up to 1 MJ in straight solenoid and
split pair configurations need to be optimised for
synchrotron use. Specificities are increased life span
and faster cooling whilst problems of reliability and
stability have to be solved. Further development is
needed of X-ray compatible flow cryostats which are
insensitive to both magnetic field and variation of
magnetic field (which causes eddy currents and
consequential heating). Extending the temperature
range to below 1 K is also planned. In the longer
term, the development of miniature mechanically
clamped high-pressure cells would allow the
exploration of phase diagrams in all of the (p, B, T)
space.

The pulsed magnetic field activities at the ESRF could
become one aspect of the partnership between the
ESRF, ILL and the future European High Magnetic
Field laboratory (see below).

DC magnetic fields

Resistive or hybrid DC magnetic field systems are not
subject to the restrictive duty cycle intrinsic to pulsed
magnetic fields. This, in principle, makes it possible

to combine them with all X-ray techniques available
at the ESRF today – in particular, techniques with
very low count rates or small signal-to-noise ratios
that require the high brilliance and stability of the
ESRF and cannot be carried out elsewhere. 

Scientific goals include obtaining structural
information together with static and dynamic
electronic and magnetic information at a microscopic
level on diverse classes of materials. This covers a
wide range of topics in contemporary condensed
matter physics, materials science, chemistry and even
biology. Element and orbital selective information
provided by X-ray absorption spectroscopy and
scattering would be very helpful in unravelling the
role of each element in the magnetic interactions that
govern the macroscopic properties.

The major relevant scientific topics to study under
high magnetic fields are presented in Figure 2.4.3.
In all of these topics, the microscopic origin of the
observed macroscopic properties is not yet clearly
understood. For instance, the role of spin and orbital
paramagnetism on the reappearance of
superconductivity and on the physics of quantum
critical points needs to be further developed. In
metamagnetic and magneto-elastic transitions, the
behaviour of the orbital magnetism (which is
intimately coupled to the lattice) across those
transitions is poorly understood. The latter effects are
typically present in rare-earth or actinide-based
compounds exhibiting several distinct field-induced
magnetic phases. Magnetic fields as high as 30 T may
be required to reach their ferromagnetic ground state
(e.g. DyAg presents four distinct field-induced phases
below 40 T). The modification of the density of states
of phonons with high magnetic field via

Figure 2.4.3: Major
scientific topics relevant

to study under high
magnetic field.
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magnetostriction is a topic that has been completely
unexplored. Under high magnetic fields,
paramagnetic systems (e.g. Pauli and Van Vleck type)
will become measurable using X-ray absorption
techniques. This is particularly interesting for
superconductors in which huge diamagnetism
prevents the paramagnetic response being studied
using any standard method. X-ray absorption can be
highly useful in understanding the mechanism of
magnetic field-induced superconductivity. The role of
spin and orbital paramagnetism on the reappearance
of superconductivity and on the global physics of
quantum critical points can be elucidated. The atomic
orbital anapole moment that is directly related to
parity non-conserving interactions in magnetic
systems has recently been detected at the ESRF. The
influence of high magnetic field on the orbital
anapole is currently a new field of research that needs
to be explored.

An extremely important example that needs to be
considered for study, including all phenomena shown
in Figure 2.4.3, is the strong magnetoelectric coupling
in multiferroic crystals such as ReMn2O5 (where Re =
rare earth). These systems provide an unprecedented
opportunity to manipulate ferroelectric polarisation
using magnetic fields. From a technological point of
view, the mutual control of the electric and magnetic
properties is an extremely attractive concept for
spintronic applications. However, most investigations
to date have been limited to a rather low magnetic
field region. Recently, high magnetic field (B) versus
temperature phase diagrams of DyMn2O5 in magnetic
fields up to 45 T and temperatures below 50 K have
been determined from the dielectric constant,
pyroelectric, and magnetoelectric current
measurements using various magnets: superconducting
magnets up to 17 T, a DC resistive magnet up to
33 T, and a mid-pulse magnet up to 45 T. The phase
diagram reveals that at least four different kinds of
ferroelectric domains, which show strong temperature
and field history dependence, develop at low
temperatures below 40 K, and exhibit dramatic
evolution under B. For example, as B increases at 4 K,
ferroelectric polarisation shows successive flopping at
B = 2, 7 and 22 T, producing unprecedented large
changes of the dielectric constant of 5, 70 and 20%,
respectively (Kim et al., 2005). Such a complex phase
diagram was first interpreted in terms of strong spin-
lattice coupling that is linked to the exchange
interaction between Dy f and Mn d spins. Later on, it
was discovered that such large changes are associated
with an unusual commensurate-incommensurate
magnetic transition. This extraordinary effect appears
to originate from the high sensitivity of the
incommensurate state to external perturbation. It
seems that ferroelectricity appears to originate from
the competing magnetic interactions that cause
ferroelectric lattice modulation through
magnetoelastic coupling. 

The origin of the ferroelectricity in such novel
materials is still unknown. X-ray absorption
spectroscopy and X-ray scattering together will bring
new insight into the appearance of the different
ferroelectric phases under high magnetic fields.

The ESRF uses state-of-the-art X-ray spectroscopies
and scattering tools that allow the microscopic
properties to be probed under high magnetic fields of
matter. This should cover all major scientific research
areas cited above. The best suited X-ray-based
techniques that are compatible with DC high
magnetic fields are:

• X-ray magnetic circular dichroism (XMCD)
and X-ray magnetochiral dichroism (XMχχD). These
X-ray absorption spectroscopy techniques are directly
sensitive to the magnetism of the sample. They allow
the static spin and orbital magnetism, and orbital
anapole moment to be probed (respectively). 

• X-ray detected magnetic resonance (XDMR). This
technique was pioneered at the ESRF ID12 beamline
(Goulon et al., 2005) and allows the spin and orbital
magnetisation dynamics to be probed separately using
XMCD for samples excited under high power
microwave. For microwave frequencies in the
terahertz range, a high magnetic field is necessary to
satisfy the resonance condition. This would give
access to ferromagnetic and antiferromagnetic
resonance (AFMR) detected using XMCD. XMCD is
not sensitive to antiferromagnetism and therefore
XMCD detected AFMR is the best way of probing
the dynamics of the different sublattices in
antiferromagnetic systems.

• X-ray magnetic scattering (XMS). This technique is
used to probe the periodic long-range order of
magnetic moments and orbital multipoles directly.
The applied magnetic field may induce changes in the
sample such as the superstructure unit cell, or the
magnetic moment direction.

• Nuclear forward scattering (NFS). This technique
is sensitive to the magnetic exchange field and
quadrupolar order at the site of the Mößbauer
isotope, the latter via the electric field gradient.
Nuclear inelastic scattering (NIS) may be used to
examine the partial density of states as a function of
the applied magnetic field. 

• Inelastic X-ray scattering (IXS). This technique
allows the phonon dispersion to be studied in
condensed matter at momentum transfers, Q, and
energy transfers, E, characteristic of collective atom
motions. The determination of the phonon
dispersion, or more generally, of the high-frequency
(terahertz) collective dynamics, gives access to
various material properties such as sound velocities,
elastic constants, interatomic force constants,
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phonon–phonon interactions, phonon–electron
coupling, dynamic instabilities and relaxation
phenomena. 

• Magnetic Compton scattering (MCS). This
technique measures the spin polarised momentum
distribution of the sample. Comparing the integrated
spin signal to the total magnetisation allows the ratio
L/S of orbital to spin magnetisation to be determined,
e.g. in Sm, where several J-multiplets occur in close
proximity.

These are the most obvious examples that can be
highlighted. However, there is enormous potential for
growth beyond the fundamental physics of condensed
matter, including possible applications for the
synthesis of new materials, and implications in soft
matter and biology. The pulsed and DC magnetic
field projects will create a research programme at the
ESRF that brings together synchrotron radiation
techniques and European know-how in producing and
exploiting high magnetic fields and operating a high
magnetic field installation. The potential of this
unique opportunity was confirmed by leading
European and international researchers present at the
“Workshop on Synchrotron Applications of High
Magnetic Fields”, held at the ESRF in November
2006. 

Challenges, magnet design and technical aspects 

Combining synchrotron X-rays and DC high field
magnets is a new scientific field, but new
technological aspects linked to this field also have to
be taken into account. Creating such an installation
poses many challenges, which can be divided into
three main groups: 
a) Magnet design
b) Power infrastructure
c) X-ray beamline design and construction.

In the following, we briefly outline the problems and
possible approaches used in resolving them.

a) Magnet design

The design of resistive or even hybrid magnets for
X-ray applications is a completely new field and
requires extensive development work. First feasibility
studies are currently being carried out in collaboration
with the ILL and the GHMFL. The project team is
also in contact with HMI and NHMFL, which are
currently designing a 35 T horizontal field hybrid
magnet for neutron scattering.

It is proposed to implement two separate high
magnetic field stations, which will be dedicated to
polarisation-dependent X-ray absorption spectroscopy
and to X-ray scattering experiments. The two

magnetic field configurations will be optimised for
the X-ray experiments they are dedicated to:

1) The optimal configuration for X-ray absorption
spectroscopy is a solenoid magnet with a horizontal
magnetic field (Figure 2.4.4). On both sides, a wide
conical angle is necessary to insert a large detector for
experiments where the fluorescence signal is collected
in backscattering geometry and/or in transmission
geometry. This magnet will be designed to offer at
least 35 T with a horizontal bore of 34 mm parallel
to the field direction. It will be based on existing
24 MW/34 T resistive magnets with a 34 mm bore
diameter. X-ray magnetic circular dichroism (XMCD),
X-ray magnetochiral dichroism (XMχD) and
longitudinal detection of XDMR with terahertz
pumping would be the main experimental techniques. 

2) The optimal configuration for X-ray scattering
experiments is a split-coil type magnet with vertical
magnetic field (Figure 2.4.5). This magnet will be
designed to offer at least 30 T with a vertical bore of
34 mm parallel to the field direction, a split space of
20 mm in the horizontal direction and the largest
feasible optical access angle within the horizontal
plane. The possibility of a take-off angle of about 10°
is highly desirable in order to have access to as large a
reciprocal space as possible. This magnet needs to be
as flexible as possible regarding sample environment
and sample alignment. X-ray magnetic scattering
(XRMS) and inelastic X-ray scattering (IXS) will be
the main experimental techniques.

In the first stage, both magnets will be based on
resistive technology. At present, this technique offers
the best reliability and lifetime, and the technological
lowest risk of failure. Ultimately, in the longer term,
these resistive magnets could be inserted in a

Figure 2.4.4: Schematic view of a solenoid-type magnet.
The conical access for on-axis scattering experiments

provides additional hydraulic and mechanical constraints for
the design. Conical access on both sides (not represented in

the figure) will be considered in the design study. For a
given power, the study will aim at defining the loss of

magnetic field related to the conical access to the
magnetic centre.
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surrounding large bore superconducting magnet using
Nb3Sn cables. The resulting hybrid magnet would
offer a maximal field of about 8 T higher than that
produced by the resistive magnet alone. However,
hybrid (in particular series-connected) magnet
technology is still far from being fully developed, and
significant progress is needed before the additional
complication of X-ray compatibility can be envisaged.

The magnets cannot be installed inside the existing
experimental hall due to their size for the necessary
power requirement, cooling water connection and for
safety reasons. The “Vercors” extension

(see chapter 3.2) has been suggested as the proposed
location, which is optimally situated as far as sharing
parts of the infrastructure with similar installations at
the ILL is concerned.

Figure 2.4.6 shows the case of the spilt-coil magnet
with its associated environment. It can be noted that
the integration of such a magnet into a beamline
requires a special infrastructure design to
accommodate the magnet itself, the X-ray detection
system, electric and cooling pipes (from bottom and
top) and sample environment (top-loading insertion). 

b) Power infrastructure

The main technical challenge lies in the
implementation of a specific infrastructure capable of
delivering electrical power of about 40 MW on a
continuous basis and a corresponding cooling power
using a water intake from the nearby Drac river or
directly from the groundwater. The technical and
administrative feasibility of this infrastructure is
currently under study, in collaboration with the ILL
and a consortium of European high magnetic field
laboratories including the Grenoble High Magnetic
Field Laboratory (GHMFL – Grenoble, France), the
Laboratoire National des Champs Magnétiques Pulsés
(LNCMP – Toulouse, France), the High Field Magnet
Laboratory (HFML – Nijmegen, Netherlands) and the
Hochfeld-Magnetlabor Dresden (HLD – Dresden,
Germany). EU funding for this feasibility study has
been requested through FP7/ESRFI.

c) X-ray beamline design and construction

The High Magnetic Field station dedicated
specifically to X-ray absorption spectroscopies
(magnet design with a horizontal magnetic field, see

Figure 2.4.4) and to X-ray
scattering (magnet design
with a vertical magnetic
field, see Figures 2.4.5
and 2.4.6) will be installed
on beamlines ID08 and

Figure 2.4.5: Schematic view of a fully split pair magnet.
The volume of the sketched magnet could accept an

electrical power of 24 MW. A 32 MW magnet should be
larger. Such a high field split pair magnet has never been
built anywhere in the world. The pre-design study aims at
validating the concept of two half magnets that make up

the split pair magnet for diffraction studies. 

Figure 2.4.6: Schematic view of a fully split
magnet with its associated environment.

Attracting forces between the two halves of
the magnet will be transmitted to the coil
housing and must be looped in the ceiling
and down the pillars. External consultation
will be needed to determine the supporting

structure of the building. 
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ID06. In both cases, an experimental hutch must be
specifically designed to contain the magnet itself and
to allow enough space around the magnet to
accommodate the electrical and cooling system,
diffraction arm and detectors and sample holder
system. Those two beamline locations have been
chosen to be as near as possible to the power
infrastructure. Moreover, those two beamlines will
have an available surface of at least 100 m2.

In addition to the synchrotron-based research
program, a parallel development programme will be
launched to design specific detectors that are
insensitive to magnetic field and sample environments
adapted to such extreme conditions. 

Partnership and organisation

The 40 MW power assumed in these conceptual
studies represents about four times the power
currently consumed by the ESRF. It will therefore
represent a sharp increase in the electricity costs, even
if the High Magnetic Field (HMF) installation would
only operate for four to six months per year. The use
of DC magnetic fields is not only attractive for X-ray
investigations but also for neutron investigation. This
was emphasised during several workshops dedicated
to HMF research, organised by the NHMFL,
Tallahassee, APS, ILL, and the ESRF, etc. The high
construction and operational costs call for
investigating the possibility of a common High
Magnetic Field facility shared between the ESRF and
the ILL. This potential for collaboration emphasises
even further the positive impact installing such a
HMF facility will have on the ESRF and ILL site. The
proximity of the two institutes, makes it possible to
build this high field facility between the two sites, in
order to share the investment and running cost of
such installations. The main objective is to reach, in
continuous mode, fields over 30 T in special magnet
configurations, optimised for X-ray and neutron
experiments.

The aim is therefore to create a European Magnetic
Field Laboratory (EMFL) specialised in DC high
magnetic fields. It will also be open to pulsed-field
development, and should remain complementary to
the 100 T pulsed magnetic field project in Dresden
(Germany). The EMFL will bring together the
expertise of the different laboratories mentioned
above at the ESRF-ILL site and eventually the
expertise from other on-going projects such as the
25 T hybrid magnet project at the HMI (Berlin,
Germany). This is a strategic opportunity for Europe
to maintain its internationally competitive position,
especially in view of the similar projects being
planned in the USA (APS and SNS) and in Japan
(SPRING-8).

The EMFL could be a world-class high magnetic field
facility with a unique capability in performing
advanced neutron and X-ray investigations on the
effect of high DC magnetic fields on condensed
matter. This new facility would welcome all of the
international users seeking to perform neutron or 
X-ray experiments under high static magnetic fields.
A partnership has to be established with the major
European high magnetic field facilities (see above)
covering technical and scientific aspects, in order to
serve the European user community in an optimal
fashion. The possibility of including additional
partners, either from the high field community or
from the neutron/X-ray community, will be
considered. A specific organisational structure for the
new facility will be elaborated to give optimal access
to the best research proposals for high field scattering
experiments.

An EMFL facility combining the highest static
magnetic fields with a high-flux neutron, as well as a
high-flux synchrotron source and macroscopic and
local microscopic probes, would be absolutely unique
in the world and would have an enormous synergetic
influence on science in Europe.
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2.5. X-ray detector developments

Science context

Science at the ESRF and other synchrotron
radiation centres is being restricted by the
limitations of the detectors currently available. In
many cases, these limitations reduce the overall
efficiency of the experiment as they generate a
significant waste of the photons in the incident
beam. In other cases, the detectors are simply not
able to provide all of the information required
about the sample. In practice, both of these factors
occur at the same time and the shortcomings of
the detectors impose severe restrictions on the
experiments. Scientific results may then suffer.

Developing new X-ray detectors is compulsory if
the “detector handicap” is to be overcome and will
generate a high added value and substantial
progress in all scientific domains. The ESRF will
undertake the detector development programmes
in partnerships and collaborations. Furthermore,
the ESRF will seek to join ongoing projects. 

Added value of the Upgrade

As part of the Upgrade, the ESRF plans to put into
practice a comprehensive set of detector
programmes to enable new science. These cover
six key areas:
• High-sensitivity large-area detectors to improve
detection of micro- and nanodiffraction or ultra-
SAXS from biological or fragile matter such as
proteins and fibres.
• High efficiency sensors to improve detection
rates, especially for high-energy X-ray
experiments.
• Fast imaging cameras to enable the recording of
dynamic processes using techniques such as
ultrafast X-ray microtomography which require
fine time slicing in the sub-millisecond range and
large detection areas.
• Time-resolved hybrid pixel counting detectors
combining ultrafast, nanosecond, temporal
resolution with 2D recording to follow rapid
processes such as liquid crystal orientation
switching.
• Pixel detectors with extended dynamic range to
significantly enhance experiments such as SAXS
and grazing-angle diffraction where scattered
intensities vary over many orders of magnitude.
• Energy dispersive 2D detectors, for example, to

greatly speed certain spectroscopic measurements
and remove unwanted background from diffraction
experiments.

The first two areas will result in significant
improvements to existing detectors whilst the last
four areas are more concerned with future devices
with capabilities far superior to those that exist
currently. Novel detectors will be created using
combinations of these six developments.

Enabling technology and infrastructure

This chapter presents an overview of the types of
detectors that are required and outlines the central
lines of development made possible by the
Upgrade, along with examples that illustrate how
the scientific programme will benefit from advances
in this field. It addresses both how existing and
emerging detector technologies will be improved,
as well as different approaches that could be
employed to develop features not available in
current detectors. The implementation of the
Upgrade detector programme is also described,
alongside the detector programmes, suggestions for
collaborations, standards, software and integration.

Detector developments require significant long-
term investment and an in-house team of highly
skilled technicians and engineers. The Upgrade
Programme will reinforce the current ESRF
capabilities and expertise, particularly in the area
of microelectronics which is crucial for the
development of new detectors.

Partnerships

As detectors become more sophisticated, more
resources are required in order to develop more
advanced instruments. These complex projects
cannot be carried out by individual laboratories.
Furthermore, the “detector handicap” is common
to all synchrotron radiation facilities. The ESRF
detector strategy will be oriented towards
promoting or participating in on-going joint
development programmes, involving other
European synchrotron radiation facilities, detector
development laboratories and detector
manufacturers. This approach will also include
collaboration on a worldwide scale.
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2.5.1. Introduction: the detector
handicap

Detector performance is a limiting factor in most
synchrotron radiation experiments. Reduced
efficiency occurs when the totality of available
photons are not effectively used in the experiments,
indeed a significant fraction of them are simply
wasted. Samples may then be subjected to
unnecessary irradiation, which is a severe problem for
fragile, X-ray sensitive samples such as biological
material or experiments at very low temperatures.
Often the detectors lack some fundamental features
required by the experiments. These include the pixel
size and active area of the detector, its maximum
spatial, temporal or energy resolution, or its sensitivity
and dynamic range, which are not adapted to obtain
the information required from the probed sample. In
all cases, detector performance restricts experimental
possibilities and the quality and quantity of the
science produced at the ESRF are subsequently
affected in a negative way.

Current limitations can be illustrated by the example
of hydrogen in the multi-megabar regime near the
metallisation pressure. This is one of the main goals in
high-pressure research. Figure 2.5.1 illustrates the
diffraction pattern of hydrogen, which is dominated
by a huge background comprising a significant
component of Compton inelastic scattering from the

Figure 2.5.1: Diffraction from hydrogen at extreme pressure
recorded at ID09 at 85 GPa (upper curve). Only the three

main reflections of the hexagonal close packed (hcp)
structure are observed over the background in a pseudo
powder pattern after integration of a two-dimensional

image (inset). The diameter of the sample was 60 µm and it
becomes considerably smaller at 150 GPa, making it more

difficult to extract the useful diffraction signal from the
background. The study of metallic hydrogen will only be

possible with more advanced detectors than those
currently available.

Education

The development of detectors provides an
ideal opportunity to train the next generation
of skilled detector technicians and engineers
for the ESRF and elsewhere.

Industry and technology transfer

The area of detector development is ripe for
collaboration by putting the detector
development laboratories and manufacturers
into contact with the synchrotron
community.



diamond anvils (see section 1.3.4). The various super-
lattice structures cannot be determined directly using
current detectors because the very small signal is not
detectable or is buried in the background. A complete
study requires high-energy X-ray diffraction detectors
with large area, high uniformity and low noise, as well
as high spatial resolution and dynamic range. Energy
discrimination will reduce the background and
modulated structures will then be able to be
determined. Temporal resolution will allow dynamic
properties to be studied. An enhanced detector will
lead to a much better understanding of the properties
of highly compressed hydrogen, as well as hydrogen-
like quasi-crystals and super-lattices and other
crystallographically challenging materials such as
glasses and nanoparticles. These could be measured
up to very high momentum transfer, which is
currently not possible.

Any attempt at improving the “detector handicap”
should first look into the causes behind it. Producing
better X-ray detectors is very difficult technically;
current detectors are already very sophisticated
instruments and further improvements have to take
into account physical detection and technology
limits. Furthermore, the definition of target
specifications is a challenge in itself, as the diversity
of experiments makes it difficult to specify detectors
that satisfy several applications. Detector
requirements often change even for the same type of
experiment when the nature of the sample changes or
when the experimental technique evolves due to
improvements in methodology or beamline
instrumentation.

The rapid increase in the number of storage rings and
the advent of fourth-generation X-ray sources mean
that there will be enormous common benefit if the
development projects are coordinated through a
collaborative effort among facilities. A priority in the
medium and long term will therefore be to initiate
and support a common strategy on detectors at the
European level. A plan common to all participating
facilities should be elaborated and implemented in
collaboration with detector manufacturers and

development groups. A complete detector strategy
has to focus both on development as well as
considerations such as how detectors will be
customised to different applications, how they will be
produced and how support will be ensured. Some of
these considerations are presented in section 2.5.8,
which introduces more practical aspects of the
detector programme.

The subsequent sections in this chapter present the
development criteria that have been identified as
being central to the ESRF detector programme:
• High sensitivity large-area detectors
• High efficiency sensors
• Fast imaging cameras
• Time-resolved hybrid pixel counting detectors
• Pixel detectors with extended dynamic range 
• Energy dispersive 2D detectors.

The first two development criteria, presented in
sections 2.5.2 and 2.5.3, will significantly improve
existing detectors and extend their current
capabilities. The remaining sections 2.5.4 to 2.5.7 are
more future-oriented. Features will be implemented
on the detectors of the future that are currently not
possible on the two-dimensional detectors used today.
These include access to microsecond and nanosecond
time domains, a combination of spectroscopy and
high spatial resolution and the possibility of recording
signals with single photon sensitivity and extremely
strong diffraction peaks simultaneously in the same
image. This will influence the way many experiments
are conceived and performed today and open the
path to a completely new spectrum of scientific
possibilities.

The following sections introduce each development
criterion by presenting a few selected examples that
illustrate the scientific benefits that will be offered by
the future detectors. Some of the scientific examples
will also require improvements to detector features
other than those that they illustrate. This reinforces
how important it is to converge the different detector
capabilities into the same device, the ideal X-ray
detector.
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I1 High sensitivity CCD detectors
I2 Very fast imaging cameras
I3 High-resolution scintillators
P1 Diversification of hybrid pixel detector technology
P2 Small pixel hybrid detectors
P3 Pixel detectors with microsecond time resolution 
P4 APD-based pixelated detectors
P5 Pixel detectors with extended dynamic range
P6 High-Z semiconductor sensors
E1 Energy dispersive 2D detectors

Indirect detection

Hybrid pixel detectors

Energy-resolved detectors

Table 2.5.1. List of the detector development programmes.
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The development criteria of the first sections are the
basis for the definition of the development
programmes that are presented in section 2.5.8 (see
also Table 2.5.1). These fall into three groups of
indirect detection (I1–I3), hybrid pixel detectors
(P1–P6), and energy-resolved detectors (E1). Some of
the programmes aim at constructing full detector
systems, whereas others are limited to partial aspects
or components of detectors such as sensors or
technology that are relevant or challenging. These
challenging aspects will subsequently be integrated in
complete detectors. The final detectors will optimise
the different requirements of the target applications,
whilst taking into account the limits dictated by
technological and financial constraints.

2.5.2. High-sensitivity large-area
detectors

Many cutting-edge scattering experiments in a wide
range of synchrotron radiation applications require

large detection areas with high spatial resolution to be
combined with single-photon sensitivity. Examples
include micro- and nanodiffraction experiments
involving biological and soft matter specimens such as
single cells or fibres that are particularly sensitive to
X-ray irradiation. In these cases, the radiation damage
is severe due to the high photon flux density on the
sample. These new techniques will make it possible to
study natural crystals such as proteins that crystallise
spontaneously in vivo within the cramped
microenvironment of the cell (Coulibaly et al., 2007).
These crystals have a biological role that could be
investigated in situ on a beamline. Unfortunately, the
current generation of detectors cannot fully exploit
the extremely weak diffraction signals from such
crystals within their limited lifetime in the beam
(Figure 2.5.2). New detectors should provide single
photon sensitivity per pixel with negligible noise and
an active area large enough to collect the complete
diffraction pattern. Given the small size of the
incident beam and the crystal, a high spatial
resolution that matches the width of the diffraction
spots is necessary to extract the diffracted signal from
the background.

Figure 2.5.2: Top: Autofluorescence microscopy
shows natural protein microcrystals (encircled,
maximum size 20 µm) within living oocytes of

120 µm diameter. Bottom: Harvested cryo-vitrified
natural protein crystals (encircled) from which only a

few diffraction images can currently be recorded
before the sample gets damaged by the focused

beam. High sensitivity detectors will allow data sets
that are complete enough to provide structural

information to be collected.
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Another example of an experiment that requires large
detection areas with high spatial resolution and
single-photon sensitivity is ultra-small-angle X-ray
scattering (USAXS). In conjunction with SAXS, it can
be used for the non-destructive elucidation of
hierarchical structures, from the nanometre to
micrometre scale, in materials which are optically
opaque (see chapter 1.2). Developing this technique
critically depends on the availability of detectors. It
also requires high angular resolution, which is
primarily limited by the spatial resolution of the
detector, and high sensitivity and dynamic range as
the scattered intensity varies over many orders of
magnitude. One of the proposed developments within
the framework of the Upgrade Programme involves
combining USAXS and imaging techniques (see
chapter 1.2).

One of the outstanding developments in muscle
research using high brilliance X-ray sources is the
observation of interference fine structure in active
single fibre diffraction patterns (Linari et al., 2000).
This has made it possible to follow angstrom-scale
motion of the force generating myosin molecules
during muscle function, as well as to reproduce
structural kinetics. Further exploitation of interference
fine structure in single fibre muscle diffraction
depends on the availability of a detector that has both
high resolution and high sensitivity. These studies
involve X-ray scattering experiments with fine control
over the mechanical and biochemical states at the
single cell level (sarcomere) using demembranated
fibres. These experiments will provide answers to
many longstanding questions concerning the coupling
between biochemical reactions and structural changes
associated with force development in muscle. High
detector sensitivity is crucial because the single fibre
diffracts weakly and is susceptible to radiation
damage. Time resolution capabilities are also required
as the structural changes occur on millisecond and
sub-millisecond timescales.

Detector technology

CCD-based detectors and the emerging hybrid pixel
technology are the two main choices at the present
time for the construction of large-area detectors with
very high sensitivity. 

The large majority of two-dimensional detectors used
at synchrotron radiation facilities are based on CCD
technology. More than 90% of the area detectors
used at the ESRF employ this technology; the ESRF’s
own FReLoN camera is a good example of this. The
best combination of high sensitivity and dynamic
range and large active area is obtained with detectors
that use fibre optic coupling to transfer the light
pattern from a phosphor screen to the CCD. This
technology is already very advanced, although there

is a continuous evolution in the quality of CCD
sensors and substantial progress is being made in
features like quantum efficiency, pixel well capacity
and active area. The larger sensor area allows the
highest coupling efficiency to be maintained.
However, this high efficiency is compromised by a
trade-off with the stopping power of the conversion
phosphor for the sake of higher spatial resolution
(Phillips et al., 2002). The high quantum efficiency in
recent devices is a contributing factor when reaching
the point whereby the resulting detector sensitivity
permits discrimination at the single photon level
above the noise floor. The characteristics and
robustness of CCD detectors ensure that they will
continue to be used in synchrotron radiation research
for many years to come.

Hybrid pixel detectors are devices that combine the
high quality of sensors made of high resistivity
(mainly silicon) semiconductors, with a readout
scheme in which every pixel has its own processing
electronics channel. This massively parallel processing
and readout is made possible by the availability of
highly integrated specific microelectronic circuits.
The readout integrated circuits are bonded at the
back of the pixelated sensors with an individual
connection per pixel. Most current detectors designed
for synchrotron radiation and imaging applications
like PILATUS, XPAD and MEDIPIX, have energy
discrimination capabilities and operate in photon
counting mode. These detectors therefore provide
negligible noise and, subsequently, a very large
dynamic range.

These features make pixel detectors highly attractive
for a large range of scattering experiments and their
use will most probably become widespread in the
future (Broennimann et al., 2006). There are, however,
features of the current detectors that have not been
assessed in their totality. Radiation hardness is, for
example, a crucial characteristic that may mean that
they are less used in experiments in which the
detector receives high irradiation doses. Reducing the
pixel size and the number of defective pixels limiting
the dead areas to a minimum are also important
improvements that must be addressed in future
developments. The sensors and the readout scheme
implemented in current counting pixel detectors have
intrinsic limitations such as poor energy resolution or
their restriction to relatively low intensities due to the
counting mode operation. The development of
improved sensors and readout architectures will
overcome some of those limitations (see sections 2.5.5
to 2.5.7).

The detector programmes foreseen in section 2.5.8
study the development of large area detectors based
on both CCD (I1) and hybrid pixel technology (P2).
Both address the same applications but are
complementary to each other due to their differing
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levels of technological advancement. In the medium
term, they should therefore be developed in parallel.
CCD cameras can be designed and built in a
relatively short time with moderate resources. The
developments will focus on devices with higher
sensitivity and smaller pixel size than current cameras.
Hybrid pixel detectors, on the other hand, even if not
yet well established, offer exciting new features and
an enormous potential. Therefore, a specific
development programme (P1) is envisaged to
encourage the development and diversification of
hybrid pixel technology.

2.5.3. High-efficiency sensors

Detector efficiency is a crucial parameter in any
synchrotron radiation experiment. As introduced in
section 2.5.1, any significant reduction in the
efficiency of the detector is equivalent to an effective
waste of photons. Experiments that are photon-
limited require nearly 100% detection efficiency. This
limits the choice of the detector and therefore the
experimental possibilities. The use of position-
sensitive detectors with single-photon sensitivity has,
for example, proven to be extremely useful in
enhancing the energy resolution in studies of low-
energy electronic excitations with high-resolution
inelastic X-ray scattering techniques (Huotari et al.,
2005). Pixel detectors operating in photon counting

mode are excellent for this application. However,
currently available sensors based on silicon are only
fully efficient up to roughly 10 keV. To make this
type of detector suitable for phonon and vibrational
spectroscopy (see section 1.4.3 and Figure 2.5.3), the
detector has to guarantee nearly 100% efficiency up
to typically 30 keV.

Higher detector efficiency is also fundamental when
extending the high-energy microdiffraction
capabilities into the small angle region in order to
obtain information about the long range order in
nanoparticle arrays or superlattices. These efforts are
described in section 1.3.5 and require special 2D
detectors to be developed for high-energy
SAXS/GISAXS. The detectors should demonstrate
improved efficiency for detection of hard X-rays
without any loss in spatial resolution. Furthermore, at
high energy, the Ewald sphere becomes almost flat
and, with the proper detector, the reciprocal space
can be sampled without detector or sample
movements. This will enable, for example, many
truncation rods to be measured simultaneously and
structural changes could be analysed on the sub-
second timescale.

Nuclear resonance scattering is another example of
when detector efficiency is crucial. Experiments rely
on Mössbauer isotopes which have transition energies
ranging up to the 100 keV regime. Nickel (Mössbauer
isotope 61Ni at 67 keV), is, for example, one of the

Figure 2.5.3: 2D detectors were found to be extremely useful in inelastic
X-ray scattering applications. The prism-like dispersive properties of diced
analyser crystals can be fully taken into account by recording the position

of the X-ray arriving at the detector within the rectangular focus, and
enhancing the final energy resolution by an order of magnitude. Hybrid
pixel detectors are excellent candidates for this application but have to

provide nearly 100% efficiency up to 30 keV. More efficient sensors than
the silicon diodes currently used are therefore required.
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most interesting metal elements for functional
biology. Some other important isotopes are found in
elements such as Nd, Gd, Er, Yb, Np, Sb, Ge with
applications to correlated electron systems and for
nanoscale materials (see section 1.4.2). In these
applications, single-photon counting detectors with
high efficiency are mandatory.

As far as biological material is concerned, the
radiation induced sample damage can be mitigated by
improving the detector efficiency and also by
performing the experiments at higher photon
energies. Individual cells and clusters can, for
example, be imaged using phase contrast tomography
in the hard X-ray regime to reduce absorbed dose
(Cloetens et al., 2006) as the optimum signal-to-dose
ratio is obtained around 50 keV for low atomic
weight elements. This would be an excellent
alternative to histology studies of biological tissues
that are usually based on a combination of optical or
electron microscopy of slices and the results from
adjacent sections. Working at high energies is
challenging because not only does the efficiency have
to be good, in order not to lose what has been gained
in reducing dose, but also because a radically
improved spatial resolution is required to obtain high
quality images.

Sensor technology

Advancing detection efficiency goes hand-in-hand
with improving the sensor element that converts the
incident X-ray photons into a more easily measurable
quantity. In most practical cases, this equates to either
electrical charges or visible light. A compromise has
to be found between the thickness of the sensor layer
and the lateral spatial resolution of the device as far as
position-sensitive detectors are concerned. When
dealing with X-rays of moderate energy (below
20 keV) and not very high spatial resolution (a few
tens of micrometres), it is usually possible to find
appropriate materials that provide efficiencies
approaching 100%. At higher energies, the situation
changes drastically as the sensor absorption drops.
Increasing the sensor thickness is not a viable
solution: the spatial resolution deteriorates and the
collection efficiency (of light or charges) degrades.
A similar problem arises with low and medium energy
applications aiming for very high spatial resolution at
the micrometre or sub-micrometre level. These
detectors have to be built around very thin sensors,
usually thin film scintillation screens with limited
absorption efficiency.

It is therefore not surprising that experiments at high
energies or those aiming for high spatial resolution
are currently carried out at the ESRF with detectors
that provide quantum efficiencies of only a few
percent, and, in some extreme cases, that fall well

below 1%. In such conditions, even small absolute
improvements in the detector create a substantial
increase in the overall efficiency of the experiment.

The sensors foreseen for development within the
Upgrade Programme are of two types: high-resolution
scintillating screens and semiconductor sensors built
on high-Z materials. There is considerable work in
progress for applications such as high-energy physics,
astronomy, or medical imaging with different
materials such as GaAs, CdTe or CdZnTe where
semiconductor sensors are concerned. The
requirements of scintillators with micrometre and
submicrometre spatial resolution are very much
specific to synchrotron radiation experiments.
The significant improvements achieved in this field
over the last 10 years are principally attributable to
the leading role played by the ESRF (Martin and
Koch, 2006). 

Two independent programmes will be launched to
develop the areas that have been identified: one on
high-resolution scintillators for indirect detection
detectors (I3) and another on high-Z semiconductor
sensors for hybrid pixel detectors (P6).
The development of more efficient sensors is to be
coordinated with advances in different areas of
material research. This is a field in which progress is
slow and difficult. It is therefore not possible to define
at this point specific targets for the overall
programmes. However, the partial goals of the
individual projects that will make up the development
programmes will be defined during their preparation
phase. 

2.5.4. Fast imaging cameras

Developing very fast X-ray cameras with adequate
sensitivity increases the current limits of imaging
techniques applied to the study of dynamic processes.
An example of this can be found in the understanding
of dry and wet granular materials. Over the past
decade, there has been a growing interest in their
fundamental physics as these systems serve as a
paradigm for the investigation of fundamental
problems of non-equilibrium dynamics (i.e. glasses).
Theoretical models relating microscopic aspects to
macroscopic properties have been tested on 2D
systems by means of visible light imaging and
microscopy or by only studying the first layers and
not the bulk. Ultrafast X-ray microtomography
described in sections 1.3.2 and 2.2.2 and “flying-path”
imaging are unique tools in studying dynamics and
phase transitions in granular materials (Figure 2.5.4)
since they can provide direct information on the 3D
structure of the granulate during shear, agitation, etc.
with millisecond time resolution (Herminghaus,
2005).
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The study of phase transitions and kinetics in
colloidal systems is another interesting area that will
benefit from faster imaging. This subject has been
widely studied in real space over the last few years
using confocal microscopy (Aarts et al., 2004). The
limited time resolution of this technique has restricted
its use to two-dimensional imaging of sections of the
sample. High-speed high-resolution phase contrast
imaging is a promising technique for studying crystal-
glass transitions induced by temperature change,
shear forces, etc., in three dimensions and with a very
high temporal resolution.

Fast high-energy imaging detectors will also enable
functional physiological 3D imaging studies of small
animals using contrast agents such as iodine, xenon
and gadolinium. The whole volume of the organ will
be imaged in 0.1 to 1.0 seconds with a spatial
resolution of the order of 10 µm (see section 1.5.2).

Detector technology

Most of the imaging applications make use of indirect
detection schemes whereby a phosphor screen
converts the X-ray image into a visible pattern that is
recorded by a CCD sensor. The use of integrating
detectors is mandatory as the photon flux is usually
quite high. This configuration allows detectors to be
built with small pixels, which is usually required by

this kind of application. In practice, the spatial
resolution is limited by the phosphor and the
effective pixel size can be adjusted over a rather wide
range by using the appropriate optical coupling. The
use of directly illuminated CCDs or pixel detectors is,
in general, not appropriate due to their reduced
tolerance to irradiation (Renzi et al., 2002) and the
lack of flexibility in the choice of pixel size.

The fastest 2D X-ray cameras used on our beamlines
allow dynamic changes in the few millisecond range
to be imaged. Full tomographic data sets consisting of
a few hundred images can be collected in slightly less
than 1 second. Recent fast cameras and components
developed for other scientific and military imaging
applications will be very useful in building X-ray
detectors that go beyond those limits. Specific
developments will be required in order to produce
detectors with the highest performance.

Despite the fact that CCDs remain the reference
sensors for scientific imaging, CMOS active pixel
sensors are potentially interesting candidates for very
fast imaging detectors. This is as a result of the
particular features that this technology offers, like an
electronic shutter or selected readout of regions of
interest at higher speeds. The use of adequate
phosphor screens with a short response time and
correct matching with the optical sensor is also
important. 

The programme on fast cameras (I2) aims to produce
detectors able to record long series of 2D images at
several thousands of frames per second with sufficient
sensitivity to be used in imaging applications at the
ESRF. The typical image size in these applications is
1000 x 1000 pixels with a minimum dynamic range of
10 bits. The required sensitivity is very much
determined by the specific applications as it strongly
depends on the intensity collected by the detector, as
well as on the characteristics of the phosphor and
optics that are linked to the spatial resolution.

2.5.5. Time-resolved hybrid pixel
counting detectors

Detectors currently offer the choice of either very
high temporal resolution (e.g. APDs) or a large
detection area with high spatial resolution (e.g.
CCDs). Hybrid pixel detectors have begun to
simultaneously offer both of these features. A 2D
detector with nano- or microsecond resolution would
result from an extrapolation of the technology.
Immediate gain could be obtained in pump-and-probe
experiments by extending the current accessible time
domain towards shorter times and higher frame rates.
This will replace the very inefficient stroboscopic

Figure 2.5.4: Tomographic sections of glass beads (upper
panel) and sand (lower panel) as a function of the liquid

content. Mechanical properties are determined by a random
network of capillary bridges formed between adjacent

grains, exerting attractive forces upon them by virtue of the
surface tension of the liquid. This effect governs the static

and dynamic properties of hill slopes (landslides), the
physics of mixing and agglomeration in food processing and

pharmaceutical preparation. Up until now, X-ray
tomography has been performed on static or slowly

evolving granular systems. Shorter data collection times
allowed by faster detectors will make it possible to access

the dynamics in the millisecond timescale.
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method (see chapter 2.3) and make many new and
exciting scientific opportunities possible. Examples
include molecular and reaction dynamics investigated
by diffraction experiments such as those described in
section 1.3.3. A nanosecond-resolving detector, which
could follow the entire cycle after one laser pump
flash and many (probe) X-ray flashes would be the
most exciting feature of this new technology. The
entire reaction would then be “filmed” in real-time.

Another very interesting case to be studied is
magnetisation dynamics. This has again become a
challenge due to emerging new phenomena in low
dimensional systems. X-ray techniques such as
XMCD, magnetic scattering, and NRS make it
possible to study those magnetic properties and their
dynamics with unprecedented sensitivity (see also
section 1.4.2). A scanning experiment with a 0D
detector with nanosecond resolution has shown how
nuclear small angle scattering can provide information
on the coarsening of antiferromagnetic domains
driven by a spin-flip transition induced by small
external magnetic fields. A 2D detector would catch
the entire momentum space whilst being able to
resolve magnetisation dynamics down to the
nanosecond scale (Figure 2.5.5). This will allow
pump-and-probe experiments with sub-nanosecond
magnetic pulses to be carried out. The hard X-ray
regime not only makes surface phenomena accessible
but also buried objects, i.e. bulk sensitivity is available.
The gain in efficiency with a fast 2D detector for bulk
experiments would mean that the time needed for
data collection would be significantly reduced for
those experiments that currently take many days to
complete.

The time window for rapid kinetics in soft condensed
matter and biological systems is typically in the range
of the micro- and submicrosecond. However, in many
cases, the complex free energy landscape of these
systems restricts the precise synchronisation of kinetic
events and prevents the application of stroboscopic
techniques. Therefore, real-time measurements are
essential in addition to stroboscopic methods for
unravelling fast processes in these complex systems.
Examples that can be studied by small and wide-angle
X-ray scattering include early stages of protein
folding, amphiphilic self-assembly, orientational
switching in liquid crystals, rapid nucleation and
growth kinetics and polymer processing under
industrial conditions (e.g. see sections 1.2.3, 1.2.4,
1.4.2). These experiments will require a high
efficiency photon counting 2D detector with
submicrosecond time resolution.

The same is true in the case of probing fast
equilibrium dynamics using XPCS with two-
dimensional detectors. Examples include magneto-
hydrodynamics in ferrofluids, many-body interactions
in charge stabilised suspensions, microrheology by

nanoparticle tracer diffusion and surface diffusion and
viscoelasticity of soft-matter thin films. In the case of
XPCS with strongly scattering samples, the
availability of detector systems with nanosecond time
resolution would push the present limit down by
nearly six orders of magnitude.

Other fields that will benefit from time-resolved
detection are studies with high pulsed magnetic fields
that can currently reach values of 30 to 50 T (Frings et
al., 2006). The typical pulse duration is about 5 ms in
large installations or in the sub-millisecond regime
when using mini-coils. Fundamental science gives rise
to challenging topics such as quantum correlation
effects in condensed matter (see section 1.4.2) and
further applications such as exothermic solid state
chemical reactions and online topography of the
formation of metal foams. A fast area detector with
microsecond resolution would allow the scattered
intensity to be monitored as a function of the field
value. In a feasibility experiment with a 25 T mini-coil
with 0.5 ms pulse width, time-resolved nuclear

Figure 2.5.5: NRS off-specular ω-scans with fast 0D APD
detector. Reflected intensity vs. scattering vector component

qx of a MgO (001)/[57Fe(26 Å)/Cr(13 Å)]20 multilayer at
the antiferromagnetic Bragg-reflection. The crystallographic

(A) and magnetic (B-D) structures (domains) have been
deduced during a magnetically imposed spin-flip transition

(Nagy et al., 2002). A 2D detector with nanosecond
resolution would permit the entire momentum space to be

probed simultaneously.
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forward scattering spectra have been collected over
the entire pulse width with a fast APD detector
(∆t ≈ 0.8 ns). A time-resolved 2D detector will make
the entire diffraction spectrum accessible, allowing
structural, electrical, or magnetic changes to be
studied in real time.

Detector technology

Most ongoing development projects on 2D hybrid
pixel detectors for X-ray detection process the
incident radiation impinging at each pixel on a
photon-by-photon basis (see section 2.5.2). The
detector includes an electronic shutter and every pixel
integrates a digital counter that is incremented each
time a photon hits that pixel. In the case of time-
resolved applications, it is possible to accumulate data
in microsecond timeframes by properly controlling
the shutter signal. The time resolution is ultimately
limited by the time required to process every
individual photon, i.e. at least a few hundreds of
nanoseconds. This is an indirect consequence of the
use of sensors based on PIN silicon diode structures.

In a pump-and-probe experiment, only one frame can
be acquired during a full repetition cycle with the
current architectures and readout schemes. This very
low duty cycle results in extremely inefficient
experiments, especially if the ultimate microsecond
time resolution is pursued. The limitations of the
existing designs, both in terms of efficiency and time
resolution, could be solved by using new detectors
specifically developed for applications that target
resolution in the sub-millisecond range.

The efficiency of the experiment could be drastically
improved by implementing readout schemes that
allow as many frames as possible to be accumulated
during the same data acquisition cycle. The multiple
frame accumulation could be implemented either in
the pixel, by integrating a large number of counters,
or in external histogramming units if the information
on every single photon event is tagged and
transmitted to the back-end electronics. The limit in
time resolution can be pushed to the nanosecond
range by using sensors more sensitive than PIN
diodes, like avalanche photodiodes (APD). The
enhanced sensitivity due to the avalanche
multiplication process makes it possible to use higher
speed electronics and therefore reach nanosecond
time resolutions. Moreover, for the same reasons,
pixel detectors built with avalanche photodiodes
would accept photon counting rates two orders of
magnitude higher.

Two programmes are foreseen aiming to develop
detectors with time resolution capabilities, these are
described in section 2.5.8. The first programme (P3)
will be a direct evolution of current counting pixel

detectors but with an improved data readout
architecture to fully exploit their intrinsic
microsecond time resolution.

For multi-frame storage, the detector would produce
as many frames per acquisition cycle as counters or
registers implemented in the pixel, ideally more than
100. In the case of event-by-event readout, an
ambitious goal is to process up to 1010 photons per
second.

The second programme (P4) will develop hybrid pixel
detectors using APD arrays as sensor layers. These
detectors will provide time resolution close to or
below 1 nanosecond but their development will be
much more challenging. They will require very fast
readout electronics and a significant effort in research
and development in order to produce large area APD
sensors. Both readout architectures will be studied in
this case.

2.5.6. Pixel detectors with extended
dynamic range 

SAXS experiments have very demanding requirements
for dynamic range. The scattered intensity can vary
up to four orders of magnitude for each decade in
scattering vector (Porod law). Combined SAXS and
USAXS cover more than three orders of magnitude in
scattering wave vector. A typical example requiring
detectors with very high spatial resolution and
dynamic range is the line shape analysis of Bragg
peaks from quasi-ordered soft matter (e.g. lipid
membranes). In this case, Bragg peaks follow power-
law decay that can be used to investigate undulation
properties of membranes and derive the
corresponding elastic moduli. In electrostatically
stabilised lipid membranes and block copolymer
lamellar phases, the Bragg peaks are extremely sharp,
which limit the line-shape analysis by the detector
resolution and dynamic range. Moreover, these
samples are sensitive to radiation, and so high-
resolution scanning analysers are not suitable for
these studies. More complex systems involving these
lipid membranes with encapsulated guest
biomolecules (e.g. systems used in bio- and
nanotechnologies) would have additional peaks
appearing, due to the ordering of these intercalated
molecules, as weak features next to the strong Bragg
peak of the membrane. Resolving these faint peaks is
critical in understanding these self-assembled
structures. A similar detector requirement also arises
in line shape analysis of Bragg peaks of photonic
crystals. In this case, the underlying questions involve
long-range periodic order, crystalline disorder, etc.

Another example can be found in the study of small
structural distortions in systems such as piezoelectric
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and ferroelectric materials. These distortions are the
key to understanding and controlling the properties
of that wide range of materials. They often arise
during a phase transition upon cooling from higher
temperature and are associated with a change in
physical properties. Despite the intense interest, the
precise arrangement of these small distortions in
many technologically important materials remains a
matter of debate. Structurally determining these
materials with sufficient accuracy would allow
competing theoretical models to be distinguished in a
number of systems. A key challenge when studying
these small distortions is that the information is
contained in superstructure peaks, whose diffracted
intensities are very weak in comparison to those from
the average structure. New two-dimensional
detectors, able to record the whole diffraction pattern
with sufficient accuracy, should provide a dynamic
range that goes beyond what is currently achievable.

Using good single crystals, grazing X-ray diffraction
experiments have to cope with diffracted intensities
that range from a few real counts up to 1012 photons/s
at the Bragg peaks. This is illustrated in Figure 2.5.6,
which shows a diffracted intensity map from 10
monolayers of nickel deposited on top of a Pt (001)
substrate. Much weaker features coming from
different structures of the Ni coating can also be
distinguished and are identified by arrows in the

figure. The use of filters was required to attenuate the
strongest peaks. It took about two hours to record the
full data set, but it has been demonstrated how the
measurement time can be drastically reduced by using
two-dimensional detectors (Schlepuetz et al., 2005).
Detectors with extended dynamic range will allow
complete measurements to be performed with the full
incident beam and the reciprocal space to be explored
by continuous motion scans in shorter times. This will
make it possible to study dynamic processes at
timescales not currently accessible.

Detector technology

As shown in section 2.5.2, progress of hybrid pixel
technology has helped to develop two-dimensional
photon counting detectors particularly suitable for
scattering experiments. These detectors combine
many of the useful features of gas filled detectors and
CCD cameras. In parallel, they overcome some of
their limitations. The dynamic range of hybrid pixel
counting detectors is very large because they provide
single photon sensitivity and can be operated with
nearly zero noise. However, the effective maximum
counting rate per pixel is limited to about 106 photons
per second, which is not sufficient in experiments
with strongly scattering samples. It would be possible
to overcome such limitations with detectors able to
operate in integration mode in which the sensitivity
could be adjusted pixel by pixel. Several schemes can
be considered including implementing variable gain,
variable integration time or using “counting-

Figure 2.5.6: Reciprocal space map of diffracted intensity
from ten monolayers of Ni on a Pt (001) substrate

illuminated by grazing incidence X-rays. The integrated
intensity of the Pt (011) peak is about 1011 photons per
second while the crystal truncation rod along the K=1

direction is only a few orders of magnitude weaker. Both
features are shown in grey in the figure, as they are above

the maximum of the logarithmic colour scale. The data were
obtained by scanning a 0D counting detector. The scan

lasted about two hours and required variable beam
attenuation to avoid the saturation of the detector. The full

data could be recorded in seconds with a 2D detector
covering ten decades of intensity variation.

Figure 2.5.7: Test results of the CIX readout chip for X-ray
pixel detectors (Kraft et al., 2007). Every pixel is designed to
operate simultaneously in photon counting (red) and charge

integration (blue) modes. The figure shows the pixel
response when the input signal is simulated by 2 fC pulses.

In case of random photon arrival, the integration mode
would extend the usable dynamic range of the detector by
about two orders of magnitude with respect to the simple

counting mode.
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integration” mixed modes (Figure 2.5.7). This type of
detector will provide an unprecedented dynamic
range that will allow the high brilliance of the
synchrotron radiation beams to be exploited.

The programme P5 aims to develop 2D detectors that
will provide an exceptional overall dynamic range by
setting independent sensitivity values for each pixel.
Ideally those detectors should be able to detect
individual photons in part of the detection area at the
same time as measuring very strong diffracted beams
(of up to ~1012 photons/s over a few pixels) in other
regions. It is not expected that such highly advanced
technology will be achievable during this programme;
substantial progress in this area will, nonetheless, be
extremely useful.

2.5.7. Energy dispersive 2D detectors

Two-dimensional detectors with energy resolution of
a few tens of electronvolts will have a tremendous
impact on how experiments are implemented in the
future. They will enable, for instance, high-resolution
spectroscopy at high energies without a scanning
analyser. Three-dimensional electron momentum
distribution studies will be done in a fraction of an
hour instead of days(s) with three times better
resolution. The increase in the resolution for
magnetic momentum density studies would be
enormous: a factor of twenty. This gain in resolution
will mean that Fermi features can be studied and spin
polarisation of the bands can be determined, yielding
new research possibilities, for example, on spintronics
materials.

The energy discrimination with high dynamic range
will also enable complex structures such as
quasicrystals and super lattice structures to be studied.
The coherent signal of interest is buried in the
inelastic background, which can be enormous, as
shown in the hydrogen example in the introduction to
this chapter. The energy resolution has to be very
good in order to remove this inelastic contribution
since the Compton shift is rather small under the
desired momentum transfer regime (see Figure 2.5.8).
Compton scattering is also a real problem in the
studies of crystallographically challenged materials,
liquids, glasses and nanoparticles. For example, in
experiments on laser excited liquids (see section 1.4.3),
the signal disappears in a large background around
8 Å-1. If this background could be discriminated, the
signal-to-noise ratio would be improved by a factor of
2.7 in methanol and coherent signal could be detected
further in reciprocal space. This would yield better
resolution in real space and higher discriminating
power. This gain can be illustrated by the fact that
eight times longer undulators would be needed to
obtain an equivalent improvement.

Most novel macromolecular structures are currently
solved nowadays by the use of single- or multiple-
wavelength anomalous scattering (SAD/MAD). These
techniques rely on the measurement of small intensity
differences between Bijvoet related reflections, which
can be attributed to a subset of artificially introduced
atoms within the macromolecule. The increased
fluorescence and resonant Raman background
together with Compton background compromises the
measurement of small intensity differences. This often
cannot be compensated for by increased exposure, as
biological samples have a very limited lifetime in the
beam. Energy dispersive detectors could have a great
impact in macromolecular crystallography by
eliminating the contributions of X-ray fluorescence
and Compton scattering from the collected signal.

Detector technology

An energy dispersive 2D detector for spectroscopic
applications with synchrotron radiation should
combine an array of sensor elements with a fully
parallel readout. Energy resolution should be below
1% while every readout channel accepts count rates
close to 106 photons/s. Recent developments of
monolithic sensors designed for spectroscopy
applications like pnCCD or DEPFET arrays, have
allowed X-ray detectors to be constructed that come
close to the intrinsic limiting energy resolution of
silicon (Velthuis et al., 2006). Progress has been made
in the maximum count rates and those detectors could
prove very interesting for synchrotron radiation
applications.

Figure 2.5.8: The Compton shift (upper panel) is very small
at low momentum transfer which sets high requirements for

the energy resolution of the detector. The inelastic/elastic
scattering ratio (lower panel) shows how important it is to

cut the background especially in the case of low atomic
weight materials. Suppressing the Compton background is

challenging as it requires energy discrimination well
below 100 eV.
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Cryogenic detectors are another family of
technologies that has the capability to push the
energy resolution down to several tens of
electronvolts. Intensive work is ongoing to reduce the
response time of those detectors and make them able
to operate at high photon count rates (Fiedrich, 2006).
The possibility of making 2D arrays with a large
number of pixels is challenging and needs substantial
research work but should not be overlooked by the
synchrotron radiation detector community.

The detector programme E1 will evaluate the
potential of emerging technologies such as tunnel
junctions, microcalorimeters or DEPFET arrays to
produce usable energy dispersive 2D detectors for
synchrotron radiation experiments. The programme
may envisage developing prototypes not only for
evaluation but for routine use on beamlines.

2.5.8. Specific detector programmes

The main goal of the ESRF concerning detectors is to
produce advanced X-ray detectors that can be used
routinely on the beamlines within the next 10 years.
However, some of the programmes have a longer
term vision that goes beyond the 10-year period and
development should continue once this has finished.
The development programmes that focus on two-
dimensional detectors have been organised into three
groups: indirect detection (I1–I3), hybrid pixel
detectors (P1–P6) and energy dispersive detectors
(E1). They are described in the following paragraphs:

I1: High-sensitivity CCD detectors. Development of
large area X-ray detectors by integrating new high
performance commercially available sensors with fast
and very sensitive electronics. The goal is to develop
CCD detectors that combine high dynamic range and
single photon sensitivity with spatial resolutions of
the order of 50 µm and readout speeds of several
frames per second. The progress of the CCD industry
and existing experience and know-how, and in
particular at the ESRF with the FReLoN programme,
will be essential in producing usable detectors with
much improved characteristics in the medium term.
The possibility of developing custom CCD sensors
for synchrotron applications will also be considered.

I2: Very fast imaging cameras. The purpose of this
programme is to develop very fast high-resolution 
X-ray cameras with sub-millisecond framing
capabilities. The initial steps in this programme will
be oriented towards evaluating recent developments
for fast imaging in other scientific domains and
building X-ray cameras based on the most promising
devices. The possibility of designing specific sensors
to achieve ultimate performance will only be
considered at a later stage. An ambitious goal foreseen

is to build detectors that can produce images at 10
kHz with at least 1000 x 1000 pixels and 12 bits of
dynamic range. CMOS active pixel sensors seem to
be the most attractive technology for this kind of
detectors. These projects should be matched to the
development of phosphors with adequate time
response and efficiency (see I3).

I3: High-resolution scintillators. Current efforts will
continue in producing scintillator screens with
improved characteristics in terms of overall light
conversion efficiency and spatial resolution. This
activity, successfully developed over the last few
years, will be reinforced within the framework of the
Upgrade Programme. The efforts will not be limited
to the production of new materials of good optical
quality; new technologies and methods that may
provide improvements will also be explored. Different
kinds of structured screens to improve the spatial
resolution or the use of photonic crystals to increase
the light extraction from the luminescent layer are
amongst the options that will be considered.

P1: Diversification of hybrid pixel detector
technology. The projects in this programme will
improve aspects such as interconnection, tiling or
readout speed. They will also be used to develop
technologies and methods that will be used for
implementing detectors like those proposed in
programmes P2 to P5. In addition to technical
enhancements, like increased radiation hardness and
the reduction in pixel size and dead detection areas,
the programme aims to diversify hybrid pixel
technology. Detector diversification will be necessary
to allow pixel detectors to play a central role in future
experiments. This programme should be coordinated
with ongoing projects like the new detectors for the
European XFEL or the evolution of current counting
pixel detectors such as PILATUS or XPAD.

P2: Small pixel hybrid detectors. This programme
will ensure the design and production of radiation
hard photon counting pixel detector modules with a
pixel size of about 50 micrometres or less and that
will be tiled to cover arbitrarily large detection areas
with minimum dead zones. The key characteristics of
this detector will not be fundamentally different from
the specifications already implemented in existing
pixel detectors, but the goal of this programme is to
combine all of those features into the same device.

P3: Pixel detectors with microsecond time resolution.
This programme will develop pixel counting detectors
analogous to current devices but with a readout
architecture optimised for time-resolved applications
with less than 1 microsecond resolution. The full
specification of the detector or detectors and the
choice of readout architecture, either multiframe
storage or even by event readout, will be carried out
during the initial phases of the project.
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P4: APD-based pixelated detectors. Development of
hybrid pixel detectors using APD sensors instead of
PIN diodes. These detectors will provide nanosecond
time resolution and an increased dynamic range.
The programme will require very fast mixed
analogue–digital microelectronics and developments
in sensor technology. Initially, APD sensors will be
limited to sizes of about 1 cm2, and the construction
of larger detector modules will require adequate
sensors to be produced.

P5: Pixel detectors with extended dynamic range.
Development of pixel detectors that extend the
achievable dynamic range towards higher photon
fluxes. The new devices need to be able to operate in
integration mode and select the sensitivity pixel-by-
pixel depending on the incident flux on the detector.
The purpose of the programme is to explore novel
ideas and develop detectors with the maximum
achievable dynamic range whilst retaining single
photon sensitivity at low fluxes. Previous experience
in pixel detectors with integration or mixed counting-
integrated modes will be invaluable.

P6: High-Z semiconductor sensors. The programme
will be added to the other ongoing projects, driven
mostly by other applications, that hope to improve
semiconductor sensors using good efficiency at high
energies. The resources provided within the
framework of the Upgrade Programme will allow
research to be undertaken in collaboration with
material research laboratories and manufacturers.
This will allow the most appropriate materials to be
selected, their properties to be improved, full sensors
to be produced and their performance to be evaluated
with existing pixel detector readout chips.

E1: Energy-dispersive 2D detectors. This
programme will evaluate and promote the emerging
technologies that can provide X-ray detection with
energy resolution below a few hundred electronvolts.
The initial studies will analyse the application
requirements in detail and identify the possibilities
and expected limits of the technology put forward, as
well as the specifications of feasible prototypes. The
ultimate goal will not only be to evaluate prototypes,
but to develop detectors to be used in real
applications that will take advantage of the energy
resolution capabilities, even if this compromises other
detector specifications.

Implementation of the detector programmes

The detector programmes listed above will form the
basis of the ESRF proposal to establish common long-
term detector initiatives with other synchrotron
radiation sources and their associated laboratories.
New requirements of other facilities should be
considered in joint detector developments. A first

priority is to agree on common objectives, the
selection of the final projects and the specifications of
the future detectors. In order to achieve this,
workshops will be organised on each of the main
technical areas envisaged: indirect detection, hybrid
pixel technology and energy dispersive 2D detectors.
The purpose of the workshops will be carefully
defined in advance so that the participants are in a
position to undertake the following:

• Give an overview of the state-of-the-art in the
corresponding field
• Present and discuss the objectives and proposals of
the ESRF
• Explore the degree of interest of other European
facilities in joining this initiative
• Create contact networks between the synchrotron
radiation facilities and detector development
laboratories and manufacturers.

The workshops will be followed by a number of
additional meetings so that working groups can be
organised on well defined additional topics. These
working groups will be able to better define the
projects and the action plans required to start
development of the projects. The actual number of
these and the extent to which they will be developed
will very much depend on the resources available. The
time needed to put the action plans into place will
depend on how advanced the technology involved is.

Many important issues need to be addressed as far as
the proposed developments are concerned. It is
important, for example, that compatibility is apparent
between the proposed developments and the current
ongoing projects in Europe. It is also extremely
important that production and support structures are
prepared that will guarantee that the detectors are
available once the developments are finished.

The central detector development programme at the
ESRF will be financed within the framework of the
Upgrade Programme. The ESRF intends to create a
group focused on the microelectronics development
necessary to lead to enhanced performance of the
new lines of detectors. This group will be responsible
for ensuring that the developments are undertaken
correctly. They will also establish the necessary
contacts, partnerships and outsourcing with industry
to prototype and manufacture the new detectors.

Standardisation of components and detector
integration

An extensive development programme cannot be
implemented without first defining the standard
components. Standardisation will include the
elements or technology required for constructing the
detectors, as in programme P1, as well as data
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acquisition interfaces and hardware and software
building blocks. The standard blocks will be
technically suitable to be reused by the majority of
the projects. This will help to reduce the resources
and development time required. In a large facility like
the ESRF, integrating new detectors on the beamlines
consumes a huge amount of resources, both
manpower and beam time. Using standard hardware
and software interfaces will therefore make this easier.

Defining standard data acquisition architectures
becomes necessary if the high data rates expected to
be produced by the new detectors are taken into
account. This is a significant undertaking and is also
being considered within the detector programmes of
fourth-generation sources like the European XFEL.
Collaboration in this area between facilities will be
extremely helpful and therefore strongly backed.

Special detectors

The development programmes proposed above will
not cover all of the requirements of the many
different experimental stations at the ESRF. Some of
these requirements will be fulfilled using specific
solutions based on commercial detectors. These are to
be into practice at the ESRF or on shorter term
developments that will be implemented at the ESRF
or outsourced, depending on the nature of the
problem to be solved. The latter option will be
preferable if the detector can be designed and built
on the basis of well established technology. It is
planned to use outsourcing when dealing with
spectroscopy detectors, custom optics or standard
CCD integration. 

Detector integration

Development is not the only activity to be considered
when improving strategy on detectors. Integrating
new detectors on the beamlines is also fundamental.
In-house know-how and expertise are of great
importance. The effectiveness of the current ESRF
detector support structure and its contribution to the
success of the facility rely very much on its capacity
to customise the detectors to individual applications
and to provide efficient support to the beamlines.
This needs to be maintained in the future, where a
very important part of the new developments will be
implemented at other laboratories.

Detector software challenges

Faster and larger 2D detectors mean that the optimal
use of the resources of the computer supporting the
detector is critical for the optimal performance of the
detector itself. Traditionally, the readout time of the

detector has been the main limiting factor for the
acquisition speed. However, the data link, acquisition
board, hard disc writing speed or alternatively, the
size of the available memory are all currently
parameters to be considered when ensuring the
maximum performance of the detector.

Evolving technology can only relieve the demand that
the new detectors will impose on computers up to a
certain point. The challenge for the detector software
will then be to administer resources optimally in order
to obtain maximum detector performance in each
operation mode. 

The proposal for the low-level detector software
development can be divided into two parts: 
a. Dedicated detector drivers will be developed with
intimate knowledge of both the detector
functionalities and basic computer possibilities. 
b. A generic library in charge of allocating and
handling computer resources in the most efficient
manner: this library should provide different
operation modes for the detector (continuous
acquisition, memory-only acquisition with large buffer
allocation, etc.). It should take into account the
functionalities offered by each detector. This library
will offer a common Application Programming
Interface (API) for higher level data acquisition
software. 

It is advisable to propose the development of this
library as a joint project with other European facilities
in order to promote a standard for the detector
application program interface. Potential compatibility
with emerging industry software standards should also
be considered. This detector development will have a
strong influence in other computer related areas such
as online data visualisation and analysis, handling and
storage of data and scientific computing: all of these
aspects are covered in detail in chapter 3.3. 
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The future scientific and technological needs of
the ESRF for the period 2008 to 2017 require a
coherent expansion and adaptation of its current
infrastructure. A long-term vision for the
building, X-ray source, and computing
development programmes is a prerequisite before
any implementation. Infrastructures, especially
for an existing and operational facility, are
difficult and expensive to modify with large
modifications interrupting operation of the ESRF
with extended shutdowns. Part 3 describes the
infrastructure programmes required to implement
the science and technology described in Parts 1
and 2.

Increasing the brilliance of the X-ray beam and
preserving the highly reliable operation are the
foundations of the two-fold strategy of the
accelerator and source complex upgrade
(chapter 3.1). Firstly, the scientific requirements
will be better met by increasing the length of
selected straight sections for even more flexibility,
increasing the storage ring current, and by
achieving better stability of the thermal load on
beamline optics by implementing a top-up
operation in some filling modes. Secondly, the
programme will upgrade and replace obsolete
components and systems. These include replacing
the current Klystron-based radio frequency
transmitters by modern transistor-based devices
and migrating to higher order mode (HOM)-free
radio frequency cavities.

The building programme (chapter 3.2) will create
new space to accommodate the requirements
outlined in the scientific plans of Part 1 and 2.
Extensions to the current ESRF experimental hall
are the most effective way of making nanometre
sized beam spots available on a larger number of
experimental stations. Nanometre-sized focal

spots can only be effectively implemented at a
distance of over 100 m from the source, due to
the constraints of the X-ray optical systems and
equipment to be placed around the sample. In
pilot studies, small extensions have been added to
single beamlines (ID11 and ID13). However, the
number of long beamlines foreseen within the
science programme means that it is much more
effective to add four large extensions to the
existing experimental hall, each covering several
beamline sectors. This expansion should be
carried out in one operation to minimise costs and
facility downtime. The new space (21,000 m2)
will also be used to accommodate important new
infrastructures and support facilities. Vibrational
and thermal stabilities in the new extensions will
need to be critically engineered in order to allow
the nanometre-sized beam to be used reliably, as
established in the pilot projects.

Improved and additional computing infrastructure
(chapter 3.3) will also be required to fulfil the
science of the Upgrade Programme. These
enhancements will be aimed at optimising the
entire experimental workflow from instrument
control to data interpretation, transfer and
archiving. Embedded systems will most certainly
become commonly used for this purpose. A
specific effort will be made to improve data
analysis and scientific software. Online
functionalities will allow experiments to be
adapted on-the-fly by processing data as they are
acquired. Increased storage capacity and off-line
analysis tools will be developed that make use of
modern technologies such as the Grid and high
performance parallel computing. These
computing developments will clearly benefit from
European collaborative efforts. Adopting standard
data formats will facilitate the work carried out by
the different partners involved.

Overview to PART 3

Infrastructure to Enable
New Science

Part 3
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3.1. Accelerator and source developments 

Science context

The scientific projects within the framework
of the Upgrade Programme will strongly
benefit from an enhanced ESRF X-ray source.
The source will be upgraded to provide:

• Higher brilliance X-ray beams
• Higher flux X-ray beams
• Increased capacity for further beamlines
• Higher photon beam stability
• Increased insertion device (ID) flexibility.

These enhancements, whilst pushing the
source to its limits, will not compromise the
reliability and stability that the ESRF is
renowned for and will maintain its key
position in the hard X-ray range.

The Upgrade projects are based upon
ongoing feasibility studies and include
prototyping tests in situ. Implementation will
be carried out sequentially, after each
solution chosen has been validated, over the
course of the ten year programme. The solid
experience gained over the last decade on
the evolution of the source will be used as a
basis and installation will be performed in
such a way that the accelerator will continue
to operate in a highly reliable manner for the
duration of the project period.

Added value of the Upgrade

Accelerator and source improvements will be
the result of:

• Increasing the length of selected insertion
device straight sections
• Canting selected straight sections
• Increasing the stored electron current with
associated radio frequency power source and
cavity upgrades
• Decreasing the vertical emittance
• Operating in “top-up” mode for time-
structured modes
• Improved beam position diagnostics.

A more than two-fold increase in the photon
flux will allow experiments to be performed
more quickly. This is important for current
and future flux limited experiments, which
would otherwise take days, and will increase
ESRF’s capacity. Flexibility will be improved
for the science programme to make optimal
use of the sources and beamlines by enabling
more undulators to be installed on each
extended straight section. Finally,
developments for the increasingly demanding
science making use of the source time
structure, will be reinforced.

The storage ring is at the heart of the ESRF.
It is important to ensure its long-term
durability and to do so, obsolete components
must be upgraded. This concerns the
replacement of klystron-type transmitters by
solid-state power amplifiers. The present RF
five-cell cavities will also be replaced by high
order mode (HOM) damped room
temperature cavities that will provide full
beam stability at 300 mA and the possibility
to further increase the current.

Studies will continue on a new lattice with a
long-term objective of reducing the
horizontal emittance and the production of
ultra-short X-ray pulses. 
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3.1.1. Introduction 

The ESRF X-ray source will be further enhanced over
the coming years and will take advantage of the
Upgrade Programme to make improvements which
would not otherwise be possible and to push
developments to their limits. These enhancements will
provide X-ray beams of even higher brilliance and flux
to permit new and better science to be carried out using
the ESRF beamlines. Increased numbers of photons will
also allow experiments to be performed faster, an
important aspect for heavily flux-limited science where
measurements can currently take days, thereby
increasing ESRF flexibility and capacity. The proposed
modifications of the X-ray source will provide:
• Higher brilliance
• Higher flux
• Increased capacity for further beamlines
• Higher photon beam stability
• Increased insertion device (ID) flexibility
• Enhanced durability of the accelerator complex.

These improvements will come as the result of
increasing the length of selected insertion device
straight sections, canting undulators, increasing the
stored electron current, operating in a “top-up” mode
and upgrading obsolete components of the
accelerator. 

Whilst a number of ~3 GeV synchrotron light sources
have become operational recently or are under
construction, it is clear that the ESRF with its higher
electron energy will maintain a significant advantage
in terms of brilliance in the hard X-ray range. This is
illustrated in Figure 3.1.1 where the current brilliance
of the ESRF is compared to that of an in-vacuum
undulator on the DIAMOND Light Source. Other
light sources such as SOLEIL and ALBA will also
provide less brilliant X-ray beams in this energy
range.

Note that the gain in brilliance (Figure 3.1.2) is very
similar to the gain in spectral flux since most of the
increase comes from the augmented current and
undulator length. A very important boundary
condition for these developments has been strongly
emphasised by the User Community, namely that
improvements to the brilliance must not decrease the
performance of the storage ring in terms of reliability
and stability. Beam stability, a key to the success of
the ESRF, is therefore an essential parameter for the
upgrades of the storage ring. The ESRF is unique due
to the large variety of available filling modes which
range from uniform filling, 2 x 1/3 filling, 7/8+1,
16 bunch and 4 bunch modes. All of these operation
modes will continue to be delivered after the Upgrade
as well as possible new filling modes required by new
or refurbished beamlines for innovative science.

During initial discussions and simulations of new
lattices for the ESRF using the existing tunnel, it
quickly became clear that no satisfactory technical
solution could be found to reduce the horizontal
emittance. Any such change would also entail a
considerable interruption of up to 2 years (shutdown
and re-commissioning). In view of the many user
communities relying on the ESRF to practice their
science, such a period of time is considered to be too
long. As a result, the upgrades to the ESRF accelerator
and source will be made within a framework that
avoids large-scale intervention on the storage ring in
order to minimise disturbance to user operation, while
still delivering significant increases in the quality of
the source and the resulting X-ray beams.

Figure 3.1.2: Brilliance of typical ESRF undulators before
upgrades (blue curves) and after upgrades (increase in current

to 300 mA, 7 m long insertion devices and lower vertical
emittance) have been implemented (red curves).

Figure 3.1.1: Brilliance in the hard X-ray range currently
available at ESRF with 200 mA current compared to

that of the Diamond Light Source at the nominal
current of 300 mA. 



3.1.2. 7 m Long insertion device
straight sections 

The lattice of the ESRF storage ring is of the Double
Bend Achromat (DBA) type with 32 cells of alternating
horizontal high and low beta values. The lattice was
designed with two sets of quadrupole triplets located
on both sides of the 5 m long insertion device straight
sections to provide maximum flexibility and to allow
the possibility of setting a wide range of beta values in
the centre of the straight sections. In fact, this
flexibility has never been used and it has been decided
therefore to remove one quadrupole on each side and
to use the corresponding space to enlarge the length
available for insertion devices, from 5 to 6 m (Ropert et
al., 2006). This format has been tested and
implemented in user support mode as from October
2006, simply by not powering the quadrupole magnets.
The new lattice functions are presented in Figure 3.1.3.
There are very small changes in the horizontal beta
function and dispersion. The largest change concerns
the vertical beta function in the second dipole which is
increased from 35 to 45 m.

To allow the current in the QD1 and QD8 family to
be set to zero, the current in all of the other families
of quadrupole and sextupole magnets was slightly
changed as shown in Figure 3.1.4. Most modifications
are minor and only required small changes to the
power supplies. 

With zero current required in the QD1 and QD8
magnet families, these quadrupoles could be
physically removed in the future, and longer insertion
devices installed, once the corresponding vacuum
chambers are changed. Furthermore, a second
increase in the length of the available space for
insertion devices, from 6 to 7 m, is possible by
replacing two quadrupoles on both sides of the
insertion device by shorter magnets and by displacing
the adjacent sextupole as shown in Figure 3.1.5. This
figure applies to a high beta straight section (ID-2,
ID-4, etc.). The same would apply for a low beta
straight with QD1, QF2 and QD3 instead of QD8,
QF7 and QD6, respectively. The quadrupoles and
sextupoles located on both sides of the 7 m undulator
will require a different strength, and therefore a
different current, than the other magnets of the same
family. They will be powered by means of dedicated

Figure 3.1.3: Horizontal ßx (in green) , vertical  ßz (in red) and
dispersion (in blue) of the nominal lattice in 2006 (upper

graph) and the new lattice without current powering the QD1
and QD8 quadrupoles (lower graph). The dispersion and

horizontal ßx show very small changes whilst the vertical ßz is
increased from 35 to 45 m in the second bending magnet.

Figure 3.1.4: Modifications to the amount of current driving
the quadrupole families (upper graph) and sextupole families

(lower graph) between the nominal lattice in use earlier in
2006 (blue) and the new lattice (from October 2006) without

current in the QD1 and QD8 families (red).
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power supplies. Some of the magnets will require new
coils.

The alternating low and high beta undulator source
points will be kept unchanged. To gain 1 m of ID
length on the low beta sections, the modified QF7
quadrupoles need to have an operating gradient of
around 30 T/m. A preliminary magnetic design for
such quadrupoles has been carried out and is shown
in Figure 3.1.6.

From both the beamline and accelerator point of
view, 7 m long insertion device straight sections
should be implemented on all straight sections.
However, this would imply replacing 700 m of the
ring vacuum chamber as well as removing and
reinstalling all of the quadrupoles and sextupoles.
Such an operation would be both costly and resource
intensive, requiring a long shutdown as well as a
lengthy reconditioning time once the installations
were completed. A less disruptive option has been
investigated, namely, to implement 7 m long straight
sections on a limited number of sectors one by one,
without long interruptions to the storage ring
operation. However, such a lattice presents a broken
symmetry and a possible consequence for the beam
dynamics is a reduction of the dynamic aperture,
resulting in a drop of lifetime and reduced injection
efficiency. The proposed 7 m long straight sections
cannot yet be fully tested experimentally since new
quadrupoles and coils, as well as new power supplies,
are required. Nevertheless, by locally re-powering the
QD1 and QD8 quadrupoles, one can produce a
symmetry break in the lattice that imitates that of a
future 7 m long straight. Such tests were carried out
in 2006 during machine dedicated time and will be
continued during 2007. These tests have been quite
successful. Studies have shown that the order of the
most powerful resonances producing additional beam
losses is of the odd type. As a result they largely
cancel each other out by their excitation if two
identical symmetry breaks are implemented
180 degrees apart around the ring circumference.
In other words, it appears that if one takes the
precaution of implementing 7 m straights in pairs
located at 180 degrees from each other around the
ring circumference, the reduction of dynamic aperture
and the associated lifetime reduction will be limited.
The implementation of a large number of such 7 m
straight sections should be possible with minimal
adverse effects on the lifetime and injection
efficiency. The 7 m length made available could
either be used to install longer undulators for a single
beamline and increase the available brilliance, to add
more flexibility by adding a portfolio of undulators
with varied periods and/or lengths, or to be shared
between two experimental stations using the canted
undulator approach. The canting is made by
horizontally deflecting the electron beam at both
ends and in the middle of the insertion device straight
section. Such canting had already been implemented
on the ID23 beamline several years ago with a total
canting angle of 2 x 0.75 mrad allowing two stations,

Figure 3.1.5: Schematic diagram of a high beta straight
section. The blue, red and green elements are bending

magnets, quadrupole and sextupole magnets, respectively.
Case A represents the situation as in the first part of 2006

with a triplet of quadrupole magnets on both sides of a 5 m
long undulator. The empty space between the undulator and

the QD1 quadrupole is occupied by bellows, crotches and
beam position monitors. Case B shows the first phase of

modification consisting of the removal of the QD1
quadrupoles on both sides of the undulator, allowing the
undulator length to be increased from 5 to 6 m. Case C
shows the next step with the replacement of QF2 by a
shorter quadrupole and moving the adjacent sextupoles

closer leaving another metre (giving a final available length
of 7 m) for undulator(s).

Figure 3.1.6: One-quarter of a section of a 35 T/m
quadrupole showing the lamination profile and coil geometry.

Unlike the existing quadrupoles which are limited to a
19 T/m gradient and have space available laterally for

pumping ports, this quadrupole does not need any lateral
space since it will be equipped with a constant cross-section
vacuum chamber coated with non evaporable getter (NEG). 



ID23-1 and ID23-2, to operate independently of each
other. A schematic diagram of a pair of canted
undulators is shown in Figure 3.1.7. 

To simplify beamline design and instrument separation,
a larger canting angle than that made on ID23 is
desirable. A study has shown that a canted set of
undulators with an angular separation of 2 x 2.7 mrad
could be implemented. To maximise the space for the
insertion devices, the steerers required to bend the
beam will be integrated inside the sextupoles adjacent
to the insertion device on both sides of the straight
section. A short 0.3 m long permanent magnet dipole
will be installed, located in the centre of the straight.
With such a setup, two of the existing 1.65 m
undulators (either the simple support structure or the
revolver design which allows two undulator magnet
assemblies to be switched during storage ring
operation) or a 3 m long in-vacuum undulator may be

installed on each of the two segments of the chicane
(Figure 3.1.8). Such in-vacuum undulators will be
designed to accommodate cryogenic cooling allowing
a 30% increase in the magnetic field (using existing
NdFeB type material) for the same gap and period.
Such a gain in magnetic performance will be used to
extend the undulator spectrum to higher X-ray
energies and/or increase the brilliance and tunability
in the 10 to 30 keV range. As has always been the
case at the ESRF, specific insertion device segments
optimised to the needs of each beamline (polarisation,
photon energy range, harmonic content, etc.) will be
constructed and installed on the newly rebuilt straight
sections.

Such an update requires the manufacture of a number
of vacuum chambers for the ring and the beamline
front-end as well as some new quadrupoles. It is
expected that such upgrades to 7 m sectors will take
place for one or two beamlines at a time during the
long shutdowns of the ring such as those scheduled in
winter and summer. The resulting impact on the
beamline user operation will be minor.

3.1.3. Increased ring current and RF
upgrade

Operation with 300 mA

Initially, the ESRF storage ring was designed for
100 mA of electron beam. During machine
commissioning, the current was increased above
100 mA, and 200 mA has now been routinely

Figure 3.1.7: Schematic diagram of undulator canting. The
angles in the figure are exaggerated to improve readability.
The total angle between the beams from undulator A and
undulator B will be close to 2 x 2.7 mrad. The canting is

produced by means of three steerers located at the
entrance, middle and end of the straight section. The

entrance and end steerers will be implemented inside the
existing sextupole magnets.

Figure 3.1.8: Layout
of an insertion device
straight section. The
upper view shows the
present situation with
a 5 m straight section
occupied by three
undulators. The
middle view
corresponds to a 7 m
straight section
occupied by four
standard in-air
undulators (standard
or revolver type). The
lower view presents
two 3 m long in-
vacuum undulators
occupying a 7 m
straight section. The
space between the
two in-vacuum
undulators could be
used to install a
steerer for canting. 
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delivered to users for many years. A bunch-by-bunch
feedback system, presently under commissioning, has
allowed stable operation at 300 mA in uniform filling
mode for short periods of time during machine tests.
This mode of operation, which still requires further
tuning, optimisation and intensive tests, will become
the standard operation mode in the years to come.
All multibunch modes will be delivered with a stored
current of 300 mA, including uniform, 2 x 1/3 filling
and the new 7/8+1 mode. The total current in hybrid
24*8+1, 16 bunch mode and 4 bunch mode is limited
by the wake fields induced by the beam in the
vacuum chamber and will remain unchanged. At
300 mA, the stability of the stored current would rely
on the combination of high order mode (HOM)
detuning of the cavities through precise temperature
regulation and optimum tuning of the feedback
system. Whilst the existing radio frequency (RF)
transmitter system can produce the required RF power
for 300 mA operation, it does not provide any
redundancy or operational margin as is presently the
case with 200 mA stored current. For the upgrade, we
propose to develop RF transmitters to restore
redundancy and to replace the existing cavities with
HOM free ones, with the objective of securing the
longevity of the RF system.

The current RF systems

In the ESRF Storage Ring, each of the 6 GeV
electrons loses 5 MeV of energy per turn, which is
converted to synchrotron light. Under nominal
conditions, the RF system generates 9 MV of
accelerating voltage to re-accelerate the electrons and
to provide a sufficient RF acceptance for an optimum
lifetime of the stored beam. Since its commissioning
in 1992, and in addition to the day-to-day
maintenance and follow-up, the RF system has
steadily been improved, including many
developments which have allowed the stored current
to be increased as well as considerably reducing the
trip rate and beam down time. Whilst the booster RF
transmitter (TRA0), the storage ring transmitters
(TRA1 and TRA2) and their corresponding cavities
were installed and commissioned before starting the
accelerators in 1991/92, the third storage ring RF
transmitter (TRA3), which is connected to a new pair
of cavities in cell 25 of the ring, was commissioned in
1997 (see Figure 3.1.9). This upgrade allowed the
increase in the nominal current from 100 to 200 mA
with a sufficient operational margin and redundancy.
In the years which followed, all of the older
transmitters were refurbished one by one to a
common design, which included the rebuilding of the
local control system which had become obsolete and
the addition of fast diagnostics for an improved
maintainability and reliability. Such an upgrade was
only possible thanks to the redundancy of the RF
system which made it possible for any of the older

transmitters to be shut down for periods of 6 months,
without having to reduce the stored current during
user operation.

The RF upgrade for the coming ten year period,
proposed below, is derived from a similar strategy.
The targets of the proposed upgrade are as follows:

1. Maintain the operation standard of the ESRF at a
high level in terms of quality. To achieve this, it is
mandatory to continue the well proven policy that
consists of refurbishing aging equipment and
replacing obsolete parts of the system with modern
state-of-the-art technology. 
2. Increase the photon flux and brilliance without
compromising on the reliability and beam stability for
an operation at 300 mA. 
3. Carry out the necessary research and development
to prepare for a possible further increase to 500 mA in
the more distant future of the ESRF.

To achieve these goals, it is proposed to:
i) Replace the klystron transmitters with solid-state
power amplifiers.
ii) Continue the development of a single cell cavity with
strong Higher Order Mode (HOM) damping in order to
replace the existing four-cell cavities of the storage ring. 

Figure 3.1.9: Sketch of the existing ESRF 352 MHz RF system
using four 1.1 to 1.3 MW klystron transmitters TRA0, TRA1,
TRA2 and TRA3. The booster is equipped with a pair of five-
cell cavities, powered by the transmitter TRA0 with 500 kW

pulses to provide 7 MV at the peak of the 10 Hz acceleration
cycles. The storage ring is equipped with three pairs of similar

cavities installed in cells 5, 7 and 25, which provide in total
8 to 12 MV of accelerating voltage (1.5 to 2.5 MV per

cavity). In nominal configuration for 200 mA, only
transmitters TRA1 and TRA3 are connected to the storage

ring cavities. They transfer 1 MW of RF power to the beam,
which converts it into synchrotron radiation. TRA2 is normally
used to power the test stand in order to test or pre-condition
spare parts (cavities, high power couplers, arc detectors, etc.),

but a waveguide network with high power switches allows
TRA2 to be connected to the cavities so as to safeguard the

operation at 200 mA in case any of the TRA0, TRA1 or TRA3
transmitters have to be shut down.



The reasons behind these proposals are developed
below.

Solid state amplifiers for the ESRF

The first objective of the RF upgrade deals essentially
with the increasing difficulty in procuring good
quality klystrons, which constitute the heart of the
existing RF high power transmitter system. As
demonstrated during fifteen years of operational
experience, klystron instabilities constitute a large and
the most unpredictable contributor to RF trips and RF
down time. Moreover, the two manufacturers who
supplied the most stable klystrons have stopped
production, leaving a single supplier (who
unfortunately produced the least stable klystrons) in a
monopoly situation. A sudden change in the strategy
of this manufacturer cannot be excluded, so there is a
risk of obsolescence. The ESRF consumes about half a
klystron a year and the last klystrons from this
supplier were purchased in 1993 (last repair in 1999).
Such a low purchase rate makes it difficult to
convince the remaining manufacturer to improve the
design. For the moment, the smooth operation of the
ESRF is guaranteed thanks to a stock of eleven
klystrons, although due to the stability issues
discussed above, not all are suitable for storage ring
operation (a number of them are only acceptable to
power the booster cavities or the test stand).
Altogether, assuming an average klystron lifetime of
between 25000 and 35000 hours, the ESRF could be
left without operational spares between 2010 and
2014, respectively. Confronted with these
uncertainties concerning the klystrons, all of the new
light sources developed in Europe (SOLEIL,

DIAMOND, ALBA) as well as the existing sources
(ELETTRA, SLS) have been or are developing
alternatives either based on Inductive Output Tubes
(IOT) or high power solid-state amplifiers. IOTs are
presently mass-produced for analogue television
broadcasting but no IOTs are available (and there is
no market) at the frequency of 352 MHz in use at the
ESRF. Hence, the only identified alternative to
klystrons is solid-state power amplifier technology.
Following the extremely encouraging pioneering
results of SOLEIL with their 190 kW transistor
amplifiers (built up from many 300 W modules
operating in parallel, Figure 3.1.10), it is believed by a
number of RF experts that the modularity, stability
and redundancy advantages brought by this new
solution is a major breakthrough and is likely to set a
reference for future high power RF generators. 

The combination of hundreds of 300 W modules
operating in parallel confers an extreme modularity
and only a slight over-dimensioning yields an intrinsic
redundancy, so that little additional available RF
power should suffice to safeguard operations.
Provided the right strategy for the procurement of
spare power transistors is established, such solid-state
amplifier systems should operate with near 100%
reliability and availability: indeed an unusually small
number of RF trips were recorded during the SOLEIL
commissioning. Another advantage of transistor
amplifiers consists of the 20 dB lower phase noise as
compared to klystrons which is reflected in a more
stable and jitter-free longitudinal bunch shape. With
an overall efficiency of 50%, transistor amplifiers are
comparable to klystrons, which are usually operated
with a moderate 55% efficiency for an acceptable
stability (compromise of efficiency versus stability).
The price per unit RF power of solid-state amplifiers
as built by SOLEIL is comparable with that of a
1.3 MW klystron-based transmitter (including
klystron, high voltage power supply, auxiliary power
supplies, etc.). However, contrary to the klystron
case, the modularity of the solid-state amplifier allows
the amount of installed power to be precisely
matched to requirements.

In principle, the three existing storage ring RF
transmitters can produce the necessary 3 x 700 kW
RF power needed for 300 mA operation. However,
this would require TRA1, TRA2 and TRA3 to be
connected to their corresponding pairs of cavities (see
Figure 3.1.9). This leaves no spare transmitter to back
up the operation in case of a problem, and no
available unit to power the test stand for high power
component testing and cavity conditioning. In the
frame of the RF system upgrade, it is therefore
proposed to re-establish the same level of redundancy
and hence reliability at 300 mA as is presently
achieved at 200 mA, by adding RF power sources. A
solution to achieve full redundancy with the klystron
technology would appear to be inappropriate, as two

Figure 3.1.10: 8 x 50 kW solid-state power amplifier towers
operated at SOLEIL, combining the power from 300 W

modules with LDMOS-FET transistors in push-pull
configuration. Such solid-state high power technology has

been shown to provide a more stable system and is
expected to have a longer lifetime than klystrons. It is
planned to develop it for the ESRF in order to replace

the klystron transmitters.   
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more 1.3 MW klystron transmitters would have to be
installed: one to back up TRA3 and one to either
power the test stand or to back up the power
transmitters TRA1, TRA2 or the booster transmitter
TRA0. Solid-state amplifiers as described in the
previous section constitute a more appropriate
solution: their high modularity and their intrinsic
redundancy would allow the corresponding amount of
RF power to be installed for each cavity without
having to anticipate the need for a back-up
transmitter.

The first transmitter that would need to be backed up
is TRA2 by feeding cavities 3 and 4 with the new
solid-state amplifiers. On this occasion, these cavities
could be moved from cell 7 to a position providing
space for the new RF amplifiers, for example cell 23
(which can only accommodate a short beamline),
thereby allowing cell 7 to be converted into an
insertion device section available for a long beamline.

To summarise, the development and gradual
implementation of solid-state RF amplifiers is not only
the best way to establish high reliability at 300 mA,
but it currently offers the only solution to protect the
ESRF against the risk of obsolescence of the high
power 352 MHz klystrons. According to the recent
experience of SOLEIL, it would be realistic to expect
a construction time of two years for the first 190 kW
unit and a subsequent production rate of two 190 kW
units per year. For full replacement of all of the
klystron transmitters, sixteen 190 kW amplifiers
would be required. For a future 500 mA operation, the
solid-state amplifiers would just need the
corresponding incremental power upgrade.

HOM damped cavities

Reliability of the day-to-day operation at 300 mA
could suffer if it had to rely on the delicate
combination of HOM detuning of the cavities
through precise temperature regulation and optimum
tuning of the longitudinal feedback system. It is
therefore planned, on a medium timescale, to replace
the existing five-cell copper cavities with a sequence
of single-cell HOM damped room-temperature
cavities, which will guarantee longitudinal stability
over the full range of current from 0 to 300 mA even
without feedback. The new cavities will be optimised
for high beam power transfer and will fit into the
existing RF dedicated straight sections of the ring.
They will be designed to allow a further current
upgrade to 500 mA. Keeping the RF frequency at
352.2 MHz is mandatory to allow a smooth,
continuous and transparent upgrade of the existing RF
system and will avoid having to replace all of the
cavities at once as well as a number of critical beam
diagnostics and the timing system. A normal
conducting 352.2 MHz cavity with higher order

Figure 3.1.11: Normal conducting cavity with three attached
ridge waveguides and ferrite absorbers for efficient HOM

damping. The ESRF is actively engaged in collaborating with
BESSY and ALBA to develop such a cavity for the ESRF

Upgrade. a) 500 MHz HOM damped cavity on the Willy
Wien Metrology Light Source. b) 352 MHz aluminium

prototype in the ESRF RF laboratory.
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mode damping is presently being designed at the
ESRF. The study is being carried out in the frame of a
collaboration with BESSY and ALBA, including the
exchange of simulations and prototype measurements.
The proposed new ESRF cavity will be similar to the
one shown in Figure 3.1.11a, which is installed at the
Willy Wien Metrology Light Source in Berlin and
which is also being manufactured for ALBA. 

Compared with the cavity built for the Willy Wien
Metrology Light Source, a cavity optimised for the
ESRF has relaxed HOM damping requirements,
which gives room for an improved accelerating mode
impedance. This has been confirmed by
measurements carried out at the ESRF on the
aluminium model of Figure 3.1.11b. It is proposed to
replace the 6 five-cell cavities installed in pairs in the
long straight sections of cells 5, 7 and 25 with a total
of eighteen such single-cell cavities: six per straight
section. Even at 500 mA, each of the eighteen cavities
will only be fed with 170 kW of RF power, which is
conservative in terms of RF window power and
corresponds to one SOLEIL-type solid-state amplifier.

The installation of six 352.2 MHz SOLEIL-type
superconducting cavities, built in three cryo-modules
occupying three straight sections, is another option
being studied. In order to transfer the higher power to
the beam, as compared to that required at SOLEIL,
a modified version of this cavity equipped with a
second power coupler would need to be developed
for the ESRF. This would easily allow the 1.5 MW of
beam power to be sustained at 300 mA, but for a
further upgrade to 500 mA with 2.5 MW of beam
power, the couplers would be operated at their upper
power limit. Moreover, even if the additional
investment of the cryogenic plant would largely be
compensated after ten years by electrical power
savings thanks to the lossless superconducting
cavities, this option would imply additional
operational and maintenance effort as well as an
increased risk of longer lasting interruptions in case of
faults. For all these reasons, the superconducting
solution is not the preferred one. 

Note that both axes of the RF upgrade, the
implementation of new cavities and the replacement
of klystrons with solid-state amplifiers, are almost
independent of each other. Only the number of
combined amplifier modules per cavity and to a minor
extent the total RF power will be slightly different for
the new cavities (3 x 6 couplers) as compared to the
existing cavities (3 x 4 couplers). 

3.1.4. Top-up operation 

The implementation of injection with front ends open
in 2003 has improved the stability of the beamline
optics due to the uninterrupted availability of the X-ray

beam. Thanks to the long life time in multibunch
mode, only two short refills are performed per day
with the present machine configuration. Between
each refill, the beam is delivered for 12 h, with a
maximum current change of 15%. In contrast, the
larger current variation during decay makes a frequent
injection (top-up) attractive for the time-structured
modes (16 and 4 bunch modes) since the time-
averaged current will be increased greatly as well as
improving beam stability for the beamline optics.
These time-structured modes, as well as the hybrid
mode, must be delivered with a high contrast of 109

between the filled bunches and the empty bunches.
The process of removing the low populated bunches
required for a 109 contrast is commonly referred to as
“cleaning”. It is currently achieved in the storage ring
immediately after injection by selectively exciting and
intercepting the low current bunches in the vertical
plane, making use of the variation of the vertical tune
with the bunch current. Several solutions are under
investigation to perform the cleaning process in the
booster and to avoid such an undesirable excitation of
the beam each time the refilling takes place in the
storage ring. This includes the possible operation of a
1 Hz injection cycle of the booster synchrotron
following an upgrade of the booster power supply
system. Special care will be needed to minimise
disruption to the beamlines induced by the injection
bump. The most serious is the non-closure of the
bump for some of the bunches due to the sextupole
magnets located inside the steerers which drive the
injection bump. These sextupoles will be powered
independently with dedicated power supply in order
to resolve this.

3.1.5. Lowering the vertical emittance 

The vertical emittance achieved so far in routine
operation of the ESRF is around 25 pm in 2 x 1/3
filling mode. The emittance is voluntarily increased to
a higher value in 16 bunch and 4 bunch modes in
order to increase the lifetime, which will not be
necessary once top-up operation is implemented.
Shrinking the vertical emittance not only increases
the brilliance, but it also reduces the spot size on the
sample after refocusing which is of immediate benefit
for nanobeams. The long-term operation at a smaller
vertical emittance is limited by several issues. Some
ions (generated directly or indirectly by synchrotron
radiation) get trapped in the electron beam and
produce an increase in the emittance; this effect is
particularly severe in uniform filling mode but can be
managed by means of the vertical bunch-by-bunch
feedback. Another limitation is the residual skew
quadrupole field which evolves with time as the
magnetic gaps of the undulators are changed by the
beamlines. To remove these emittance fluctuations
induced by the insertion device gap changes, an
active correction needs to be put in place. To this
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end, new vertical emittance diagnostics are currently
being implemented in order to provide a shorter
response time. Additional skew correctors will also be
implemented that will allow a stabilisation of the
vertical emittance at around 10 pm in all filling modes
with possibly lower values in the less sensitive filling
modes such as 2 x 1/3 filling mode.

3.1.6. Other developments

Beam position monitoring and diagnostics

A number of diagnostics will be further developed
with particular emphasis on low noise beam position
monitoring with a view to improving the beam
position stability further. In particular, the electronics
controlling the button-type beam position monitors
will be upgraded to make use of digital signal
processing. A particularly critical issue in the electron
beam monitoring is the closure of the trajectory in
the storage ring after the first turn following injection.
The present system performs well at high current but
suffers from inefficient and imprecise position
readings at low current in the first turn mode of
operation (3 µs after injection). To achieve a suitable
level of precision for first-turn beam position
monitoring, the maximum current from the injector
and four shots of electrons are required. During
injection tuning, this injected current is continuously
lost in the ring tunnel and generates radiation dose
levels in the experimental hall which are no longer
compatible with the regulations in force. Ground
settlement has been rather slow on the ESRF site and,
as a consequence, the first turn retuning has not been
required over the years in as far as the steering
configuration is saved and reloaded before and after
each shutdown of the accelerators. This may not be
the case with the forthcoming building construction
programme. Such difficulties have been well mastered
in the recently built third-generation light sources
such as DIAMOND and SOLEIL thanks to digital
signal processing. Updated beam position monitoring
systems will present other advantages, for example,
allowing all beam position monitors to be used for a
global position feedback and therefore giving the
opportunity to further enhance the vertical beam
stability. They will also allow a precise diagnostic of
the beam dynamics close to the stability limit and
provide a unique tool for further improving the
lifetime and injection efficiency.

Prototyping components for 500 mA operation

Another development is to prototype and test storage
ring vacuum chambers as well as crotch absorbers
capable of withstanding a 500 mA current (see also
section 3.1.3 above on the RF upgrade). In particular,

concerning the vacuum system, new extruded
aluminium chambers with Non Evaporable Getter
(NEG) coating are proposed for the new shorter
quadrupole chambers located on both sides of the
7 m long straights. Thin heaters, developed at CERN,
will be used for the activation of the NEG. The main
advantages of this solution are a reduced number of
lumped pumps and reduced constraints in the
quadrupole design allowing a higher magnetic field
gradient.

3.1.7. Short bunches: production of
ultra short X-ray pulses

Another challenging request coming from several
ESRF beamlines is for the production of pulses of hard
X-rays with a duration much shorter than the 40 ps
rms available at present. This would allow for
experiments with a faster time resolution. Several
schemes have been proposed worldwide to provide
picosecond X-ray pulses from storage rings. One
scheme, based on interacting a femtosecond laser
resonantly with the electron beam inside an
undulator, is in use at BESSY, SLS and ALS (Zholents
and Zolotorev, 1996; Schoenlein et al., 2000; Khan et
al., 2006; Streun et al., 2006) in the soft X-ray
spectrum. Another scheme based on the longitudinal-
vertical streaking by a transverse RF cavity (crab
cavity) and the isolation of a short slice of the
undulator radiation from such a swept pulse, was
proposed several years ago and would seem more
appropriate for a high electron energy source like the
ESRF (Zholents et al., 1999). A third, much simpler
scheme of producing a longitudinal-vertical tilting
electron pulse through the excitation of vertical head-
tail modes by means of kickers has been proposed
recently (Guo et al., 2007). The application of these
schemes to produce picosecond X-ray pulses at the
ESRF will be explored. Once a suitable technical
solution that satisfies user requests has been
identified, it will be studied in detail and
implemented.

3.1.8. The future beyond the ESRF
Upgrade 

A recurrent request from ESRF beamlines concerns
the reduction of the horizontal emittance. With the
constraints of re-using the same tunnel and
infrastructure, extensive lattice studies have not yet
provided a satisfactory means of decreasing the
horizontal emittance of the ESRF storage ring. Studies
of a longer term design for a new higher brilliance
lattice will be pursued, with a view to providing an
effective emittance of less than 1 nm with the



constraints of keeping the tunnel and beamlines in
place. Possible magnetic structures are a triple bend
achromat (TBA) lattice or a double bend achromat
(DBA) lattice similar to that currently in use but with
special bending magnets providing a variable
magnetic field along the beam path. A number of
challenging issues are raised by these new designs.
The correction of the aberrations induced by the
increased focusing necessitates the use of much
stronger sextupole magnets, resulting in a small
dynamic aperture to the beam as well as requiring
advanced magnet design. It is not expected that such
a scheme will come to maturity within the near
future. Research and development will be needed to
optimise and develop advanced magnet designs and
to be able to understand the non-linear optimisation
of lattices.

Another method to reduce the horizontal emittance is
to use damping wigglers such as in the Petra III and
NSLS II projects. Preliminary studies show that it is
possible to achieve a horizontal emittance of 0.2 nm
at 6 GeV in a storage ring with a circumference of
around 1400 m (the current ESRF ring has a
circumference of 844 m) while retaining a large
dynamic aperture and without the need for a
sophisticated magnet design. Such a scheme would
certainly be a competitor to the recently proposed
energy recovery linac (ERL) scheme based on
superconducting linac technology, optimised lattice
design and re-circulation.

Such an ultimate Hard X-ray Source whether of
storage ring or ERL type will also be further
developed with a view towards designing a facility to
be built somewhere in Europe or elsewhere in the
world.

Besides this, there is another area which deserves
close attention, namely the design and optimisation
of high performance table-top X-ray sources. Such
sources are likely to come at a reduced cost, and
performance compared to that of a high energy
storage ring. Thanks to their affordability, they could
be acquired  by a large number of academic and
industrial institutions and therefore have a major
impact on X-ray science. 
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3.2. Buildings and Infrastructure Extensions

Science context

The scientific projects foreseen within the
framework of the Upgrade Programme
require the ESRF experimental hall to be
extended in order to accommodate
lengthened beamlines. This will allow a
greater demagnification ratio, improved
space around sample positions and new
laboratory and office space housing an
improved range of support including
complementary sample characterisation
services. The computing developments that
will take place as part of the Upgrade will
require a new data centre to be created
containing updated computer clusters,
network devices, and data back-up and
archiving systems.

The extensions are an absolute prerequisite
for carrying out the long beamline projects.
They are therefore a limiting factor in the
project planning. To drive the project
forward, the ESRF has already initiated a
number of preparatory steps by defining the
shell of the extended experimental hall (and
thereby which storage ring sectors may be
used to hold long beamlines) and
undertaking a pre-qualification exercise to
select companies able to tender for the
architectural and engineering design work.
One of the major constraints given to the
architects will be to plan work to give
minimal downtimes of the facility.

Added value of the Upgrade

The ESRF Upgrade Programme therefore
includes a substantial extension to the
existing experimental hall which will be
enlarged in the areas where this is possible
(given the site constraints):

• 21,000 m2 of total new surface will be
created (equal to about an additional one-
third of the current ESRF usable surface
areas).
- Of this, 14,000 m2 will allow 16 beamlines
to be increased in length from 55 m between
the source and sample to, in most cases,
between 120 and 140 m. This space will also
be used for additional laboratories close by
the beamlines and will also house the data
centre (500 m2).
- Of this, 7,000 m2 will be for new
infrastructure, laboratories (chemistry,
biology, high pressure, clean rooms, etc.) and
office space.

• The spatial resolution of many experiments
on the ESRF beamlines will pass from the
micrometre to the nanometre range.
This progression will have significant
requirements concerning the long beamline
stability. The extension design efforts will
therefore be concentrated on limiting the
vibrations transmitted to the sample and
associated support structures and on
developing a thermally stable environment
appropriate for the beamline hutches.

• The high magnetic field laboratory
component of the Upgrade has special
requirements concerning infrastructure and,
in particular, the power supply. This will be
a shared resource between the ESRF and the
ILL (Institut Laue Langevin) and the 20 to
40 MW electrical power supply necessary for
the static high field magnets will be located
between the two institutes. A cooling
capacity (1200 m3/h water cooling) will also
be installed.



3.2. Buildings and infrastructure extensions

172 ESRF Science and Technology Programme 2008-2017

3.2.1. Introduction

This chapter describes the design, key concerns and
the steps needed to create the new buildings and
infrastructure within the framework of the ESRF’s
scientific and technological Upgrade Programme.
The new building shell setting the boundary
conditions for the extensions (including the extension
of the existing experimental hall) was designed with
the aim of accommodating new scientific needs and
providing the space for extended beamlines and
facilities. The planned tendering exercise for the
architect and engineering team to complete the
design of the extensions may result in refinements to
the building shell to take into account specific
engineering or aesthetic conditions.

The ESRF, ILL and EMBL (European Molecular
Biology Laboratory) are the three independent
institutes located on a common site within the
“polygone scientifique”. Their site security, site entrance,
telephone, and restaurant facilities are shared. The
constraints inherent to the construction on site will be
taken into consideration in the development of this
project. The ESRF currently leases a surface of about
25 hectares (62 acres) with a useful surface of
currently about 73,000 m2. The majority of this is
dedicated to laboratories producing and using
synchrotron radiation (Figure 3.2.1).

When planning for the new buildings and
infrastructure, the following points must be taken into
account:
• Due consideration must be given to existing site
constraints such as site boundaries, existing buildings
and the current infrastructure.
• User operation downtime caused by the building
works must be minimised.
• For a maximum number of beamlines, given the site
constraints, the distance between the source point
and the sample shall be extended to the largest
reasonable distance (at present 55 m; whereas 120 to
140 m is desired for the extended beamlines). This
will require radial extensions to the experimental
areas, where possible.
• Beamlines ID16 to ID19 should retain the status of
“potentially extra-long beamlines”: the areas already
set aside in case of future prolongation of the lines
will not be encroached upon.
• The extension project will triple the available office
and laboratory space in relation to that lost in the
creation of the extended areas (for example, lost
ground floor laboratories through which beam flight
tubes pass and first floor offices that become
windowless). 

There are four areas where extension to the
experimental hall is possible whilst, at the same time,
incorporating the construction conditions highlighted

Figure 3.2.1: Layout of the existing site (left) and artist’s impression of the ESRF post-upgrade (right).
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above. These areas are named Vercors, Chartreuse and
Belledonne (after the mountain ranges surrounding
them), and Peninsula. The surfaces created will amount
to about 21,000 m2 (Figure 3.2.2 and Figure 3.2.4).

3.2.2. Creating new space

Scientific needs

The extended length beamlines need to fulfil certain
requirements, which can be grouped into the two
categories of X-ray optics and space. Some projects
fall into both categories.

• Optical requirements: Very large or very small
beams and coherence
Topography, tomography and medical imaging require
beam sizes of up to several centimetres. The
experimental stations of ID17 (CDR: CPR) and ID19
(CDR: IMPACT) are therefore already located in
external satellite buildings. Furthermore, phase contrast
imaging techniques are increasingly being used; these
techniques rely on the coherence of the X-ray beam.
Optimum performance is only achieved on long
beamlines, as the length of the transverse coherence
increases linearly with distance from the source (CDRs:
CPR, IMPACT, SFINX). Focusing to very small spot
sizes also requires long beamlines. This is illustrated in
Figure 3.2.3, which presents a simplified diagram of a
single, perfect focusing element or “lens”. The source is
demagnified by the ratio of the distance from the lens
to the sample and from the source to the lens, q/p. In
practice, q cannot be decreased beyond a certain limit
determined by the diffraction limit and the
experimental apparatus, typically, the sample

environment or goniometer mechanics. For a given
source size, the only remaining way to decrease the
focal spot size is to increase p. In theory, a small beam
could also be produced using a more complicated
optical arrangement on a shorter beamline. In practice,
however, the number of X-ray optical components
should be restrained whenever possible in order to
minimise image degradation from sources such as
mirror slope errors, absorption in refractive elements,
and thermal and vibrational stability. Notably, most
requests for long beamlines are centred on
nanofocusing applications (e.g. CDRs: HXPM,
MATSCI, MINADIF, MXBIB, NRS-NSM, SFINX,
SMILE).

• Space requirements
In addition to the optical requirements, long
beamlines may be necessary to take into account the
potential constraints connected to the size of the
sample environment or the location of the
experiment. In particular, on canted beamlines,

Figure 3.2.2: Artist’s impression of the experimental hall extensions.

Figure 3.2.3: Optical demagnification: Assuming perfect
imaging, the size of the focal spot, s, is given by the size of
the source, Σ, multiplied by the distance from the focusing

element to the focal spot, q, and divided by the distance from
the source to the focusing element, p. The minimum spot size

is limited by the geometrical demagnification, sG = Σ x q/p
and the diffraction limit, sDL = 1.22 λ/sin α.
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sufficient space for the installation of the optical
elements and other instrumentation may only be
available far from the source, due to the small angle
between the two beams. For certain experiments,
specific sample preparation and support prerequisites,
such as high magnetic fields or chemical and biology
laboratories, need sizeable areas available near the
beamline experimental hutches.

Consequences for existing buildings and premises

Preliminary studies on the extensions carried out by the
ESRF during 2005 and 2006 have set the construction
boundaries for the project as detailed below:

The extension of the beamlines will be integrated into
the four areas of Belledonne, Vercors, Chartreuse and
Peninsula. The extensions are shown on the location
plan (Figure 3.2.4). The radial cross-section
(Figure 3.2.5) shows the general layout of the
extensions with a section of the office/laboratory
areas on the periphery. Table 3.2.1 presents details of
the surfaces created and lost through the project
categorised by type (beamline areas,
offices/laboratories).

Extension of beamline experimental areas 

Table 3.2.2 lists the sectors that can be extended within
the constraints imposed by the ESRF site and its
existing infrastructure. The length value presented is
the potential maximum length of the experimental area
from the source point to the most exterior lead wall. 

Beamlines ID6, ID8, ID9, ID27, ID28, and ID29 will
be extended into the Vercors and Chartreuse areas
with the radius from the experimental hall increased
by 26 m to incorporate the useful experimental area,
bringing the potential average experimental area
length to 125 m along the beam axis. ID10 will also
benefit from the Vercors extension with a potential
length of 110 m, limited by the non-constructible
zone along the motorway. ID07 has the potential to
be extended into the Vercors area. However, its sector
on the storage ring is currently occupied by an RF
cavity essential for storage ring operation. The RF
cavity could be moved, depending on the choices

made within the framework of the X-ray source
upgrade (see chapter 2.2).

ID01, ID02, ID31, and ID32 will be extended into the
Belledonne area with a 35 m increase in radius from
the experimental hall for the useful experimental area.
The potential experimental area length will be about
140 m for ID01, ID32, and ID31, and about 115 m
for ID02. The multilayer laboratory, housed in the
existing building in Sector 03-7, will remain intact.
This laboratory was only recently constructed and put
into service.

Beamlines ID20, ID21, and ID22 will be extended
into the Peninsula area with an increase of 14 m in
the radius from the experimental hall to incorporate
the useful experimental area. The experimental area
length will be about 110 m for ID20 and ID21 and
105 m for ID22.

ID30 lies between the Chartreuse and Belledonne
extensions and the central building. It has the
potential to be extended, but the final length of this
extension is not currently known since it will depend
on the architectural choices made for both the
Chartreuse and Belledonne extensions.

The new extensions and their experimental areas will
be serviced by a six-ton overhead crane at a height of
6.5 m under the hook in the standard areas and 8.5 m
in the Vercors area for the high magnetic field facility.
These overhead cranes will be used for the
construction of lead hutches and for future
operational needs such as the handling of scientific
instruments. The architectural design of the
extensions will therefore be expected to optimise and
simplify their use.

Other new areas

• New office and laboratory space
Each of the four new extension areas will contain
significant areas allocated to offices and laboratories.
Indeed, it is foreseen that new office and laboratory
space will be created that is three times larger than the
office and laboratory space lost as part of the
construction process. The laboratories and offices will

Chartreuse Belledonne Peninsula Vercors Total

New office and laboratory spaces (m2) 2,160 1,080 2,400 3,300 8,940

Beamline areas (m2) 3,685 4,940 1,540 4,700 14,865

Total area created per extension (m2) 5,845 6,020 3,940 8,000 23,805

Lost office/laboratory spaces (m2) 635 770 675 890 2,970

Total gain in area (m2) 5,210 5,250 3,265 7,110 20,835

Table 3.2.1: Building shell surface estimates in m2 and comparison with areas lost during construction.
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Figure 3.2.4: Location plan.
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be located at the periphery of the extension areas, with
laboratories housed on the ground floor and offices on
two upper levels (Figure 3.2.5). New laboratories and
office areas cannot be built in the Peninsula extension
periphery due to the layout of the site. This should be
seen as a positive point as, ultimately, it avoids
construction close to the areas reserved for the very
long (up to 250 m) beamlines, ID17 and ID19.

• Data centre
Data storage, tape back-up devices, high performance
clusters and a significant amount of network
electronics are currently installed in two distinct,
separate computer rooms. The current ESRF
infrastructure is close to saturation and new space will
be required for the additional storage, back-up, and
processing power needed to hold data from the new
science originating from the Upgrade Programme
over the next ten to twenty years (see chapter 3.3 for
more details).

A new data centre would supersede most of the
functional aspects of the original Central Building
computer room. Only half of the network equipment
(about ten 19” racks) has to remain in the Central
Building location. The main characteristics of the new
data centre will be:

- Surface: 500 m2

- Useable height: 250 cm
- UPS power: 500 kW
- Air conditioning: 750 kW (including a 250 kW 

reserve)

The surface area (500 m2) required by the new data
centre will be integrated into one of the extensions to
the experimental hall close to the existing computing
rooms currently located in the Central Building and
control room.

• The high magnetic field facility
There are plans to create a high magnetic field
(HMF) installation on the ESRF site, with field coils
on the ID06 and ID08 beamlines (these fields will be
over 30 T). An installation in collaboration with the
ILL and CNRS is foreseen for the electrical power
supply (20 to 40 MW) and cooling. This section
provides only a brief overview of the installation,
which requires an in-depth investigation before being
finalised (see section 2.4.5 on Experiments under
Extreme Conditions for more details).

An open cooling network will be created by pumping
water from the Drac river to the primary circuit of the
heat exchangers. Independent secondary circuits
containing demineralised water will connect the heat
exchangers to the magnetic facilities of both the ESRF
and the ILL. The secondary circuits will contain
powerful pumps able to cope with the high volume
and pressure (1200 m3/h and 28 bar) required for the
cooling circuits of the magnets.

These services will be installed in a utilities building
of about 1200 m2 common to the ESRF and the ILL,
accommodating the pumps and heat exchangers,
power supplies, electrical transformer and distribution
sub-stations (this is not within the scope of the ESRF
Upgrade Programme).

The Vercors extension will accommodate the ID06
and ID08 beamlines with a height of 8.5 m under
the hook of the overhead crane to make the
manipulation of coils and their associated
equipment (e.g. sample holders) possible. Coils will
be situated in pits on the experimental floor,
centered on the X-ray beam axis due to their large
size. In addition, the liquefier, using helium
recovered from the closed cooling circuit of the
magnet (flow rate of about 60 to 80 l/h for hybrid

Figure 3.2.5: Radial cross section of one of the extensions.
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magnet cooling), could be installed close by in the
beamline area.

Interface with existing buildings

Construction of the extensions has been simplified by
the decision to only build lead hutches outside the
current existing structure at the edge of the
experimental hall, where offices and laboratories are
currently located. This will minimise disruption to
normal ESRF operation and means that the area does
not need to be serviced by an overhead crane so that
the existing load bearing structure can be preserved
(Figure 3.2.5). Several advantages of this are detailed
below:

• Only minor modifications to the existing hall will
be required to permit beam flight tubes for the longer
beamlines.

• The surfaces of the offices located on the first
floor in the sectors will be maintained, though these
areas will lose their external windows. The adjacent
walkways will be used as emergency circulation
areas.

• The fluid distribution networks located on the
structure of the present freeway can be maintained.

• The construction phase for the extension is
simplified because the external shell of the

experimental hall will remain intact during much of
the work; this provides a well-defined boundary for
activities and will help to minimise operational
disruption. 

In addition, there are significant constraints related to
the existing facility, as shown here:

• The extension of the Vercors area, and, more
particularly, the extension of ID09, has an impact on
the existing rooms S10-0-3 and S10-0-3a: A technical
pumping room and access to the technical gallery
linking the experimental hall to the main utilities and
technical building. A suitable solution will be found
to relocate these pumps and integrate access to the
technical gallery.

• The relocation of the technical rooms where the
large air handling units are currently located (air
treatment of the experimental hall to control the air
temperature).

3.2.3. Technical considerations and
constraints

Access to works

Access to the common ESRF/ILL/EMBL site is
controlled: A local contact notifies the site entrance

Experimental area length
(maximum distance between
the source point and the final

Sector beamline lead wall) (m) Constraints

ID01, ID31, ID32 140

ID02 115 Length restricted by the multilayer laboratory building.

ID06, ID07, 125 ID07 is currently occupied by an RF cavity for storage
ID08, ID09 ring operation. Its liberation depends on the solutions 

chosen within the X-ray source upgrade.

ID10 110 Limited by the non-constructible zone along the A480 
motorway.

ID20, ID21 110 Limited by the Avenue des Martyrs and the Isère river 
and the road around the ring, which is required for 
access, safety and security issues.

ID22 105 Idem ID20 and ID21, with the additional limitation of an 
access point to the existing experimental hall.

ID27, ID28, ID29 125

ID30 To be studied The limitation on the ID30 extension will be the final 
design of the other extensions created by the architects. 
An ID30 extension would lie in the critical zone between 
the existing experimental hall and the central building.

Table 3.2.2: List of the sectors around the current experimental hall, experimental area lengths and constraints.
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and authorises all visits. Visitors must give proof of
identity in order to be provided with badges for the
duration of their stay on site. Special procedures, yet
to be defined, will need to be initiated for staff
working on site in the context of the Upgrade
Programme (for example, the creation of a dedicated
entrance on the Avenue des Martyrs).

At present, the site has only one entrance situated at
the southern tip. However, an additional, new
entrance is planned. A project, running in parallel to
the Upgrade Programme, aims to relocate the site
entrance to the Avenue des Martyrs to alleviate road
traffic bottlenecks at peak times. The proposals herein
for external infrastructure to the buildings such as car
parks, roads and underground networks are based on
the assumption that the project for the new site
entrance will have been completed.

• External access and circulation
The complete periphery of the experimental hall and
its satellite buildings are currently accessible from the
ground floor. A road closely follows the experimental
hall’s periphery, providing access to the building. It
will be maintained after construction of the
extensions, which will have access to their first floor,
where necessary. The four extension areas will modify
the road’s path and some of the pathways to the
building but, nonetheless, the following aspects will
be preserved: 
- No reduction in the number of existing access
points from the experimental hall to the exterior.
- Maintenance of the exterior access doors permitting
lorries to reach the area serviced by the six-ton
overhead crane.

• Internal access and circulation
The existing experimental area is surrounded by a 3 m
wide freeway situated under the load bearing structure
of the hall. This freeway serves accessibility and
security purposes and also defines the boundary of
the beamline experimental area. A continuous ground
level freeway will be maintained around the whole
series of experimental halls, existing and future, to
allow staff and materials unhindered access to both
the current and extended beamlines.

In each of the extension areas, a circulation zone will
be added at the first floor level, using the existing
accesses to the offices. Together with these first floor
circulation zones, a full 360 degree freeway would
then exist, allowing easy and rapid circulation in the
existing experimental hall and access, via staircases, to
the freeways located between each beamline. It
should be noted that the fluid chicanes enabling
lorries to pass through the loading bays will be
modified, thus guaranteeing the continuity of
circulation around the existing hall. 

Fluid networks

The site is equipped with all of the primary networks
(rainwater drains, waste water, electricity, heating,
cooling, telecommunications, etc.) required for the
completion of this project.

The ESRF consumes a large amount of electricity
(63 GWh/year) and is highly dependent upon the
quality of the distributed current. There are two
sources of 20 kV supply available on site at present,
which will not be modified for the Upgrade
Programme. They would, however, be complemented
by a dedicated source for the high magnetic field
facility (see section 2.4.5).

Authorisation for pumping water for cooling from the
River Drac is 2500 m3/h and present consumption
levels leave a surplus of some 700 m3/h at a maximum
output temperature of 29°C. It should therefore be
possible to use this surplus as a cold source for the
extended areas of the experimental hall and other
facilities, except for the high magnetic field facility,
which requires much larger cooling power.

Stability of the extensions for the sample
environment

Over the next few years, the spatial resolution of
experiments on the ESRF beamlines will pass from the
micrometre to the nanometre range. This
improvement in terms of performance will have
significant consequences on the sample environment.
The extension design efforts will be concentrated on
limiting the vibrations transmitted to the sample or
associated support structures and designing an
appropriate thermally stable environment. The
construction of the ID11 and ID13 pilot projects for
long beamlines was accompanied by detailed studies

Figure 3.2.6: Sources of vibration.
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on the dynamic behaviour of the ground and also on
the thermal stability surrounding the samples. This
knowledge, together with the actual operational
experience from these two beamlines, will provide the
foundations for the new design and engineering
extension.

• Vibrational behaviour
Requirements on precision for synchrotron
experimental installations are extremely high. Both
the infrastructure and the various elements of the
experimental stations will be designed to avoid any
risk of disturbance, caused either by the dynamic
environmental vibrations external to the ESRF site or
by machines, staff and moving of equipment near to
the measurement area (Figure 3.2.6). 

In order to take into account the technical difficulties
related to the construction work, a series of
measurements will be made both in the framework of
selecting the company for construction and
throughout the duration of the project to be sure that
all necessary precautions are taken.

The knowledge acquired during construction of the
ID13 pilot long beamline will be used to achieve this.
During feasibility studies, both the behaviour of the
ground under the foundations, and the influence of
pillars and of the floor thickness on the building’s
dynamic performance were investigated. The results
were subsequently compared to the measurements
taken in situ after work completion and validated the
feasibility study methodology.

This methodology will be applied to the final choices
proposed by the construction company to validate
their solutions and, if necessary, to guide them in
their approaches.

• Thermal behaviour
The extensions to the experimental hall must allow
thermal stability, which is at least equivalent to that of
the existing hall (within ±0.5°C for recirculation
temperatures with a variable setting dependent on
external temperatures). It should be noted that spatial
stability is less important than temporal stability,
particularly with short variations (less than 1 week).
Long-term amplitude variations (over a week or
longer) may be acceptable to adapt to seasonal
fluctuations as these could be followed by beamline
alignment. 

The thermal environment in the experimental hall
should enable the experimental hutches to achieve a
thermal stability of about ±0.1°C. This value was
obtained with the refurbishment of beamline ID22 in
2006 and for the two new hutches on ID11 and ID13.

• Airborne dust in the experimental hall
The experimental halls created within the extensions

will not be constructed as clean rooms. However,
since the extensions will house particularly sensitive
and high-precision equipment, special attention will
be paid to air treatment, to limit the introduction of
dust, and also to the materials which will be used for
the buildings.

Working conditions, working environment and
ecological impact

The ESRF is a research institute financed by eighteen
member countries and is a showcase for science and
technology. At present, over five thousand visitors per
year use the experimental setups for their research.
The reliability of the technical infrastructures is
therefore not only a critical factor in the success of an
experiment, but the environment and working
conditions also make a substantial contribution to
satisfying users and making the ESRF’s staff more
effective.

The scientific activities of the ESRF are distributed
around the existing experimental hall surrounding the
storage ring. This causes access and circulation
constraints, which will be solved by ensuring that
access to the different sectors is as effortless as
possible. The design of the working areas must be
done in such a way as to make sure that the
laboratories and offices are located around the
scientific installations. Links between the different
sectors (experimental area, existing buildings and
satellite buildings) must be well thought out with the
team of architects in order to maintain an effective
working space.

The extensions will also optimise the number of
buildings adapted for and accessible by disabled
people (washrooms, meeting rooms, offices,
laboratories, etc.).

The ESRF operates on a 24-hour basis which can
mean difficult working hours for both users
(experimental time slots) and for ESRF support staff.
In addition to laboratories and offices, rest and
relaxation areas and meeting rooms will also be
included in the extension plans.

A high quality environmental approach to this project
has been decided in order to incorporate legal
requirements in relation to the comfort and quality of
the working areas, constraints linked to the running
of the existing site, the control of costs and
maintenance processes for the operation of the
facility and respect of the local urbanisation
programme (Plan locale d’urbanisme, PLU, from La Mairie
de Grenoble). The ESRF is working closely with an
external specialist to put this into practice.
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3.3. Computing Challenges 

Science context

The new science that makes up the Upgrade
Programme needs additional computing
support and infrastructure. The ESRF
computing will therefore be greatly
enhanced so that the entire process of
collecting vast quantities of data is more
effective and efficient. This applies equally to
instrument control, data interpretation,
modelling, presentation, transfer and
archiving as well as storage ring and
beamline developments.

Today, scientific problems are tackled by a
virtual army of specialists linked by
computing hardware, software and
transmitted data, which have become
essential in allowing high quality science to
be carried out. The Upgrade Programme will
enable computing to help optimise the way
science is undertaken at the ESRF and make
the already essential role that computing
plays even more pertinent. 

The standard ESRF investment programme
will allow computing to be maintained and
slowly developed over the coming decade
but will not allow it to keep pace with the
increases foreseen in scientific demands and
data throughput. The Upgrade Programme
will allow the ESRF’s computing facilities and
resources to be enhanced via a necessary step
function change which will directly benefit
the quality of the scientific output and
operation of the ESRF. 

Added value of the Upgrade

The six themes of the Upgrade developments
to the computing environment are
summarised below:

• New and updated software linked together
by a framework will allow data to be
analysed whilst an experiment is running and
provide feedback on the quality of the

samples and the experimental strategy in real
time for a wide range of experiments.

• New off-line software will be developed to
handle the simulations of nanofocusing ray-
tracing and data interpretation and
experiment protocols. Users will generally be
able to export data analysis software to run
on computers in their home institutes.

• By adopting data formats which conform to
international standards, it will be possible to
store metadata which contains all of the
necessary information for automatic data
analysis. Standards will also make
collaborative efforts to develop data analysis,
storage and dissemination more effective.

• A Grid environment will allow analytical
algorithms to be run faster on a large number
of processors and allow users to transfer data
or results reliably to their home institute.

• New management information software
will facilitate the management of scientific
experiments and of a vastly increased
quantity of data with the possibility of
storing results in permanent archives that can
be consulted via the web.

• A new data centre will allow increased data
storage, processing power and network
bandwidth to handle the increasing flow of
data coming from the beamlines.

Partnerships

Many of the tasks above are relevant to all of
the European synchrotrons and the goal of
creating easy-to-use data analysis suites for
each user community is too large to be
carried out by just one institute. A European
collaboration is therefore envisaged to work
towards this objective and as a stepping
stone to the eventual creation of a Virtual
European Synchrotron Radiation Data
Analysis Centre.
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3.3.1. Introduction

This chapter focuses on the additional computing
support and infrastructure that will be needed by the
new scientific opportunities forthcoming from the
Upgrade Programme. The main aims of the computing
upgrade programme are to enable better science by
providing rapid data analysis through the adaptation
of existing or new data analysis programs and by
making high-performance computer hardware readily
available to all beamlines in optimal conditions.
Addressing the problem of online data analysis
together with an enhanced computing environment
will be a major step towards improving the scientific
productivity of the ESRF. The main impact of the
Upgrade Programme will be to catalyse these essential
developments by enabling peak load staff to be hired.

Grid technology will bring new ways of managing
data and accessing computer processing power. The
benefits will be immediate to the domains generating
large quantities of data, such as tomography and
macromolecular crystallography. Once back home,
scientists can continue data processing over the
Internet combining the computer resources of their
laboratory with those of the ESRF. Virtual scientific
communities, a powerful Grid concept, will foster
international collaboration and greatly enhance the
access to ample computer resources for the most
computer intensive tasks.

Behind the scenes are the networks, computer
clusters, storage and data back-up systems. Extra
space will be needed to house these expanded
systems. Therefore, a new computer room will be
built within the Upgrade Programme to provide
sufficient storage and cooling to cover the predicted
requirements over the next 10 years.

This chapter also includes details of computing
activities such as the development of the control
system software and the Scientific Management
Information System (SMIS). These projects will be
pursued during the time covered by the Upgrade
Programme but will be sourced to a large extent from
the existing budgets. 

Finally, much of the computing challenges posed by
the science of the Upgrade are relevant across the
European synchrotron light sources. The final section
focuses on this and gives an example of a successful
collaboration (DNA) that involves both light sources
and academic partners.

3.3.2. Online data analysis

The experience of users at a beamline could be
significantly enhanced by the addition or

improvement of online analysis programs that provide
feedback on the quality of the data and a first look at
results in real-time or quasi real-time. Data are being
produced at a faster rate and in ever greater
quantities. Data analysis, however, is not keeping
step, leading to bottlenecks and increased latency.

The goal is to provide each beamline with a suite of
online data analysis programs that can treat the
experimental data in real-time. Staff are needed to
port and adapt existing off-line data analysis packages
to bring them online. Bringing analysis programs
online means developing the necessary programming
infrastructure for treating data as soon as possible
after it has been collected on the beamline. Another
essential part of data analysis programs is their user
interface. New graphical user interfaces will be
developed to simplify the setting up and running of
these programs by non-specialists. The results will be
visualised at the beamline using the best available data
visualisation techniques, to make analysis easier and
more intuitive. The programmers for each scientific
discipline should be dedicated to this task for a period
of at least 2 years. The disciplines to be addressed are
single crystal diffraction, powder diffraction,
macromolecular crystallography, spectroscopy, micro-
diffraction and imaging. 

Improving the scientific output at the ESRF over the
next 10 years depends partly on the ability to solve
the online data analysis problem. Online data analysis
will be one of the critical high priority projects of the
Update Programme. The principal data analysis issues
are illustrated below with examples.

Online evaluation and visualisation

Most of the experiments carried out at ESRF
beamlines already have a certain degree of online data
visualisation utilities combined with generic online
data analysis algorithms. The main objective of these
tools is to give very early data quality estimations.
The tools give feedback on the experiment in
progress, help on deciding the continuation of the
measurement and provide information to help decide
on the subsequent stages to be performed and on the
tuning of the parameters to obtain optimised data.
The generic data analysis packages can also be useful
off-line for searching through stored data, comparing
different data sets and for basic data analysis.
Wherever possible, these programs should also be
available to users to run at their home laboratories.

Online data evaluation tools have to be fast and
function in a manner that is non-disruptive to the
experiment in progress. Non-expert users will find
themselves confronted with the interfaces so the tools
need to be generic and simple to use. 
Data visualisation for large and complex datasets
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needs to explore innovative ways of presenting
information and intuitive ways to represent and
navigate through multi-dimensional datasets.

Tools will be developed for online evaluation and
visualisation. Particular effort will be put into
integrating analysis algorithms into these tools and
exploring new visualisation approaches.

An illustrative example using an existing online data
visualisation tool available at the ESRF (and
elsewhere) is PyMCA (Figure 3.3.1), which provides
peak search, different fitting algorithms, background
subtraction methods, and energy calibration (Solé et
al., 2007). It supports batch processing of files in
various formats and is able to process up to 5000
spectra per minute. 

For 3D data exploration, a specific software toolkit
needs to be selected and adapted to the ESRF’s needs.
There are a few existing packages that could be used
as a starting point to the data visualisation needs of
many crystallography and imaging beamlines (ImageJ,
VTK/ParaView, OpenDX, VRML, etc.). The Upgrade
Programme will allow us to explore the latest
advancements in the 3D imaging domain.

Automated experiments and analysis 

Scientific calculations on real-time data can be used as
part of the experimental sequence for a number of
different applications. The integration of the
beamline instrumentation into experimental sequences
described in chapter 2.1 can benefit in many cases
from real-time data analysis calculations for building
automated or semi-automated experiments.

The effort required in this field by the Upgrade
Programme will consist of working on the integration
of automated experiments for each project. Aspects to
be treated will be performance, error handling,
reporting, adapting of scientific code for parameter
passing, etc.

Examples of data analysis in automated sequences
include the use of wavefront analysis for automated
mirror alignment or the use of image processing for
assisted or unattended sample centring. This is
illustrated by the cycle of the MX screening data
collection pipeline (Beteva et al., 2006). In this case,
samples are automatically screened for their
diffraction quality. In a recent experiment on the
ID29 beamline, 250 samples were screened in a 13
hour period.

Figure 3.3.1: PyMca screenshot
showing some of the visualisation
techniques for fluorescence maps

collected at beamline ID21.
PyMca includes powerful

visualisation techniques for 1D to
3D data for spectroscopic data

analysis. This tool is a reference in
the field today and it is used at
many ESRF beamlines and at

other institutions such as SSRL,
CHESS, LLNL, SOLEIL, PSI, ANKA

and DIAMOND.
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High-throughput online data analysis

The time taken to perform extensive data
manipulation, such as large volume computer
tomography (CT) reconstructions, has dramatically
decreased in the last decade such that volumes of
several gigabytes can be reconstructed in only a few
minutes. This became possible with the advent of
faster computers and, in several cases, computer
clusters, using software for parallel processing.

Two examples follow, which show some of the online
data tools currently being used at the ESRF. These
tools have the potential and requirement for
substantial performance improvements to keep pace
with the ever increasing read-out speed of 2D
detectors and to make them suitable for automated
batch processing.

• XAS online tools: Many beamlines, and in particular
the imaging beamlines, can record maps over samples
where every image point represents a spectrum. The
massive yield of these XAS data has created the need
for analysis software capable of processing hundreds
or even thousands of spectra in one scan and
performing the classical data reduction operations
(background subtraction, spline fitting, normalisation,
Fourier analysis). The software available at the ESRF,
the XAID extension of XOP
(http://www.esrf.eu/computing/scientific/xop2.1/),
carries out this essential pre-processing. Its
elaboration to include full mapping capabilities is one
of the forthcoming programming challenges during
the time span of the Upgrade Programme.

• X-ray powder diffraction online tools: X-ray micro-
or even nanobeams permit numerous tiny areas within
a sample to be examined in detail. In particular, for
powder diffraction, a large number of diffraction
images can be acquired for one sample. This has
opened new possibilities for identifying crystalline
compounds in scientific areas such as environmental
science and cultural heritage. Although many
programmes are available at the ESRF for image
display, correction and azimuthal integration, none is
really able to identify the crystalline phases during
the analysis of the images. Therefore, an analysis
system will be created that compares acquired data
with reference data either calculated or stored in a
user-defined and extensible library. An example of a
program for powder diffraction image display is
shown in Figure 3.3.2. This kind of analysis is
generally coupled with XRF elemental analysis on
multipurpose beamlines to extract chemical and
crystallographic information from the sample. 

Some of the analysis programs which will require
resources to be developed further in the future to the
levels required for online analysis, especially given
expected improvements in instruments and detectors,
are:

Figure 3.3.2: (Left) X-ray powder diffraction pattern of an
archaeological pigment containing a clay mineral. The selected
area defines the useful part of the image; this limited area is a
consequence of making the measurement in grazing incidence
geometry. (Right) The diffraction pattern obtained by azimuthal

integration of the selection in the left image. The pigment
contains a main phase of palygorskite, as shown from the

comparison with a reference compound (Unpublished data.
ESRF users’ report:

http://ftp.esrf.fr/pub/UserReports/28638_A.pdf).

http://ftp.esrf.fr/pub/UserReports/28638_A.pdf
http://www.esrf.eu/computing/scientific/xop2.1/
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• Quantitative XRF analysis by fast Monte Carlo
methods (CDR: XMAN)
• Total Crystallography (TotalCryst,
http://www.totalcryst.dk/) and the XRD Nanoscope of
beamline ID11
• Fast SAXS data analysis (shape reconstruction) of
proteins in solution (CDR: HISAXS)
• XANES micro-mapping combined with iterative
transformation factor analysis (CDRs: XAS-XES,
EDXAS-L/EDXAS-S)
• Automated collection and processing of X-ray
protein crystallography data (CDRs: MASSIF, MX-
MAD1 and MX-MICROFOCUS)
• Enhancement of SAXS data processing programs for
time-resolved measurements (CDR: SAXS)

Online data analysis software framework 

The development of online data analysis for complex
scientific problems will benefit from a framework
allowing new modules to be reused across domains,
and even among European Light Source Facilities.
The framework will allow a large number of data
analysis software modules to be plugged in and
executed. It will provide users with a common
platform for running a wide range of programs, and
create a container for data analysis codes developed
by the various groups at the ESRF and their external
collaborators. A framework will also facilitate the
implementation of high throughput online data
analysis and provide facilities in key areas such as
workflow, sequential analyses, data management and
data processing. 

An example of an existing software framework is
FABLE, used in the domain of polycrystalline data
analysis. FABLE is part of TotalCryst
(www.totalcryst.dk), which is a European project to
apply single crystal techniques to polycrystalline
samples to improve the quality of the results
(Vaughan et al., 2004). Orientation matrices for
individual crystallites are determined simultaneously
and then integrated, filtered and summed to arrive at
a single-crystal-like data set. This technique is
especially promising for a large class of samples which
are neither good powders nor good single crystals.
All of the elements of the problems facing online data
analysis have to be tackled for this project. The result
will be a software framework for treating
polycrystalline data. The Upgrade Programme can
benefit from the work done on this project by
extending it and applying the resulting framework to
other scientific areas which need complex online data
analysis programmes. 

Requirements identified in the CDRs

Based on the CDRs, the following data analysis
requirements have been identified:

• Online tomography reconstruction – initially in the
form of simple (one slice) sinogram reconstruction
produced online. As the time needed for a complete
reconstruction will shrink, the possibility of
producing/visualising the whole dataset in real time
will become possible (CDRs: IMPACT, MX-BIB,
CPR, SFINX).

• Multidimensional visualisation – handling large
quantities of spectra, images or multidimensional data
in an intuitive way (CDRs: SFINX, SURF, TRS,
TRD, CDI, EDXAS-L, EDXAS-S, XMAN, IMPACT,
MAGSCAT, MATSCI, MASSIF, MX-MAD-1 and -2,
GISD).

• Data reduction – to extract information from
acquired data in real time (CDRs: PMF, SURF, TRD,
XPCS, EDXAS-S, GISD, HISAXS, INELX,
MAGSCAT, MATSCI, MINADIF, MASSIF, MX-
MAD1 and -2).

• Computer vision – the use of computing image
analysis algorithms as help during experiments mainly
for sample handling such as alignment, identification,
multi-spot data collection, and damage identification
(CDRs: TRD, XMAN, EDXAS-S, CPR, GISD,
IMPACT, MAGSCAT, MINADIF, MX-BIB,
MASSIF, MX-MAD1 and -2).

• Adaptation of specific algorithms for online analysis
and simulation – the development of modules to
connect specific algorithms to the online data
visualisation (CDRs: SAXS, XPCS, EDXAS-S, TRD,
XPCS, MINADIF).

• Pipeline mode – multi-sample data collection with
data analysis as part of the collection sequence
(CDRs: MASSIF, MX-MAD1 and -2).

• 2D data analysis – availability in real time of 2D
data analysis algorithms (CDRs: SFINX, OPTICS,
PMF, SAXS, TRS, XPCS, CDI, HISAXS, GISD,
MAGSCAT, MINADIF, SURF).

3.3.3. Software for scientific computing
and off-line data analysis

Faster and more thorough data analysis and
interpretation are needed to keep pace with the
advancing science. This sets new goals for the
scientific computing area at the ESRF. The case for
faster online data analysis has already been stated.
Here, the more intensive computational tasks which
tend to become increasingly complex are considered.
Single CPU performance is not expected to increase
by much, making stand-alone workstations seem less
attractive for scientific computing. The increasing

http://www.totalcryst.dk/
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complexity of the calculations can be offset by
exploiting both parallel and distributed computing. 

One challenge is the increased complexity in the
simulation of nanofocus beamlines and computer
assisted focusing systems. Owing to the envisaged
upgrade of the ESRF synchrotron source and
nanofocusing beamline requirements, it is important
to keep pace with the rapid evolution of X-ray optics
and the related computational tools to simulate
complex beamlines with high precision optics.
Assisted focusing and longer time-span corrections
will rely on the accurate return of beam position data
to the focusing algorithms and development of
automatic focusing is needed with the implementation
of a feedback system to maintain a beam position in
real time.

The second challenge arises from the complexity of
algorithms currently used off-line (off-line by
necessity because of their long run time) for
experimental data analysis and interpretation. Typical
examples of off-line algorithms that cannot be run
during experiments are Monte Carlo, ab initio
calculations and molecular dynamics. Soft condensed
matter, X-ray absorption and magnetic scattering as
well as high resolution and resonance scattering are
areas that will benefit from these kinds of improved
modelling tools permitting the beamlines to remain at
the cutting edge of X-ray science worldwide.
Programs used in these areas at the ESRF for complex

off-line analysis and simulations are often written by
authors away from the ESRF site. To catalyse the
conversion of code for parallel or distributed systems,
the ESRF will need to coordinate the work with the
off-site authors and quite likely use its own peak load
staff to aid the process. Once converted, some
programs may then be usefully incorporated into the
online analysis framework described in section 3.3.2.
The parallelised code will be of benefit beyond the
realm of the ESRF beamlines and will be made
available to the broad community. These areas are
described in more detail below and a number of
specific examples are given. 

Software for ray tracing and focusing systems

With the refurbishment and construction of new
beamlines, there will be a need for a more flexible ray
tracing tool capable of meeting the forthcoming
nanofocusing challenges. The development of new
numerical modules based on advanced wave-optical
approaches is also required, as well as multiple crystal
X-ray dynamic theory calculations.

Calculations for the design and optimisation of X-ray
optics are usually quite time consuming, and require
specialised software. A substantial effort has already
been invested at the ESRF in developing optics tools
and facilitating their use. The XOP package
(http://www.esrf.eu/computing/scientific/xop2.1/) was

created with the aim of
performing quick
calculations and
simulations of X-ray
sources and optical
elements, whereas the
interface ShadowVUI (an
XOP extension) was
designed to perform
Monte Carlo ray tracing
calculations. A
substantial effort will be
needed to upgrade and
eventually redesign and
enhance the existing
applications by basing
them on a modern
software architecture and
by the incorporation of
methods to better
describe optical surfaces
in terms of surface
irregularities. This is a
necessity for future
nanofocusing beamlines.
A substantial effort is
needed in terms of the
design and coding of
new applications, using

Figure 3.3.3: The physical behaviour of a setup for analyser-based imaging following a wave-
optical approach can already be simulated today (Bravin et al., 2007). Such a setup consists of a
monochromator crystal, a sample, and an analyser crystal in Bragg geometry placed downstream

from the sample. In particular, the above image displays: (a) the intensity pattern (a.u.) of a
triangular Plexiglas wedge imaged using a taper optics CCD camera and Si(111) reflections

located at L = 2.2 m distance from the sample. The experimental (red) and the theoretical curve
(dashed green) are in excellent agreement; (b) the intensity pattern (a.u.) of a trapezoidal wedge
of the same material under identical experimental conditions. Again, the experimental (red) and
wave-optical curve (dashed green) match each other very well. In the future, with the Upgrade,
we envisage the generation of wave-optical models for a wider class of optical elements in order

to be able to predict in a comprehensive way the optical behaviour of an entire beamline,
possibly taking into account manufacturing imperfections of the optical devices.
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for example a unique mathematical class of
curves/surfaces to describe all optical surfaces and a
new ray-tracing kernel.

The removal of beamline optics effects (instrumental
functions) to discriminate between artefacts
introduced by the optics and the real signal from the
sample is an important requirement for data analysis.
Deconvoluting inelastic scattering spectra by using
advanced Monte Carlo ray tracing techniques is just
one example of the forthcoming challenges.
Furthermore, there are increasing requests for wave
optics tools (Bravin et al., 2007; Peterzol et al., 2007)
capable of correctly simulating phase contrast images
without the weak object approximation, as well as
characterising quantitatively nanofocusing optical
elements such as CRLs, elliptical multilayers, and
curved crystals. Once developed, wave-optical
approaches that take into account coherence effects
and penetration in samples will eventually supersede
the current algorithms.

Figure 3.3.3 illustrates the potential of a wave-optical
approach to the simulation of analyser-based imaging.

Other optics software requirements are for computer
assisted beam focusing and beam position monitoring.
Software for beam focusing via KB and/or toroidal
mirrors is currently in great demand at the ESRF.
The advent of the nano-era will pose even greater
challenges. A new generation of customisable real-
time software must be developed from the current
software and adapted to the ESRF nanofocusing
elliptical multilayers and similar optical devices. 

2D diffraction data analysis and reduction

The continuous evolution of diffraction beamlines
drives the further development of area detector data
analysis software. In particular, customisable modules
for the integration of small molecule single crystals
and powder diffraction data at large two-theta angles
are required for the unique needs of the ESRF
beamlines such as high-pressure specificities of
twinned and multi-crystals or varying shadowing from
diamond-anvil cells. This software also needs to be
compatible with a variety of detectors.
The ESRF program FIT2D
(www.esrf.eu/computing/scientific/FIT2D/) has been
adopted by many laboratories around the world. This
wide user community has requested an overhaul of
the user interface and that new features be added.
FIT2D was designed essentially for a detector placed
orthogonally to the incident beam with small
misalignments. FIT2D needs to be extended to two-
theta = 90 degrees and ported to modern software
architecture. Figure 3.3.4 presents a 2D view from
FIT2D as an example of the functionality currently
available.

Absorption spectroscopy and anomalous
scattering 

There are at present two approaches for simulating
the electronic structure of complex materials. These
two approximations give complementary information:
multiplet codes work well for localised properties
whereas band structure codes work well for
delocalised properties (Mirone et al., 2006). In real-
world examples, the reality lies somewhere between,
and an approach is needed to merge these methods.
An example of where this will be used is in
spectroscopy, such as absorption, RXS and RIXS.
An ambitious Upgrade task, therefore, is to integrate
the existing ab initio electronic band and multiplet
calculations in collaboration with experts in this
domain. The software currently used to simulate
X-ray absorption, near edge X-ray absorption and
resonant X-ray scattering is FDMNES. Until the
ultimate electronic structure code is available,
FDMNES will be supported and extended. 

Figure 3.3.4: This diagram shows one slice out of a 3D
volume of the reconstructed reciprocal space of an InGaAs
single crystal. In the near future with advances in computer

hardware, particularly the availability of low cost huge
physical memories (RAM) and fast processors, the

reconstruction of large volumes of reciprocal space can be
made online in real time, and sophisticated 3D viewers will be

used to visualise, investigate, and manipulate the 3D data.
Reciprocal space mapping is frequently used to study and

determine the structural properties of thin epitaxial films such
as composition, layer tilt, lattice relaxation and structural

quality. 3D mapping in reciprocal space using area detectors
opens up new possibilities in structural characterisation of

nanomaterials based on recording of 3D maps in the vicinity
of selected reciprocal lattice points.
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Another Upgrade target is extending EXAFS data
analysis with wavelets. The analysis of EXAFS data,
although standard at present, nonetheless leaves room
for new developments and improvement. As an
example, wavelet transforms have proven to be a
valuable tool for EXAFS data analysis, especially for
discriminating two types of atoms sitting at the same
distance from the photo absorber. The development
of a fit procedure based on the continuous wavelet
transform would represent a substantial complement
of the existing EXAFS data evaluation techniques.

X-ray magnetic scattering

X-ray magnetic scattering (XRMS) can be used to
determine both spatial distribution and orientation of
magnetisation (Mirone et al., 2007). To relate the
experimental data to these multipole moments and
optimise the data collection strategy, numerical and
analytical algorithms need to be developed at the ESRF.

AAbb iinniittiioo computation 

Ab initio computation requires extra human resources
to greatly enhance the service provided for our
scientific community. The external software supported
at the ESRF for the areas of quantum chemistry, ab
initio, quantum mechanics, and molecular dynamics,
DFT, non-muffin tin, atomic and cluster-wise
multiplet, are ADF, GAMESS-UK, StoBe, VASP,
Wien2K, ABINIT, Siesta, Gaussian03, GROMACS,
Moldy, MXAN and MISSING. Maintenance and
parallelisation of these programs and the writing of
link modules between some of them represent
important activities at the ESRF.

An example is the use of Monte Carlo calculations for
synchrotron radiotherapy. SSRT and MRT require a
great effort in terms of reliable and fast dose

deposition calculations. Predictions from several
algorithms must be compared and assessed. In the
human treatment protocol, the operator must be able
to quickly change the irradiation conditions
according to the deposited dose. A hybrid simulation
combining Monte Carlo and deterministic algorithms
(Figure 3.3.5) is needed that runs in parallel on a
dedicated computer cluster. Several utilities will also
have to be provided to optimise the treatment plan.
The SSRT and MRT treatment problem can be
roughly formulated as follows:
A target is irradiated (normally a cerebral tumour)
with an X-ray beam of known (but not fixed)
characteristics (size, energy spectrum, photon flux, in-
depth energy deposition). The target can be moved
either by rotation or translation. To obtain the dose
(energy per unit volume) to be deposited on the
target itself, one must know the optimum
combination of the physical and geometrical
parameters which spares the tissue surrounding the
tumour and prevents the beam from passing through
vulnerable parts like eyes while ensuring the desired
dose deposition.

There is no software readily available for this
problem, and designing such code is a considerable
task, taking into consideration the complexity and the
mandatory reliability for the treatment of human
cases (see CDR: CPR).

Requirements identified in the CDRs:

• Ab initio computations: CPR, APS, XAS-XES
• Software for ray tracing and focusing systems: 

OPTICS
• 2D diffraction data analysis and reduction: TRD, 

SURF, HIPRE
• Absorption spectroscopy and anomalous scattering: 

INELX, EXAFS, EDXAS-L/EDXAS-S, RIXS-PES
• X-ray magnetic scattering: MAGSCAT, SMS

Figure 3.3.5: Simulation of dose deposited by direct radiation in a slice of the rat head (Freud et al., 2007). The Monte Carlo simulation
was carried out with 9.006 x 106 incident photons (left image). Deterministic results (right image) are free of noise. The profiles,

corresponding to the 32nd column of the two images, are presented in terms of deposited dose per incident photon (Gy/ph). The Upgrade
will allow these calculations to be made more rapidly allowing experiments to be modified and human treatment plans to be optimised.
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3.3.4. Scientific data handling and
curation

The effective management of data is central to the
scientific process. In many cases, the experiments
carried out at the ESRF are only one step in this
process, complemented by other experiments in
other facilities. A uniform approach to data handling
would allow results to be compared seamlessly
between different scientific domains and facilities
without concern for the underlying software
infrastructure.

Data curation

Data curation is the task of storing valuable data in
the very long term so that it can be reanalysed at a
later date with improved analysis procedures. This is
necessary to verify results, to rerun analysis programs
with different parameters, to allow a larger scientific
community access to the data, or to permit easy long-
term access for international collaborations.
Currently, the ESRF does not have a system to
facilitate data curation and is only able to offer short-
term data storage (for a typical duration of 6 months),
after which the data are deleted locally. Legal
constraints may indeed make data curation an
obligation in the future.

Data curation will require increased disk- and tape-
based storage capacity and a permanent archive of
metadata. It is expected that curated data could
represent up to one-third of the total data produced
at the ESRF. Implementation of the metadata archive
is necessary from scratch. It is planned to do this
with the help of standard data formats such as
Nexus, database technology and web-based browser
software. International collaborations will be
developed to share expertise, solutions and create
common databases with other synchrotrons and
even neutron sources. Grid software will help to
access the data repositories within virtual
organisations (see also section 3.3.7). Curated data
will need to be displayed easily and rapidly.
Therefore web-based data visualisation will also
become an important issue.

Data file formats: The need for an international
standard

At the present time, the in-house formats for data
storage and transfer at the ESRF are SPEC and ESRF
data format (EDF) files. Although data from these files
can be extracted and copied to other formats and
many data access libraries are available, many users
find it difficult to access data and navigate efficiently
throughout the large amounts of data that they record
during their experiments. 

We will switch to Nexus (http://www.nexusformat.org),
and ImageCIF as a subset of Nexus, as a standard data
format for the ESRF. Nexus is well established and
widespread in other synchrotron and neutron
facilities. It will allow the storage of different data sets
(1D, 2D and 3D) in a common format along with the
experimental parameters. Switching to Nexus will
pave the road for long-term data archiving because all
experimental parameters can be properly stored with
the data. It will also allow data analysis programs to
analyse data and compare results from different types
of experiments done in different laboratories.
Considerable work remains to be done for the
definition of the metadata tags for all of the different
types of experiments at synchrotron light sources.
We expect the adoption of Nexus to lead to a
common database, set up in collaboration with other
institutes, allowing review committees and scientists
to quickly find out which measurements have been
made for a particular sample in the past. An attempt
to achieve this is already in preparation together with
ISIS, Diamond, and the ILL and will lead to an FP7
proposal.

3.3.5. Accelerator and beamline
control system

The control system will play a major role for the
improvements planned as part of the Upgrade
Programme for the accelerator and beamlines. For the
accelerator, the control system will be crucial in
achieving the enhanced beam performance of the
upgraded ESRF accelerator complex. For the
beamlines, the control system will have an increasing
number of devices to control. Reliability,
reproducibility, and user-friendliness will guide the
envisaged software developments. 

TANGO

The ESRF’s control system, TANGO
(http://www.tango-controls.org/), is a modern
control system that originated at the ESRF in 1997.
It is now used at three other synchrotrons: SOLEIL,
ELETTRA, and ALBA and is being actively
developed by a collaboration consisting of all four
institutes. A fifth institute (Petra III) is planning on
joining too. This fruitful collaboration has allowed
the workload of developing the TANGO core as
well as a number of additional software components
to be shared. The objective is to increase the level of
software sharing to enhance the quality and
performance of the system as a whole whilst keeping
it state of the art. TANGO is theoretically capable
of controlling even larger accelerator complexes and
providing more software services for doing beamline
experiments.

http://www.tango-controls.org/
http://www.nexusformat.org


3. Infrastructure to Enable New Science

189ESRF Science and Technology Programme 2008-2017

Beamlines have recently been upgraded to be
TANGO compliant. It is envisaged that, in the future,
all new device servers for beamlines will be written as
TANGO device servers. As part of the Upgrade
Programme, it is planned to add new beamline
specific features to TANGO.

RF and injection subsystems

The upgrade of the complex RF transmitters (enabling
reliable 300 mA operation) and the injector system
(enabling topping up) will necessitate a considerable
effort in software development. The Accelerator and
Source Division projects upgrades to the RF
transmitters to solid state amplifiers, which are
currently being used at SOLEIL. Consequently, the
associated software will have to be rewritten. The
experience gained by SOLEIL will be put to good use.
Nonetheless, many servers and the graphical user
interface will have to be written to adapt the ESRF RF
architecture. The replacement of the existing cavities
with HOM free cavities will also need extensive
software development. With the introduction of
topping-up injection, the injection procedure will
need to be renewed and diagnostics and feedback
loops added to the injector system. The Booster
Power Supply System will also be rewritten.

Diagnostic tools and graphical interface

New beam diagnostic tools with fast feedback loops
and powerful data-logging systems will significantly
increase the beam stability and allow rapid analysis
of the event in the case of a beam loss incident. New
control system software will further reduce
downtime from the already low levels of today by
helping the accelerator physicist understand the
subsystems and in the understanding of physical
events. To achieve this, the display of parameters
and navigation from subsystems to displays of
signals from individual equipment will be redesigned
to make them more intuitive and user-friendly. The
user interface needs to be re-designed to present a
concise overview of the accelerators. This means
replacing many of today’s individual graphical user
interfaces by a unique graphical environment from
which equipment and diagnostic tools for feedback
loops can be accessed. The basis for this work will
be a toolkit of graphical components, which can be
re-used and assembled at will by the accelerator
physicists, operators or programmers. The
generalisation of round-robin buffering of equipment
signals will ease post-mortem analysis and playback
of events. In addition, web access to archived signals
will allow the analysis of slow phenomena such as
drifts and ultimately data mining the archive will
help in the planning of preventive maintenance.
Staff will also be able to monitor equipment

remotely by connecting to the accelerator control
system via a secure web interface. A level of security
will be built into the system to track any attempted
malicious action. 

A particular example showing the evolution of the
control system is the adoption of embedded
controllers. In the near future, embedded controllers
will exist in all parts of the machine control system.
This will allow unprecedented signal processing
capabilities. The controllers connect to the Ethernet
(wired or wireless) and they run as device servers.
This reduces specific cabling costs, and the cost
associated with the writing and maintenance of
dedicated software. However, the envisaged high
number of controllers will inevitably pose new
challenges for the deployment and maintenance of
such systems, each running the Linux operating
system and the TANGO control system. The ESRF
control system, TANGO, was specifically designed be
compatible with intelligent controllers. However, we
will need to ensure that TANGO scales with the
increased number of controllers without degrading
the performance of the system.

3.3.6. Scientific management
information system

The scientific management information system
(SMIS) handles various aspects of a scientific
experiment at the ESRF. These range from the
management of the scientific proposal, to scheduling
of the experiments, safety considerations, tracing of
samples (currently only for macromolecular
crystallography), registration of the experiment
reports, access to publications, and even the travel
and accommodation of the visiting scientists. Two
other laboratories, ANKA and Diamond, have
adopted the SMIS system for their proposal workflow.
Diamond and ESRF are already collaborating to re-
write parts of the system to base the oldest modules
on modern software technology and to restructure the
system. 

With the experience gained by running this complex
software over the last decade, the following points
justify a substantial overhaul and extension of the
system:

• The workflow complexity is rapidly increasing, and
it is becoming difficult to program for individual
exceptions and setups. In addition, experience from
other software projects at ESRF has shown that
configurable software can cover a much larger span of
functionality. It is therefore intended to add a
configuration layer to the SMIS and render the
underlying applications more generic, thus allowing
users to adapt the software to different usage patterns.



3.3. Computing challenges

190 ESRF Science and Technology Programme 2008-2017

• Experience gathered with the ISPyB plug-in has
demonstrated the power of following all aspects of
the experiment from the proposal to the publication.
This development was particularly important for
dealing with the large number of samples in
macromolecular crystallography, but many other
domains at ESRF would also benefit from similar
functionality, for instance tomography experiments
for which an independent database already exists.
Additional links to metadata capture and data analysis
would greatly enhance productivity and follow-up of
the experiments. 
• The updated SMIS must be based on open source
software tools and components for standards
compliance to guarantee long-term maintainability of
the system.

The joint development with Diamond for the
extended SMIS will be continued (Figure 3.3.6).
Other national light sources will be encouraged to
join this initiative with the possibility to create a
common European synchrotron user database.

3.3.7. eScience and Grid

Grid computing is an advanced form of distributed
computing. Grid software is used to manage
computing hardware such as computer clusters,
storage and network resources. The goal of the Grid
is to create an illusion of a simple yet powerful self-
managing virtual computer out of a collection of
connected heterogeneous resources. The Grid offers
advantages such as enabling programs to run faster by
giving them access to more resources, more efficient
management of resources, a better security model,

and more economical investments in computing
resources. Grid computing opens up the possibility to
share those resources over administrative domains.
These features make the Grid infrastructure ideal for
any scientific research especially where the time and
resources needed for running the applications are
considered impractical when using traditional IT
infrastructures. Having such resources available may
change the way scientific research takes place. To
achieve these goals, we need to install and configure
Grid software that runs on top of our computing
infrastructure. The Upgrade Programme will allow
peak load staff to be hired to do this work. It is also
foreseen to hire one technician on a permanent basis
to manage the Grid software and hardware in the
future. 

Although our primary intention is to find new ways of
interacting with very large data sets generated by the
upgraded ESRF, the efficient use of Grid software
entails the creation of user communities across
Europe. During the time span of the Upgrade
Programme, it is expected that all new third-
generation synchrotron radiation sources will be using
compatible Grid software for accessing and managing
the computing resources in a transparent, yet
accountable, manner. The ESRF has a major role to
play in assisting and possibly even coordinating these
efforts on a European scale. 

The first large-scale Grid infrastructure, the Large-
Hadron-Collider Computing Grid (LCG), aimed to
build and maintain the data storage and analysis
infrastructure for the high-energy physics community
that will use the Large Hadron Collider. In Europe,
the Enabling Grids for E-sciencE project (EGEE,
http://www.eu-egee.org/) evolved out of the LCG
project and has become the world’s largest Grid
infrastructure in production. To prepare the future for
the ESRF and its user community, a strong
commitment to the Grid technologies will be made,
taking advantage of the huge development efforts of
the LCG and EGEE projects. Whether it makes sense
to create Virtual Organisations (VO) for our scientific
communities under the umbrella of the EGEE will be
studied.

Below are listed the Grid resources and components
that the ESRF will make use of:
• Computational resources: Computer clusters made
from commodity computers are today’s best solution
to high-performance batch computing. We have
started to concentrate our onsite computer power in
several interconnected clusters connected to the
NICE storage facility and managed by Condor. This
system has proven to be reliable and offers high
performance. It will be upgraded to add functions
such as checkpoint/restart and a better separation
between interactive and batch processing. By adding a
Grid software layer that will use Condor as a local

Figure 3.3.6: A block diagram showing the future extended
and restructured SMIS at the heart of the scientific data cycle.

The management system embraces the entire scientific
workflow from user proposal and review to experiment, data
back-up, archiving and transfer back home to user reporting

and publication.

http://www.eu-egee.org/
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workload manager, authenticated and authorised
access to this resource for local (Intranet) as well as
remote (Internet) users will be made possible to share
or aggregate the computational resources with other
laboratories.
• Storage resources: New ways will need to be
found of interacting with expected very large data
sets generated by the new science coming from the
Upgrade Programme. Grid software can leverage data
analysis and curation of these large data sets. It will
open the possibility to give secure access from remote
sites to these data, to analyse them with computer
resources made available at the ESRF and to transfer
raw or analysed data reliably to Grid resources at
user’s home institutions.
• Network resources and virtual organisation
membership services: A high-performance and
reliable networking infrastructure is fundamental for
leveraging optimal usage of Grid software. Grid
services for reliable data transfers, data replication and
data curation as well as data treatment will give ESRF
users the possibility to continue their scientific work
from their home institutions in a secure and controlled
manner. Virtual organisations grouping scientists
working in the same field can be configured to give
secure access to computer and storage resources,
which are either centralised at ESRF or shared
between participating parties inside the same virtual
organisation. During the time span of the Upgrade
Programme, we expect that all third-generation
synchrotron radiation sources will be implementing or
using Grid-compatible software for accessing and
managing computing resources attributed to VOs in
several research areas such as protein crystallography,
life sciences, and X-ray imaging. 
• Code repositories: Scientific software needs
continuous upgrading and maintenance. Code
repositories in a Grid environment can improve the
use and reduce the maintenance efforts for such
software. It also gives the possibility to establish
Computing On Demand (COD) in VOs, reducing
the need for time consuming data transfers. It is our
intention to pioneer a code repository available
through Grid services to all our users and other
synchrotron radiation facilities in Europe.
• Catalogues: In some scientific areas, databases of
metadata and publications (catalogues) linked to
measurements and their data made at the ESRF or
other synchrotron radiation facilities will allow
queries or browsing of scientific results for judging,
comparing, or complementing new data sets. The
basis for such catalogues is a common data format
containing not only the raw data but also processed
data and metadata attached to a data set. It is our
intention to foster the usage of a suitable common
data format and to carry out research and
development on data catalogues and their Grid
services for browsing and retrieval.
• Grid security infrastructure: The connectivity
layer in Grid software defines core communication

and authentication protocols required for the Grid
Security Infrastructure (GSI). Authentication and
authorisation protocols build on communication
services to provide cryptographically secure
mechanisms for verifying the identity of users and
resources. The features available today make it
possible to define VOs that span geographically
distributed organisations with different
administrations. The same functionality can be used
to provide secure services to individual users or user
groups. It is our intention to migrate from our current
password-based security system to a certificate-based
security system for all our internal services that will
be compatible with EGEE grids for Grid services
visible externally.

3.3.8. Computing infrastructure

The importance of computing is set to grow
dramatically across almost all scientific fields.
Computing has changed how science is done,
enabling new scientific advances by making new
kinds of experiments possible. These experiments are
also generating new kinds of data that are increasing
exponentially in their complexity and volume.
Achieving the goal of being able to use, exploit and
share these data most effectively is a huge challenge.

The trend we see in almost all aspects of computing is
exponential growth in bandwidth but sub-linear
growth in latency. For example, storage capacity,
memory capacity and network bandwidth are
increasing dramatically but the rate of data processing
(determined by variables such as disk access and
processor speed) is only increasing by a much slower
relative rate. This generalisation even applies to
commodity machines which will probably not get
much faster, but they will gain the parallel computing
power and storage capacity that used to be limited to
expensive specialised hardware.

There are challenges within the scope of an individual
processing cluster. Many clusters built over the last
decade were I/O poor. In order to be able to perform
data intensive computations successfully, we need
systems with adequate I/O bandwidth to deliver the
data to the CPUs. Single processors with uniform
memory systems and hierarchies are being replaced
by non-uniform multi-processor (‘multi-core’) systems.
Scaling already challenged by huge datasets is now
also challenged by much more complex computing
platforms, previously only known to supercomputing.
The challenge is multiplied by the need to integrate
across the Internet. 

Another major issue is the distribution of data.
Database technology has recognised for a long time
that it is expensive or impossible to move large
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quantities of data. Instead one moves the code
(software executing a program) to the data.

As outlined below, the Upgrade Programme will
provide the resources to create the computing
infrastructure that will underpin the daily work on the
enhanced beamlines. 

A new data centre

Data storage, tape back-up devices, HPPC clusters
and a significant amount of network electronics are
currently installed in two physically separated
computer rooms. The original computer room,
located on the ground floor of the ESRF Central
Building has served since 1990. With a surface of
207m2 (including several adjacent smaller rooms for
terminals, poster printers and storage), the room
became saturated in 2001. The project of a second
computer room was unavoidable and led to the
extension of the control room building, creating an
additional usable surface of 133 m2. This new room
was put into operation at the beginning of 2003 and
was being used to its full capacity just 2 years later.
Given the critical nature of the data on the storage
systems, the data are mirrored between the two
computer rooms, installing the disk storage systems in
one room and the tape back-up systems in the other.
Additional capacity in the current rooms is limited by
their available cooling power and uninterruptible
power supply (UPS) power. The situation at the
beginning of 2007 is summarised in Table 3.3.1.

Computer Computer
Room Room

CTB-054 CTRM-106
Surface area 207 m2 133 m2

Surface area used ~ 70% ~ 60%
UPS Power installed 80 kVA 160 kVA(*)

UPS Power used 70 kW 59 kW
Cooling Power installed 75 kW 70 kW
No. of 19” racks 33 26
Tape robots 4 1
Additional equipment in 2007 5 kW 15 kW

The requirement of increased power and cooling
originates from the fact that the data rate of the ESRF
beamlines increases significantly faster than the
processor speed of modern computers. Consequently,
we have to install more computers to be able to run
analysis programs at constant speed for data intensive
experiments. This computing power will be even
more critical if we wish to provide feedback on

experimental results in real time. For some beamlines
this would require at least one order of magnitude
more processing power. With our current
infrastructure close to saturation, we must make sure
that we can accommodate the additional storage,
back-up, and processing power needed to support the
new science of the Upgrade Programme over the next
10 to 20 years. 

A new data centre is planned that will replace much
of the original Central Building Computer room.
Only half of the network equipment (about ten 19”
racks) has to remain in the Central Building location.
The main characteristics of the new data centre will
be:
Surface area: 500 m2

Useable Height: 250 cm
UPS power: 500 kW
Air Conditioning: 750 kW

The new data centre will be pre-equipped with
standard racks for long-term homogeneity and for
optimum cooling (the so-called “hot aisle, cold aisle”
principle). The new room will initially be used at
about 25% of its power capacity and 40% of its floor
space, accommodating then about forty 19” racks,
four mid-sized tape robots, and one large tape robot.
Over the first 10 years, it is most likely that another
30–40 racks will be added, essentially with
commodity server computers for data analysis, disk
storage systems and Grid computers. If the current
trend of more CPU power for fewer watts consumed
continues, then the proposed data centre capacity
should suffice for the foreseeable future.

Data communication network

The data communication network is the backbone for
transporting the huge amounts of data between the
experiment computers and the file servers and for
reading the data by the analysis programs and
presenting the results to the scientists. At present, the
backbone is made up of 10 Gbps links between main
routers, 1 Gbps dedicated links between the
experiment computers and the central file servers and
100 Mbps switched network for the remaining
computers. With the increasing volume of data to
transport and the requirement to analyse and visualise
the data online, the data communication network
needs to be continuously upgraded. We propose to
upgrade the entire network such that the available
bandwidth is increased by at least one order of
magnitude. This means 100 Gbps for the backbone
network, 10 Gbps for dedicated links between the
beamlines and the data centres, and 1 Gbps for the
remaining network. This requires upgrading and
complementing the network switches in the computer
rooms and on the beamlines and upgrading the
copper cabling on the beamlines and in the offices. 

Table 3.3.1: The ESRF computer rooms in 2007. 
(*) The same UPS supplies two other technical rooms in the
CTRM building used for controlling the accelerator complex.
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Another significant networking development is the
vast increase in the demand for network ports. This is
triggered mostly by the replacement of almost all
existing field buses, including serial lines, by Ethernet
as the de facto standard. This can mean up to a
hundred fold increase in the number of network ports
required in the future. For example, if all of the
devices currently connected to field buses in the
accelerator control system are eventually moved to
Ethernet (and the trend has already started), we will
require up to 5000 network ports for the accelerators.
The future network infrastructure will be dimensioned
to cater for these needs.

Data storage and back-up 

The exponential growth of the data output of the
ESRF beamlines is expected to continue, in line with
what we have experienced over the last 10 years.
Over that time span, the data rate has been multiplied
by a factor of 300 and stands now at more than
1 TB/day. The ESRF online disk capacity required to
store raw data and intermediate files for the duration
of the data analysis will soon cross the petaByte
barrier (1 PB = 1*250 Bytes). Although we do not
expect difficulties in providing the required storage
capacity in the near future, we must find innovative
solutions to increase the performance at the same rate
as capacity increases. Pixel detectors, the new
versions of our in-house developed FRELoN camera
and also commercially available detectors will
generate several hundred Mbytes/s, and online data

processing will require high bandwidth parallel access
to the data. An example where the data storage and
processing requirements are already quite high is
tomography. The 7 million-year-old Toumaï skull
(Figure 3.3.7) was studied on the beamline ID17 using
microtomography techniques. Measured with a
resolution of 45 µm per pixel, the raw data set
corresponds to 400 GBytes. The different
intermediate data processing steps require several
TBytes of disk storage and weeks of CPU time on a
small computer cluster. In the future, similar
measurements will be done with much higher
resolution, requiring unprecedented storage and
processing capabilities, thus requiring an enhanced
computing infrastructure.

Data files are currently stored and accessed via their
physical location on the file servers. This is often a
source of confusion for users and limits the storage size
and performance for a given experiment to the physical
properties of the file server. As part of the Upgrade
Programme, we propose to virtualise the data storage.
This means users will see a single storage area (also
called “global name space”), independent of the
underlying physical hardware and constituted by
several file servers. Bandwidth can then be aggregated
and allocation and resizing of data areas to experiments
will be much easier and can be done on the fly.

Data are still predominantly exported using physical
media such as portable hard disks, tapes, DVDs and
CDs. This is partly due to the difficulties of exporting
large amounts of data reliably over the network. We
propose to install new protocols such as GridFTP and
RFT (Reliable File Transfer) for transferring large
amounts of data so that some users can export or
access their data more reliably and efficiently via the
Internet. 

Even with the relatively simple data structure of
synchrotron experiments, data management is
increasingly a major issue. It will be necessary to
merge the capabilities of a file system to store and
transmit bulk data from experiments, with logical
organisation of files into indexed data collections,
allowing efficient query and analytical operations.
It is also necessary to incorporate extensive metadata
describing each experiment and the data it produced.
Rather than flat files traditionally used in scientific
data processing, the full power of relational databases
is needed to allow effective interactions with the data
and an interface which can be exploited by the
scientific toolkits available, for purposes such as
visualisation and plotting. 

High-performance parallel computing

High-performance computing resources have become
more affordable in recent years through the purchase

Figure 3.3.7: The 7 million-year-old Toumaï skull was studied
on beamline ID17 using microtomography techniques. It is

believed to belong to the earliest pre-human ancestor.
Microtomography will be one of the largest data producers at
the ESRF following the Upgrade. Computer resources will be

necessary to analyse, manage, curate and distribute these
data. One proposal concerns the scanning of hundreds of
fossils to enable an online data library allowing scientists to

access the tomographic data from around the world.
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of clusters of PCs that are configured in an HPPC
environment. Today, inexpensive PC clusters can
provide similar computing capabilities compared with
formerly large supercomputers costing millions of
Euros. The challenge of creating such clusters has
shifted from hardware to efficient management and
support. This trend will be even more emphasised by
the complexity of the Grid software which will run on
top of most of our clusters in the near future.
Centralising clusters in an optimal environment, as
well as entrusting the installation and configuration to
a single support group has proven very cost effective
and efficient, avoiding a doubling of effort at the level
of individual beamlines. We have to continue
providing a centrally cost effective and scalable
HPPC solution that can be used to support the wide
spectrum of research at the ESRF. 

A key element of success of the HPPC clusters will be
the software for parallel batch submission of jobs,
interactive parallel processing, as well as the project-
oriented allocation of CPU power by Grid software.
A substantial long-term effort is required to install and
optimise each of the many software packages used for
data analysis.

3.3.9. Collaboration and European
projects

Collaboration with external partners is a very
important source of inspiration and an effective means
of increasing the added value of the ESRF’s software
platform. All possible efforts will be made to set up
collaborations with other European light sources and
user groups to reuse existing software and share the
development effort. Where possible, collaborations
will be instigated with the program authors and
developers to enlist their help so that the work done
at the ESRF is integrated with the standard versions of
the programs. This will ensure that the synchrotron
community as a whole will benefit from the work
undertaken at the ESRF.

Collaboration within software projects

The following example presents the kind of
collaboration that is needed to achieve the aim of
online data analysis for all experiments. It highlights a
collaborative project for automatic data collection
that has enhanced the ESRF macromolecular
crystallography beamlines. DNA (automateD
collectioN of datA, www.dna.ac.uk) is a successful
collaboration between major synchrotron radiation
facilities in Europe and other laboratories that provide
third party software. This collaboration is funded via
the BioXHIT (FP6) project (www.bioxhit.org). Today,

the DNA system is used on eight MX stations at the
ESRF (Figure 3.3.8). DNA is also installed at EMBL
Hamburg (Germany) and NSLS (BNL, USA), and will
soon be installed at Diamond. DNA provides
automatic ranking of screened samples and real-time
data analysis by automatically integrating images as
they are collected, thus rapidly providing information
about the data quality as data collection finishes.

Virtual data analysis centre

The tasks described in detail in this chapter are all
stepping stones to the eventual creation of a Virtual
European Synchrotron Radiation Data Analysis
Centre. Our users require easy-to-use analysis
program suites for their science. The task of creating
such suites for different sciences is too large for one
institute. We envisage creating a European
collaboration to address this problem in the future.
Discussions have already started with other light
source facilities in Europe and we plan to make
proposals for European funds during the timescale of
the Upgrade Programme.
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Cost, staff 
and schedule

Part 4

This part contains the estimates of financial cost and  additional staffing, and the preliminary
planning schedule for the ESRF Upgrade. The subsequent planning stages will identify the costs and

schedule in more detail.

4.1. Cost and additional staffing

4.1.1. Introduction

First cost estimates have been made for the major
programme components as defined at the current
stage of planning. These estimates are indicative and
based on experience with similar programmes,
components and projects at the ESRF and elsewhere.
They have to be verified in detail, and the cost
breakdown will be refined during subsequent planning
stages. However, budget details will not be disclosed
to the public in order to avoid jeopardising the calls
for tender.

10% contingencies will be added to the budget for
capital investments. These contingencies for
unforeseen extra costs will become available only
upon specific Council approval.

All costs are given in 2008 prices.

It is estimated that 30 additional staff will be required
during both the project phase and the later
operational phase.

4.1.2. Infrastructure capital investment

The major enhancement to the ESRF infrastructure
is the extension of the Experimental Hall. About
21,000 m2 will be added to the existing surface, which
corresponds to an increase of roughly 30%. Although
work on this task has already started, it will progress
more rapidly during and after 2008 with the
appointment of the architect and engineering team.
The buildings are expected to be available by
the end of 2011. The total estimated costs are
42 million euro (M€), to be spent according to
the profile shown in Table 4.1.1.

4.1.3. Accelerator and source capital
investment 

The upgrade of the X-ray source comprises the
following main projects:

• Increase length of straight sections
• New undulators and canting options
• Current increase with associated radio frequency 

systems upgrade
• Top-up injection and new timing modes
• Very short pulsed X-ray beam
• Lattice studies

These development activities will take place over a
period of 10 years. The foreseen expenditure profile
is presented in Table 4.1.2.

2008 2009 2010 2011 2012 2013 2014 2015 Total (M€)
0.53 8.77 12.96 12.59 6.38 0.32 0.31 0.15 42.01

Table 4.1.1: Cost estimate (M€) and yearly distribution for the infrastructure investment programme.

Table 4.1.2: Cost estimate (M€) and yearly distribution for the accelerator and source investment programme.

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 Total (M€)
0.26 5.17 4.10 4.06 5.19 10.10 6.89 5.51 1.86 1.86 45.00
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4.1.4. Experiments capital investment

The investment programme for new beamlines and
refurbishments allows the entire reconstruction of ten
long beamlines in the extended Experimental Hall
together with six normal length beamlines composed
of four canted beamlines and two standard (i.e. non-
canted) ones. A provision for the relocation of two
beamlines in order to optimise the use of floor space
and operational efficiency is also included. It should
be noted that a prioritisation of the beamline projects
remains to be made and that this may affect the ratio
of long, canted and normal beamlines given above.
Within the set of conceptual design reports, there are
currently too many proposals for the number of ESRF
straight sections and a selection, probably in several
phases of design and construction, will need to be
made with advice from the ESRF Science Advisory
Committee.

The ESRF’s share in the costs of the High Magnetic
Field Lab (HMFL) is calculated at 15 M€, the two
associated beamlines at 5 M€ each.

Based on the current considerations, a total
investment programme of 108.40 M€ is planned,
starting in 2009 (Table 4.1.3).

4.1.5. Instrumentation and detector
development - capital investment

A total expenditure of 31.17 M€ is foreseen over
10 years for the development of beamline
instrumentation and detector developments
(Table 4.1.4). The planning is not yet sufficiently
advanced to allow a more specific spending profile to
be shown at this stage. The 2008 and 2009
expenditure is planned as 0.31 M€ and 4.94 M€

respectively, and the remainder is currently placed in
equal instalments over the period. Once beamline
priorities are known, detailed planning of the
associated engineering projects will be made.

4.1.6. Computing capital investment

The Upgrade Programme necessitates a new
expanded computing centre and a massive expansion
of storage and network capacities. A total of
11.86 M€ is foreseen to be spent in a fairly flat
profile (Table 4.1.5).

2009 2010 2011 2012 2013 2014 2015 2016 2017 Total (M€)
BL invest. 6.92 7.61 7.80 8.16 8.21 12.54 12.78 10.64 8.74 83.40
HMFL 1.35 3.40 5.93 7.78 6.54 25.00
Total (M€) 6.92 7.61 7.80 8.16 9.56 15.94 18.71 18.42 15.28 108.40

Table 4.1.3: Cost estimate (M€) and yearly distribution for the experiments investment programme.

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 Total (M€)
0.31 4.94 3.24 3.24 3.24 3.24 3.24 3.24 3.24 3.24 31.17

Table 4.1.4: Cost estimate (M€) and yearly distribution for the beamline support investment programme.

4.1.7. Recurrent

Additional recurrent costs for the Upgrade
Programme during the construction phase are linked
to the extension of the surface, the expansion of
services and the increased use of consumables, in
particular electricity and fluids, with a clear increase
towards the term of the project. In detail, it is
estimated that:

• Additional costs for building maintenance
(cleaning, air conditioning, heating) are calculated at
0.8 M€ per years of 2012, when the major extension
works are finished; 

• The 300 mA operation incurs higher electricity
consumption (0.45 M€ as of 2008), which again have
to be increased gradually with the installation of new
RF cavities (0.55 M€ in 2013, 0.6 M€ in 2014 and
0.65 M€ as of 2015);

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 Total (M€)
0.40 1.17 1.98 2.30 1.03 1.24 1.13 0.94 0.84 0.83 11.86

Table 4.1.5: Cost estimate (M€) and yearly distribution for the computing investment programme.
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• The actual recurrent costs per beamline amount to
150 k€ per year. With the construction of canted
undulators new beamlines will be added, other
beamlines will be rectonstructed and become more
complex to operate. New and refurbished beamlines
will become available as of 2012, the additional
operational cost will be 0.5 M€ in 2012 and go op to
1.0 M€ as of 2016. The operation of the proposed
High Magnetic Field Project will require an extra
1 M€ in 2014 and 3 M€ per year as of 2015 for
electricity consumption;

• The computing maintenance costs and software
licences, associated with the investment programme

planned in computing infrastructure (new data centre,
network, storage and high performance parallel
computing clusters) will increase the recurrent
expenditure by 0.23 M€/year from 2010;

• Recruitment costs associated with the Upgrade
Programme and the expected increased turnover of
staff, as well as additional general expenditure for the
Administration Division, will be accounted for with
0.1 M€/year from 2009 and with 0.2 M€ from 2012. 

In summary, the recurrent costs associated with the
Upgrade Programme will increase following the cost
profile presented in Table 4.1.6.

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 Total (M€)
0.45 0.55 0.78 0.78 2.18 2.28 3.33 5.38 5.88 5.88 27.49

Table 4.1.6: Provisional recurrent cost profile.

4.1.8. Personnel

The ESRF staff complement needed to operate the
facility as it stands requires 582 positions, i.e. 552
regular ESRF staff, plus an average of 30 positions per
year funded by external sources. The majority of
these staff will be heavily involved in the Upgrade
Programme whilst maintaining optimal operation of
the facility. 

To help the Upgrade Programme to be realised
effectively, the existing skills of the ESRF staff will be
used and further developed. The internal and
thematic mobility of staff will be a challenge and a
fundamental requirement as projects are initiated and
develop within the Upgrade framework. The
retirement of at least 50 staff over the coming
10 years will provide flexibility in the assignment of
new tasks. Nevertheless, additional staff will be
needed during the planning and realisation phases,
and operation of the upgraded facility will require
30 additional permanent posts. 

During the project, additional staff will be needed, in
particular to provide support to the Technical Services
Division for the extension of the Experimental Hall;

to the Accelerator and Source Division, the
Experiments Division and the Computing Service
Division in the fields of nano-engineering and
detectors, for the improvement of computing
resources, as well as for preparation work for the
lengthened accelerator straight sections and for the
construction of the long beamlines. A recruitment
plan has been prepared. It is based upon the Upgrade
Programme projects outlined above and will, in part,
make use of fixed-term employment contracts. The
project will require 5 support staff on average during
2008, rising to 20 in 2009, and with a maximum of 30
during subsequent years. Towards the end of the
project phase the staff complement will decrease to
25, which is also the estimated number of additional
staff required for the operation of the upgraded
facility beyond 2017. A preliminary estimation
indicates that the following staff will be needed at the
maximum of the project phase:
• 12 additional staff to support the enhanced user
programmes on the upgraded, technically and
scientifically more demanding beamlines.
• 11 new staff to continue effort in the fields of
detectors, electronics, computing and sample
environment.
• A further 7 posts to service the increased building

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 Total (M€)
Staff number 5 20 25 25 25 30 30 30 25 25
Cost (M€) 0.41 1.65 2.09 2.11 2.14 2.60 2.62 2.65 2.23 2.27 20.77

Table 4.1.7: Cost estimate and yearly distribution for the additional staff.
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4.1.9. Current annual ESRF budget and
Upgrade Programme

The Upgrade project will be realised while normal
operation of the facility continues in user mode. It is
assumed that the financing of the ESRF operation will
be maintained at the current level. To the extent of
reduced activities for normal operation during the
construction period (e.g. no user operation during
shutdowns, no user operation at some beamlines
during their rebuild, refurbishment or relocation,
reduced refurbishment programme for the beamlines
not concerned by the Upgrade Programme), a
fraction of the normal budget will be used to co-
finance the Upgrade activities. This is shown with
respect to capital costs in Table 4.1.8. The annual
rate of the contribution from the regular budget to
the Upgrade Programme foresees a maximum in the
middle of the construction period and a flattening out
towards the end (Table 4.1.8).

The use of part of the normal ESRF working budget
to co-finance the Upgrade Programme allows a
planning of the spending profile which keeps the
necessary contributions from Members and
Associates at a stable level during the whole project
period. With the assumption that the level of
Members’ contributions is kept at 70 M€/year
during the whole period, additional contributions
are needed, with the yearly distribution shown in
Table 4.1.9.

If requests for additional funding of activities covered
by the Upgrade budget from the EU or other
financing bodies are successful, this may reduce the
level of additional funding by the Members and
Scientific Associates. Following the completion of the
Upgrade Programme, the annual ESRF budget will
have to be adapted to the increased requirements of
the upgraded facility.

infrastructure (Experimental Hall and laboratory
space) and to cope with increased workloads in the
areas of safety and administration.

For the 10 year project period, the recruitment of
additional support staff is foreseen with the yearly
staff numbers and distribution of costs shown in
Table 4.1.7.

To the extent of their involvement in the Upgrade
Programme, existing staff will be included in the
Upgrade Project in terms of Full Time Equivalents
(FTE) at a later stage, when the detailed planning is
sufficiently advanced. This will not necessitate
additional funding requests.

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 Total (M€)
Initial normal 13.35 13.35 13.35 13.35 13.35 13.35 13.35 13.35 13.35 13.35 133.50
budget
Support to -2.36 -6.35 -8.35 -9.35 -10.35 -11.35 -10.85 -9.85 -6.85 -0.99 -76.65 
Upgrade
New normal 10.99 7.00 5.00 4.00 3.00 2.00 2.50 3.50 6.50 12.36 56.85
budget
Additional - 20.62 21.54 20.64 13.65 13.11 16.66 18.70 17.51 20.22 162.65
for Upgrade
Total capital 1.50 26.97 29.89 29.99 24.00 24.46 27.51 28.55 24.36 21.21 238.44
for Upgrade

Table 4.1.8: Injection of funds from the regular budget into the capital budget of the Upgrade Programme (M€).

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 Total (M€)
- 23.3 23.3 23.3 23.3 23.3 23.3 23.3 23.3 23.3 210.05

Table 4.1.9: Cost estimate (M€) and yearly distribution for the additional funding required by the Upgrade Programme.
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4.1.10. Summary

The estimated total of 286.70 M€ breaks down as
follows:

Capital 238.44 M€, of which 76.65 M€ will 
be financed from the regular budget

Recurrent 27.49 M€ in addition to the normal 
budget

Personnel 20.77 M€ for additional support staff
(30 maximum).

Figures 4.1.1 and 4.1.2 present graphical views of the
budget allocation per programme component and per
year.

A contingency of 10% of the capital investments will
be added to the capital costs.

The budget of the Upgrade Programme will be
managed within the existing budgetary rules in force
at the ESRF which provide sufficient flexibility, within
the budget limits, whilst assuring detailed and
continuous reporting.

Figure 4.1.1: Total budget distribution per programme component. 

Figure 4.1.2: Yearly budget distribution per programme component. 
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4.2. Planning the ESRF
Upgrade

4.2.1. Introduction

Annexe I of this scientific and technical report
on the future ESRF science programme contains
Conceptual Design Reports (CDRs) which outline
the ideas, inspired by new science, for new and
enhanced ESRF beamlines. These CDRs were
reviewed in late 2006 by the Science Advisory
Committee, the Beam Time Allocation Panel Chairs,
the ESRF Users Organisation Representatives and
the Chair of Council. A number of other key experts
were also asked to give their comments. The CDRs,
feedback on them, and new science, were discussed
at a special meeting on 14th February 2007 with the
Chair of Council, the SAC Coordinating Group and
the Experiments Division Management Board.
This meeting provided the foundation for this
report. 

In parallel with work on the CDRs, a survey on the
technological requirements to enable the new
beamlines was carried out. The results of this survey
form the basis for the future technological
developments and the strategies necessary to set them
up. A key component of the Upgrade will be
extensions to the current experimental hall to give
increased length and space to beamlines and new
facilities. The boundaries to these extensions have
been defined and formalised.

Initial budgetary and staffing plans for the Upgrade
have been prepared. Once priorities have been
identified for the component projects of the Upgrade,
these will be refined. 

The various constituents of the Upgrade have reached
different levels of maturity, with some at the stage of
feasibility studies (for example, the high magnetic
field project), some at the stage of projects being
chosen for detailed technical studies (for example,
which beamlines to extend and upgrade), whereas
others are at the project planning stage with solutions
identified and able to be initiated rapidly once
funding approval is given (for example, operating the
storage ring with 300 mA current). Planning is being
made in accordance with these variations and with
the assumption of launching several Upgrade tasks
from 2008. An application to the EU Framework 7
Preparatory Phase call (FP7-INFRASTRUCTURES-
2007-1), which is limited to projects listed on the first
ESFRI roadmap, has been made. It will catalyse the
development of the ESRF Science and Technology
Programme 2008-2017 into detailed project plans for
the ESRF Upgrade. At this time, contracts are being
finalised.

The  chart (Figure 4.2.1) shows the preliminary
planning of the main Upgrade components over the
ten-year project lifetime. Detailed planning will be
made once the scientific priorities have been
identified, at least for the first phase of beamlines to
be constructed or refurbished.

4.2.2. Beamlines

An information and discussion meeting will be held
on 24th October 2007 with external scientists chairing
sessions on the future ESRF science and technology
programme. This meeting has three aims:
• Inform the community on the project status, 

the new science and technology;
• Gather feedback, validate ideas and perspectives 

leading to reports;
• Indicate project priorities (areas, directions).
With the help of the Science Advisory Committee,
priorities for the first phase of new and upgraded
beamlines will be decided upon and the relevant
Conceptual Design Reports developed into Technical
Design Reports (TDRs). The TDRs will detail the
beamline optical design, expected performance,
project budget and timeline and will be the basis for
agreement to initiate actual beamline projects of the
Upgrade. The set of TDRs for the first phase of
beamlines will be ready for end 2009 to allow
approval and design work to be completed ready for
the availability of the experimental hall extensions
(for the long beamlines).

4.2.3. Experimental hall extensions

The development of the extensions to the
experimental hall is a complex task, requiring about
45 months of technical and architectural study and
work. Drafting of the dossier defining the extensions
in readiness for call for tender for the architect and
engineering team is underway. Subject to finance
being available at the start of 2008, the buildings will
be available at the end of 2011, allowing the
construction of new long beamlines to start in early
2012. The ESRF is an operational institute with 6000
users coming annually to use the beamlines. During
the Upgrade this operation will be maintained at the
highest level possible, though several shutdowns of
the facility to allow the major building works are
inevitable.

4.2.4. Accelerator and source
developments

Several projects will be carried out simultaneously.
The transition to 7 m long straight sections will take
place at the rhythm of one or two per year following a
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period of study and prototyping of about three years
needed to design and built the high gradient
quadrupoles. The ramping of current to 300 mA in user
operation will start in 2008, once the feedback has
been fully commissioned and all the crotch absorbers
have been replaced. The commissioning of the new RF
transmitters and RF cavities will be spread over the ten
years after a design and preparatory phase.

4.2.5. Enabling instrumentation and
technology

The beamline instrumentation, engineering and
computing projects are at various levels of readiness:
solution proposal, project planning and, in some
cases, projects already running using current ESRF
resources. Synchronisation of the projects, especially
detector and nano-compatible engineering
development, with the beamline projects will be
necessary once priorities are known.

Figure 4.2.1: Preliminary planning of the main Upgrade components. 
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Conceptual Design Report Acronyms

CDI Coherent X-ray Diffraction Imaging and Microdiffraction
CPR Development of Clinical Protocols in Radiotherapy
DICHRO Polarisation Dependent X-ray Spectroscopy
EDXAS-L Energy Dispersive Absorption Spectroscopy (large spot)
EDXAS-S Energy Dispersive Absorption Spectroscopy (small spot)
EMS Engineering Materials Science
EXAFS Extended X-ray Absorption Fine Structure Spectroscopy
GISD Grazing Incidence Scattering and Diffraction
HIENE High Energy X-ray Beamline
HIPRE High Pressure Technique Beamlines
HISAXS High Throughput Small Angle X-ray Scattering
HXPM Hard X-ray Photoelectron Microscopy
IMPACT Imaging using Parallel Beam and Computed Tomography
INELX Inelastic X-ray Scattering
MAGSCAT Magnetic Scattering
MASSIF Massively Automated Sample Screening Integrated Facility
MATSCI Materials Science
MINADIF Micro- and Nano-Diffraction
MX-BIB Biological Imaging Beamline
MX-MAD1 / Macromolecular Crystallography using Multi-Wavelength Anomalous Dispersion
MX-MICROFOCUS and Microfocus
MX-MAD2 Macromolecular Crystallography using Multi-Wavelength Anomalous Dispersion

with Microfocus
NR-HE Nuclear Resonance - High Energy
NR-NSM Nuclear Resonance - Nanoscale Materials
OPTICS Facility for Surfacing Mirror Substrates
PHIXS Phonon Inelastic X-ray Spectroscopy
PMF Pulsed Magnetic Fields
POW High Resolution Powder Diffraction
RIXS-PES High Resolution Resonant Inelastic X-ray Scattering and Photoelectron Spectroscopy
SAXS Small Angle X-ray Scattering
SFINX Scanning Fluorescence and Imaging at the Nanoscale using X-rays
SMILE Spectro-Microscopy and Imaging at Low Energies
SMS Resonant Soft X-ray Magnetic Scattering
SURF Surface Diffraction
TIBIDI Technical Beamline for Instrumentation Development
TRD Time-Resolved Diffraction and Pump-and-Probe
WIBIDI White Beam Technical Development Beamline
XAS-XES Steady-State and Time-Resolved X-ray Absorption and Emission Spectroscopy
XMAN X-ray Spectroscopy Multi-Imaging Analysis
XPCS-CXS X-ray Photon Correlation Spectroscopy and Coherent X-ray Scattering

Glossary
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Other Abbreviations 

µXRF µX-ray Fluorescence
3DXRD Three Dimensional X-ray Diffraction
ABI Analyser Based Imaging
AD Anomalous Dispersion
AFM Atomic Force Microscopy
APD Avalanche Photo Diode
ARPES Angle Resolved Photoemission Spectroscopy
ASAXS Anomalous Small Angle X-ray Scattering
ATEM Analytical Transmission Electron Microscopy
AXRD Anomalous X-ray Diffraction
BBB Blood Brain Barrier
BMF Bio-Medical Facility
BPM Beam Position Monitor
CBV Cerebral Blood Volume
CCD Charge Coupled Device
CDI Coherent Diffraction Imaging
CDR Conceptual Design Report
CISB Centre for Integrated Structural Biology
CMOS Complementary Metal Oxide Semiconductor
CMR Colossal Magneto Resistance
COD Computing On Demand
CPU Central Processing Unit
CRG Collaborating Research Group
CRL Compound Refractive Lenses
CT Computer Tomography
CVD Chemical Vapour Deposition
CW Continuous Wave
CXDI Coherent X-ray Diffraction Imaging
DAC Diamond Anvil Cell
DAFS Diffraction Anomalous Fine Structure
DBA Double Bend Achromat
DEPFET Depleted P-channel Field Effect Transistor
DLS Dynamic Light Scattering
DOS Density Of States
EDXAS Energy Dispersive X-ray Absorption Spectroscopy
EGEE Enabling Grids for E-SciencE project
EPR Electron Paramagnetic Resonance
ERL Energy Recover Linacs
ESCA Electron Spectroscopy for Chemical Analysis
EXAFS Extended X-ray Absorption Fine Structure
FABLE Framework for Automating Beamlines and Experiments
FEL Free Electron Laser
FEM Finite Element Method
FIB Focused Ion Beam
FTIR Fourier Transform Infrared
FWHM Full Width Half Maximum
GID Grazing Incidence Diffraction



211ESRF Science and Technology Programme 2008-2017

ESRF Science and Technology Programme 2008-2017

GINRS Grazing Incidence Nuclear Resonance Scattering
GIS Grazing Incidence Diffuse Scattering
GISAXS Grazing Incidence Small Angle X-ray Scattering
GIWAXS Grazing Incidence Wide Angle Scattering
GOS Global Ocean Survey
GSI Grid Security Infrastructure
HAXPES Hard X-ray Photoelectron Spectroscopy
HERCULES Higher European Research Course for Users of Large Experimental Systems
HERFD High Energy Resolution Fluorescence Detected
HRM High Resolution Monochromators
HOM High Order Mode
HPPC High Performance Parallel Computing
HXPS Hard X-ray Photoelectron Spectroscopy
HXRD High Resolution X-ray Diffraction
I/O Input/Output
INS Inelastic Neutron Scattering
IOT Inductive Output Tubes
IR Infra Red
IXS Inelastic X-ray Scattering
KB Kirkpatrick-Baez
LCG Large-Hadron Collider Computing Grid
LEED Low Energy Electron Diffraction
LMF Lamb-Mössbauer Factors
LRMO Long Range Magnetic Order
LSF Load Sharing Facility
LVP Large Volume Press
MAD Multi-Wavelength Anomalous Dispersion
MBE Molecular Beam Epitaxy
MCS Magnetic Compton Scattering
MEMS Micro Electro Mechanical System
ML Multilayer
MLL Multilayer Laue Lenses
MOF Metal Organic Framework
MOKE Magneto Optical Kerr Effect
MRT Microbeam Radiation Therapy
MS&E Materials Science and Engineering
MX Macromolecular Crystallography
Nano-SIMS Nano-Secondary Ion Mass Spectrometry
NAPP Near Ambient Pressure Photoemission
NEG Non Evaporable Getter
NEMS Nano-ElectroMechanical System
NFL NanoFocusing Lenses
NFS Nuclear Forward Scattering
NFXS Near-Field X-ray Scattering
NIS Nuclear Inelastic Scattering
NMR Nuclear Magnetic Resonance
NRFS Nuclear Resonant Forward Scattering
NRIXS Non-Resonant Inelastic X-ray Scattering
NRS Nuclear Resonance Scattering
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NRXMS Non-Resonant X-ray Magnetic Scattering
PASS PAtient Safety System
PB PetaByte = 1*250 Bytes
PBS Portable Batch System
PDB Protein Data Bank
PDF Pair Distribution Function
PEEM Photoemission Microscopy
POI Point Of Interest
PSD Position Sensitive Director
R&D Research and Development
RC Reaction Centre
RF Radio Frequency
RGA Residual Gas Analysis
RHEED Reflection High Energy Electron Diffraction
RIXS Resonant Inelastic X-ray Scattering
RNA Ribonucleic Acid
RSXS Resonant Soft X-ray Scattering
RT Radiation Therapy
RXS Resonant X-ray Scattering
S/N ratio Signal/Noise Ratio
SAD Single-Wavelength Anomalous Dispersion
SAXS Small Angle X-ray Scattering
SC Superconducting Cavities
SCES Strongly Correlated Electron Systems
SCHM Series Connected Hybrid Magnet
SCM Soft Condensed Matter
SDD Silicon Drift Diode
SEM Scanning Electron Microscopy
SEXAFS Surface Extended X-ray Absorption Fine Structure
SHADOW General purpose ray tracing software
SMIS Scientific Management Information System
SPM Scanning Probe Microscopes
SRCT Synchrotron Radiation Computed Tomography
SRPAC Synchrotron Radiation based Perturbed Angular Correlation
SSCM Superconducting Split Coil Magnets 
SSRT Stereotactic Synchrotron Radiation Therapy
STM Scanning Tunnelling Microscopy
SWASER Spin Wave Amplification by Stimulated Emission of Radiation
SXRD Surface X-ray Diffraction
TACO Telescope and Accelerator Controls Objects
TANGO Taco Next Generation Objects
TB TeraByte = 1*240 Bytes
TBA Triple Bend Achromat
TDR Technical Design Report
TDS Thermal Diffuse Scattering
TEM Transmission Electron Microscopy
TXRF Total Reflection X-ray Fluorescence
UHV Ultra High Vacuum
UI User Interface
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UPS Uninterruptible Power Supply
USAXS Ultra Small Angle X-ray Scattering
USM User Service Mode (Operation Time)
UV Ultra-Violet
UV-Vis UltraViolet-Visible light
VDOS Vibrational Density Of States
VLS Variable Line Spacing
VO Virtual Organisations
VUV Vacuum Ultra Violet
WAXS Wide Angle X-ray Scattering
XANES X-ray Absorption Near Edge Structure
XAS X-ray Absorption Spectroscopy
XDMR X-ray Detected Magnetic Resonance
XEOL X-ray Excited Optical Luminescence
XES X-ray Emission Spectroscopy
XFEL X-ray Free Electron Laser
XFS X-ray Fluorescent Spectroscopy
XMχD X-ray Magneto-chiral Dichroism
XMCD X-ray Magnetic Circular Dichroism
XMLD X-ray Magnetic Linear Dichroism
XML Extended Markup Language
XMS X-ray Magnetic Scattering
XnrLD non-reciprocal X-ray Linear  Dichroism
XOA X-ray Optical Activity
XOP X-ray Oriented Programmes software package
XPCS X-ray Photon Correlation Spectroscopy
XPEEM X-ray PhotoEmission Electron Microscope
XRD X-ray Diffraction
XRF X-ray Fluorescence
XRI X-ray Imaging
XRR X-ray Reflectivity
XRS X-ray Scattering
XSW X-ray Standing Wave
ZP Zone Plate
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Introduction to the Conceptual Design Reports of the 
High Resolution and Resonance

Scattering Group

INELX Inelastic X-ray Scattering: Evolution of the two stations (a) high energy page 5
resolution IXS and (b) resonant and non-resonant IXS and XES to sub-meV 
and sub-eV resolution, respectively, with an increased overall throughput.

NR-HE Nuclear Resonance – High Energy: A new station for NRS applications page 6
addressing high energies with an emphasis on extreme conditions of high 
magnetic (static and pulsed) field and high pressure in combination with low 
and high temperature.

NR-NSM Nuclear Resonance – Nanoscale Materials: A global environment for the page 9
study of nanoscale materials addressing the interplay of growth, structure, 
electric and magnetic properties, as well as dynamics.

PHIXS Phonon Inelastic X-ray Spectroscopy: An upgrade to enhance the page 12
productivity of phonon spectroscopy by a factor of ten and new data taking 
strategies for (textured) polycrystalline materials with the aim of extracting 
single crystal properties.

XAS-XES Steady-State and Time-Resolved X-ray Absorption and Emission Spectroscopy: page 15
A new station for time-resolved absorption and emission spectroscopy on dilute 
systems in pump-and-probe mode to complement the upgrade for resonant and non-
resonant emission spectroscopy.

The beamlines of the Group are, ultimately,
dependent on an outstanding performance of the
accelerator and source in terms of brilliance, stability,
spectral flux and timing properties. 

The aim of the CDRs proposed by this Group are, on
the one hand, a drastic performance improvement in
terms of throughput and energy resolution resulting
in a new quality of research (INELX, NR-HE,
PHIXS, XAS-XES) and, on the other hand, the
exploration of new research areas (XAS-XES, NR-
NSM, INELX). They are very closely linked to the
priority areas highlighted by the ESRF Scientific
Advisory Committee, Science at Extreme Conditions
(INELX, NR-HE, NR-NSM, PHIXS, XAS-XES),
Nanoscience and Nanotechnology (INELX, NR-HE, NR-
NSM, PHIXS), and Pump-and-Probe and Time-Resolved
Science (XAS-XES). The following ideas could only be
implemented within the context of the Upgrade
Programme: (a) The combination of the proposed
high magnetic field project and the Group’s

spectroscopic techniques (all projects) would open
new avenues (all projects); (b) the access to the sub-
meV regime of energy transfer would open e.g. a new
window for the study of acoustic excitations in liquids
and glasses not accessible by any other technique
(INELX); (c) the approach to study nanoscale objects
simultaneously with nuclear resonant scattering and
various complementary techniques would offer a new
quality in research (NR-NSM), (d) pump-and-probe
spectroscopy (XAS-XES) to open up a new realm of
research to study electronic and structural changes.

The Group’s CDRs very much rely on infrastructure
in the fields of optics for high-resolution
monochromatisation and focusing (all projects), very
fast position sensitive detectors (INELX, NR-HE,
NR-NSM) as well as high pressure techniques and
instrumentation and sample environment in general.
Partnerships in surface science, high magnetic fields,
soft condensed matter and materials science would be
welcome. 

Summary of individual CDRs
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INELX: Inelastic X-ray Scattering

Summary

Beamline ID16 currently consists of two stations for
Inelastic X-ray Scattering (IXS) experiments that can be
operated alternately. Station 1 is dedicated to the study
of high frequency acoustic dynamics requiring energy
resolutions in the meV range whilst station 2 is
dedicated to the study of the electronic excitations
requiring high beam intensities and resolutions in the
eV range. Station 1 shares similarities with the current
ID28: while the latter however, is optimised for studies
of crystalline systems, the former is optimised for
studies of liquids and glasses. Station 2 shares
similarities with the current ID26: while the latter
however is optimised for absorption and emission
experiments, the former is optimised for scattering
experiments.

In order to keep ID16 at the forefront of the IXS
technique and at the cutting edge of the current
scientific challenges, proposals are made for the
upgrade of both stations of the beamline. These
upgrades will not only give further strength to the
current very active research programme, but will open
new scientific opportunities. 

Scientific case

Overview

The scientific case for IXS currently includes the
following research areas: 
• Study of the high energy (E ≥ 1.5 meV) acoustic
excitations in disordered systems (Sette et al., 1998); 
• Study of the interplay of electron correlation and
band structure effects in condensed matter (Sternemann
et al., 2005); 
• Study of the electronic structure and spin states of
transition metal and rare earth compounds (Dallera et al.,
2002; Badro et al., 2004).

The proposed beamline upgrade will unlock new
scientific opportunities. Three examples can be
mentioned here: 
• Study of the acoustic excitations of liquids and glasses
in the sub-meV energy range, which has been recently
suggested to be of key relevance for the physics of
disordered systems (Rufflé et al., 2006). This range is
currently not accessible to IXS nor to any other
experimental technique and it is even out of range for
modern molecular dynamics simulations which cannot
deal with the required box sizes. 
• Study of the wave number and polarisation
dependence of the weak eV and sub-eV electronic
excitations in correlated electron materials, which are
considered to be of key importance to understand the

peculiar properties of these materials (Collart et al.,
2006). Whilst resonant IXS experiments at the copper
K-edge are currently feasible, the upgrades would
extend this field of research to the K-edges of other
transition metals, starting from nickel and cobalt. 
• Study of the electronic structure around low-Z atoms
(including carbon, nitrogen and oxygen) in materials
subjected to conditions (temperature, pressure) not
compatible with standard soft X-rays and electron
spectroscopy. In fact by using Raman IXS, it is possible
to obtain information equivalent to that accessible by
X-ray absorption but with the advantages of hard X-rays
(Mao et al., 2005).

Techniques

Station 1 is fully dedicated to high energy resolution
IXS experiments. Station 2 offers a multi-purpose space
where an appropriately conditioned X-ray beam (energy
resolution, divergence) can be exploited to perform
different experiments using various setups. The
techniques used at Station 2 include resonant and non-
resonant IXS, coherent IXS, resonant and non-resonant
X-ray emission and high-energy (6 to 10 keV)
photoemission.

The upgrade programme for these two stations will be
focused on the following points: 
• Optimise the available setups to reach a higher
energy resolution (sub-meV for station 1 and sub-eV for
station 2) and a higher contrast (the latter development
for station 1 requires a long beamline, see below); 
• Improve the focusing optics to reach a focal spot at
the sample stage down to the 1 to 10 µm range; 
• Increase the overall throughput of the spectrometers
by increasing the number of available analysers.

Context with new sources and user
community

Set ups for IXS experiments with meV energy
resolutions are for the time being only competitive at
hard X-ray synchrotron sources (ESRF, APS and
SPRING8). The situation is different concerning eV
and sub-eV energy resolution experiments to study
electronic excitations: several beamlines at the new
third-generation sources will appear in the coming years
that are able to perform this kind of experiment at a
competitive level.

User interest in IXS is demonstrated by the high
subscription ratio of the beamline (an average
oversubscription ratio of three over the period 2000 to
2006) and will surely increase once the beamline has
been upgraded.



High Resolution and Resonance Scattering 

A6 ESRF Science and Technology Programme 2008-2017

Technical considerations

Station 1. The development of this station will proceed
along several lines, most of which are identical to those
concerning the proposed upgrade of ID28: 
• An energy resolution of 1 meV will be achieved
exploiting the Si(13,13,13) reflection for both
monochromator and analysers and will require a full
optimisation of the available setup in terms of source
and optics. In addition, a new optical scheme has
recently been proposed to achieve sub-meV energy
resolutions (Shvyd’ko et al., 2006). Whilst this scheme
still represents a challenge in X-ray optics, a complete
feasibility study is currently underway. 
• The focusing scheme of the beamline will be
improved (new ellipsoidal mirror to be installed at 2 to
3 m from the sample), aiming at a 20 x 5 µm2 (H x V)
focal spot, generally compatible with extreme condition
sample environments. 
• In order to increase the throughput of the station, the
number of analysers available today (five) in the
spectrometer will need to be increased to allow for a
complete investigation of the first pseudo-Brillouin zone
of a typical disordered system (∼20 nm-1) with one
spectrometer setting. 

Station 2. The development of this station will also
proceed along several lines: 
• Improve the energy resolution available for the
experiments by adding a four bounce monochromator.
• Improve the focusing scheme adding toroidal and
Kirkpatrik-Baez mirrors in order to achieve a focal spot
of ∼1 µm at the sample stage. 
• Add the possibility of selecting the polarisation of the
incoming beam using a diamond phase plate.
• Upgrade the spectrometer adding a multi-analyser
setup optimised for non-resonant IXS experiments
(work along this line is currently in progress).
Moreover, recent advances in position sensitive pixel
detectors can nowadays be efficiently exploited to
improve the performance of IXS spectrometers. This is
particularly true for high energy resolution resonant IXS
spectrometers (Huotari et al., 2006) and this concept
will be exploited in the upgraded version of station 2. 

Station 3 (long beamline). High resolution IXS
experiments in disordered systems are often limited by
the contrast achievable by the available spectrometers.
In order to overcome this problem, a possible scenario
is to exchange the existing back scattering
monochromator with an in-line one and, at the same
time, to build a spectrometer where the energy analysis
of the scattered photons is based on a double-pass
scheme through two analysers placed on two 7 m radius
Rowland circles intersecting at the sample position. The
implementation of this scheme requires a hutch of
about 16 to 20 m transversal size. Taking into account
the space constraints within the ring, this development
can only take place at distances of at least 150 m from
the source.
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NR-HE: Nuclear Resonance - High
Energy 

Summary

The Nuclear Resonance Group is currently operating
two stations, ID18 and ID22N, for the application of
nuclear resonance techniques in order to offer state-of-
the-art experimental environments for various techniques
and to cope with the ever growing demand of the user
community. ID18 is entirely devoted to nuclear
resonance applications and offers the most versatile and
effective X-ray optics and experimental environments, so
that the entire range of Mössbauer isotopes can be
investigated. ID22N is most efficient at energies above
21.5 keV due to the requirements of the hosting
beamline ID22 and is operated in 16-bunch mode only.
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The stations provide access to various nuclear
resonance techniques in order to conduct experiments
on slow and fast dynamics and on electronic or
magnetic properties ranging from solid state physics
and geo-sciences to biology and medicine. The
leading role of these stations is ensured through
continuous upgrades. Scientifically, special emphasis
is given to investigations under extreme conditions
and on nanoscale materials. Whereas the field of
nanoscale materials is the topic of the CDR NR-
NSM, the project presented here will strengthen the
field of extreme conditions with special emphasis on
high energies. 

The aim of this project is to construct an experimental
station dedicated to nuclear resonance applications at
high photon energies (20 to 100 keV). Applications
comprise the determination of magnetic and electronic
properties as well as of slow and fast dynamics with
emphasis on extreme conditions such as high pressure,
high magnetic field and high or low temperatures. The
station will explore nuclear resonance techniques above
30 keV and take those in the 20 to 30 keV range to
maturity.

Scientific case

Overview

Nuclear resonance techniques have been established
with the advent of third-generation synchrotron
radiation sources, at the ESRF, APS, and SPRING-8, as a
novel spectroscopic tool for the determination of
magnetic and electronic properties and of slow and fast
dynamics under extreme conditions. Special attention
has been given to nanostructured materials and thin
films linked intimately to nanotechnology and to high
pressure investigations at low and high temperatures.

To date, most experiments have been carried out on the
isotope 57Fe. However, in recent years, Mössbauer
isotopes having resonances in the 20 to 30 keV regime
(e.g. Eu (Long et al., 2005); Sm (Barla et al., 2004), Dy
(Chumakov et al., 2001), Sn (Barla et al., 2005) and I)
have been increasingly used. Resonances at higher
energies have been used only occasionally, due to the
lack of efficient X-ray optics and of the insufficient
brilliance of the available synchrotron sources. This is
most unfortunate, as there are many interesting
Mössbauer isotopes with transition energies in the
energy range 30 to 100 keV. Amongst them 61Ni
(67 keV) stands out, due to its importance for biological
and solid-state applications. Furthermore, several rare
earth elements (Nd, Gd, Er and Yb and the actinide
Np) have Mössbauer resonances in this range that are
otherwise not accessible. With 73Ge (69 keV) an
important isotope for semiconductor research would
become available. As examples, we will discuss the
following three cases.

Strongly correlated electron systems (SCES): The
study of SCES is the foremost area of research in
contemporary condensed matter physics. The challenge
is double: the correlations are very difficult to deal with
theoretically and experimental studies require extreme
conditions (very low temperatures combined with high
pressure and/or high magnetic fields). The interplay and
competition between spin, orbital, and charge order in
these materials was shown to lead to a rich variety of
behaviour. Besides the traditional branches of SCES,
such as the non-magnetic Kondo many body singlet,
valence fluctuations or heavy fermions, new topics have
emerged over the years. Amongst them some are
mentioned here where nuclear resonance techniques
may contribute due to Mössbauer active isotopes:
Kondo insulators as SmS, SmSe, SmTe, SmB6; heavy
fermions systems as U(X1-xYx)3, with X∈IIIA, Y∈IVA.

Nickel case: Nickel is one of the most interesting metal
elements for functional biology. It can serve as a metal
centre in enzymes. Whereas there exist a huge variety
of studies on iron centres with Mössbauer spectroscopy
there is nearly nothing reported for nickel. This is
mainly due to the characteristics of the isotope 61Ni
itself and the corresponding Mössbauer source, which
are inconvenient. Nuclear forward scattering as the time
analogue of Mössbauer spectroscopy combined with
synchrotron radiation based perturbed angular
correlation would overcome those problems. Especially
the latter, as an elastic and incoherent method gives
access to the entire temperature regime important for
biological systems. Combined with nuclear inelastic
scattering as a complementary inelastic and incoherent
technique the phonon density of states (DOS) is
accessible. 

In solid state applications nickel plays a role in strongly
correlated electron systems as well as in new applications
of nanoscale materials. Examples of nickel containing
SCES are RNiO3 (R- rare-earths), NiS and La2-xSrxNiO4.
The RNiO3 compounds are particularly interesting from
the experimental point of view because most of the rare
earth elements have Mössbauer active isotopes. This
allows one to investigate the two metal sites separately.

Germanium case: Germanium (73Ge) is the only
classical elementary semiconductor that has a
Mössbauer active isotope. For compound
semiconductors other elements with suitable isotopes
are Sb, Te and Sn (Zn being too difficult).

During the past years, semiconductor nanostructures
have been investigated extensively in order to study the
effect of quantum confinement on the physical
properties. Nano-structures of group IV elements
embedded in a dielectric layer can emit light and store
carriers suggesting future applications in opto-
electronics and non-volatile memory devices.
Furthermore, the so called GST (Ge-Sb-Te) compounds
are still a contemporary field of interest. Here,
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germanium again became an important element and
tremendous effort has been invested in, for example,
germanium quantum dots. Nuclear resonance
techniques could contribute to the field of electronic
and maybe magnetic properties as well as dynamics,
with the latter becoming more important at nanoscale
sizes. (Self-)diffusion and vibrational density of states
would be accessible.

Techniques

Nuclear Forward Scattering (NFS)
NFS is an elastic and coherent scattering technique in
the forward direction. It is sensitive to magnetic and
electronic properties as well as slow dynamics
(translational and rotational). Experimentally it is well
suited in combination with big sample environments
necessitating only small entrance and exit windows due
to the forward scattering geometry. Reasonable Lamb-
Mössbauer factors (LMF) are mandatory, which is still
the case for the 20 to 30 keV regime. At higher
energies, however, the LMF becomes smaller and
smaller and keeping the sample at cryogenic
temperatures is an imperative.

Synchrotron Radiation based Perturbed Angular
Correlation (SRPAC)
SRPAC is an elastic and incoherent scattering technique
with emission in 4π. Consequently it is not sensitive to
the LMF and to translational dynamics. It is therefore
well suited for Mössbauer isotopes with high transition
energies and negligible LMF. As is the case for NFS, it
probes the magnetic and electronic properties as well as
rotational dynamics. The combination of SRPAC with
NFS may be used to separate the translational and
rotational dynamics.

Nuclear Inelastic Scattering (NIS)
NIS is an inelastic and incoherent scattering technique
probing the partial density of phonon states. There is
no need for single crystals and due to the incoherent
scattering character, there is a perfect integration over
momentum space. However, above 30 keV no efficient
high resolution monochromators are available so that
new avenues have to be explored.

Context with new sources and user
community

Currently, nuclear resonance stations are operated at the
three third-generation synchrotron radiation sources for
hard X-rays: APS, ESRF and SPRING-8. At other
sources the brilliance is not high enough at the energies
of the Mössbauer transition energies. A nuclear
resonance beamline at the upcoming PETRA-III storage
ring has been proposed; however, for the time being the
decision is pending. Amongst the others, being the
smallest machine (6 GeV), the brilliance at the ESRF

cannot compete with those of the other rings operated
at 7 and 8 GeV, respectively. This fact has to be
compensated by intelligent X-ray optics and innovative
and flexible sample environments. This proposal
continues in this spirit and offers the access to high
energies with applications under extreme conditions. 

Technical considerations

Most technical considerations concerning the X-ray
source, optics, and the detectors are identical for the two
nuclear resonance proposals, NR-NSM and NR-HE.
However, whilst for the NR-NSM beamline the
infrastructure is mainly available, it has to be created for
this project. We envisage two hutches for high
resolution monochromators and two experimental
hutches, one for the existing sample environment and
one for the new application at very high magnetic fields.

Source: Timing modes are required for nuclear
resonance applications. Currently the 4- and 16-bunch
modes are the most efficient filling patterns of the
storage ring. However, if the limitation to an electron
current of 90 mA could be overcome, the spectroscopy
would gain. For some applications (e.g. nuclear inelastic
scattering) the hybrid mode with 200 mA is suited as
well.

Presently short period “revolver” type undulators
operated in the fundamental and the third harmonics
(21.5 keV and higher) give the best trade off between
heat load, i.e. stability of the optics and flux on the
sample. For high energies a cryogenically cooled in-
vacuum undulator or a super-conducting undulator
might be more beneficial.

High heat load monochromator: Nuclear resonance
applications are utilising Mössbauer transitions with
fixed energies. The present design, based on two
independent Si (111) crystals, has proved to be most
stable and is able to sustain heat loads higher than
1 kW (Internal ESRF Report). In combination with
collimating compound refractive lenses (CRL) upstream
of the monochromator, the divergence of the
synchrotron radiation even at high energies is matched
to the vertical angular acceptance of the crystals,
thereby maximising the throughput.

High resolution monochromators (HRM): HRMs
with (sub-)meV energy resolution have only a limited
tuning range, i.e. for each Mössbauer transition energy,
HRMs optimised for energy resolution and flux,
respectively, have to be available. For energies below
~30 keV state-of-the-art monochromators consist of four
bounce arrangements with combined dispersive and
non-dispersive settings allowing in-line geometry. Due
to heat load issues, cryogenically cooled systems may
become necessary in the future. In order to optimise the
throughput, collimating CRLs are mandatory.
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In general, above 30 keV new schemes have to be
explored. For some energies the standard four bounce
monochromators may work, which has to be
investigated case by case. Another solution is a true
back scattering monochromator as is frequently used in
inelastic X-ray scattering. However, the generally used
silicon crystals are no longer appropriate for high
energy Mössbauer transitions because there are no
suitable reflections available. In order to obtain more
reflections, a less symmetric crystal structure is
necessary (for example sapphire). In that case reflections
for back scattering are in reach for all Mössbauer
transitions (Shvyd’ko, 2004). The first attempts in that
direction have been carried out already in our group
(Wille et al., 2006). Furthermore, for NFS and SRPAC
applications a more relaxed energy resolution might be
acceptable (Sergueev et al., 2007), which might simplify
the monochromator design. In these cases also,
collimating CRLs are mandatory. 

For the “standard” four bounce HRM an independent
temperature stabilised hutch is mandatory with at least
two HRMs for different energies allowing fast switching
during user operation. For the setup of the back
scattering monochromator a suitable hutch at the end
of the beamline is mandatory. Generally, temperature
stabilisation of the hutch to 0.1 to 0.01 K is required as
well as vibration stability.

Focusing: Existing focusing schemes use Kirkpatrick-
Baez (KB) optics based on multilayers and accept the
entire beam, mandatory for nuclear resonance
applications. Implementing the proposed station
downstream of the IXS station (see proposal PHIXS) at
a source distance of around 100 m, a focal spot size of
1 µm × 10 µm should be attainable, which would be
beneficial for the envisaged applications.

Experimental stations: The existing capabilities of the
beamline should remain comprising a cryomagnet
system (8 T, 1.5 to 300 K, high pressure) and a setup
with flow-cryostat and furnace. This experiment would
need a dedicated experimental hutch (5 m high) with
the experimental environment recovered from the
existing one. In order to house the very high magnetic
field environment a second experimental hutch is
needed including infrastructure. In summary, two
experimental hutches are needed. 

Detectors: Nuclear resonance scattering is a time-
resolved technique, which needs a time resolution in
the 100 ps (limited by the synchrotron radiation pulse)
to nanosecond regime. State-of-the-art detectors
(developed in the group) based on avalanche photo
diodes (APD) and fast electronics reach 0.75 to 1 ns
time resolution. Efficiencies are reasonable for energies
up to ~30 keV. The various nuclear resonance
techniques demand various detector schemes. Future
scientific challenges demand a development of 1D and
2D detectors. First attempts with a 1D detector and

0.2 ns time resolution has just been carried out allowing
magnetic small-angle scattering to visualise the
dynamics of magnetic domains. Furthermore, in order
to access Mössbauer isotopes with high transition
energies (> 30 keV) further developments have to be
initiated.

Support facilities

The proposal would benefit from the envisaged
facilities, especially the development of fast detectors
and high pressure and high magnetic field facilities.
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NR-NSM: Nuclear Resonance -
Nanoscale Materials

Summary

The Nuclear Resonance Group is currently operating
two stations, ID18 and ID22N, where nuclear
resonance techniques are combined with state-of-the-art
experimental environments. ID18 is entirely devoted to
nuclear resonance applications and offers the most
versatile and demanding X-ray optics and experimental
environments for the entire range of Mössbauer
isotopes. ID22N is most efficient at energies above
21.5 keV, due to the requirements of the hosting
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beamline ID22. Furthermore, this station is only
running in 16-bunch mode.

The nuclear resonance stations provide access to various
nuclear resonance techniques in order to conduct
experiments on slow/fast dynamics and
electronic/magnetic properties ranging from solid state
physics, geo-science to biology and medicine.
A continuous upgrade programme ensures the leading
role of the beamline. Special emphasis is given to
investigations under extreme conditions and of
nanoscale materials. With this project we intend to
strengthen these applications in order to retain our
leading position in this field. The other project, High
Energy Nuclear Resonance (NR-HE), focuses more on
high energies and extreme conditions as high pressure
and high magnetic fields.

The project, described in this document aims at a
symbiosis of state-of-the-art surface science techniques
and nuclear resonance techniques for studies of the
growth (in situ), dynamics (phonons, diffusion) and
electronic/magnetic properties of nanoscale materials.

Scientific case

Overview

Dynamical properties of condensed matter are of
paramount importance for the functionality of future
nanoscale devices. The role of the interfaces between
adjacent materials becomes increasingly relevant with
decreasing size of the structural units, and novel
dynamical phenomena are expected in these
nanostructures. Since the properties of low dimensional
structures are significantly different from those of
corresponding bulk materials, new methods have to be
developed for the experimental characterisation and
theoretical modelling. An efficient way to achieve this is
to use the extremely brilliant X-rays provided by
modern synchrotron radiation sources such as the
European Synchrotron Radiation Facility (ESRF) to
study dynamical properties in situ under ultrahigh
vacuum (UHV) conditions. Nuclear resonant scattering
of synchrotron radiation is particularly well suited for
the study of vibrational properties, diffusion and
growth, and magnetic processes, due to its high spatial
and temporal resolution.

The overall objective of this project is to increase the
basic understanding of dynamic and magnetic
phenomena and in particular of their size dependence
in nanostructures. The combination of nuclear resonant
scattering experiments with advanced surface sensitive
experimental and computational methods yields
detailed insights into the following areas:
• The modification of collective excitations like
phonons by interfaces and boundaries in thin films,

multilayers, and nanoparticles including nanowires and
nanodots.
• The role of diffusion in the kinetics of structural
changes that occur during processing of materials or the
growth of thin films.
• The dynamical magnetic properties of nanostructures,
the evolution of magnetic properties during growth and
the interlayer coupling of magnetic layers, as they
determine the fast magnetisation reversal and the
ultimate magnetic storage density.
In order to achieve this goal a dedicated experimental
environment has to be implemented, which combines
UHV conditions and surface science characterisation
tools with in situ nuclear resonant scattering and
micro-/nano-focusing capabilities.

Techniques

Determination of dynamical properties
The dynamical properties of nanoscale objects become
more and more important as the particle size decreases.
In magnetism this is witnessed in the phenomena of
superparamagnetism. In structural dynamics the
vibrational properties and diffusivity change as the size
of the system is reduced below 1 µm. Two nuclear
resonance techniques may contribute to such
investigations: nuclear inelastic scattering (NIS) and
grazing incidence NRS (GINRS). 

NIS measures the partial density of phonon states of the
Mössbauer isotope. The scattering is incoherent
scattering. The measured signal is therefore perfectly
integrated over momentum space and there is no need
for single crystal samples. Applications to
nanocrystalline materials, e.g. iron are straight forward
(Pasquini et al., 2002), even the investigation of a
monolayer of iron on a surface (Stankov et al., 2006) has
been reported. With the probe layer technique buried
layers/interfaces can be accessed with atomic resolution.

GINRS as a variant of nuclear forward scattering
(NFS) is available for the study of slow dynamics,
e.g. diffusion, with atomic resolution. Diffusivities in
the range of 10-12 to 10-14 m2/s are accessible via the
accelerated decay of the NFS signal (Sepiol et al.,
1996). Furthermore, the isotopic multilayer technique
can be applied for the range of 10-26 to 10-18 m2/s
(Gupta et al., 2005).

Determination of magnetic and electronic
properties
GINRS is perfectly suited for investigations of
electronic and magnetic properties of thin films,
surfaces/interfaces and nanostructures. With the probe
layer technique atomic resolution in thin films or
layered structures is routinely achieved, e.g. in a detailed
study of the spin structure of iron on FePt (Röhlsberger
et al., 2002). Combining this approach with micro-
/nano-focusing capabilities, single nanowires or
nanostructures could be tackled.
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Determination of magnetic structures
Nuclear resonance techniques are sensitive to magnetic
properties of materials. Combining these techniques
with classical small angle scattering, magnetic structures
and their dynamics can be probed. The first results have
been reported on the domain growth of Fe/Cr
multilayers after magnetisation reversal (Nagy et al.,
2002).

A newly developed 16 element 1D fast detector system
(Deschaux-Baume et al., 2006) has greatly facilitated
such investigations. Further developments of 1D or 2D
detector systems, accessing the entire relevant Q-space,
with nanosecond time resolution would make the
investigation of time-resolved magnetisation dynamics
feasible.

Determination of structural properties
Besides the nuclear resonance based techniques,
standard X-ray techniques such as surface diffraction
and GI-SAXS would simultaneously become available.
Laboratory based techniques as LEED, RHEED and
microscopy are mandatory and should complement,
preferably as in situ tools, the synchrotron radiation
based techniques.

Context with new sources and user
community

Currently, nuclear resonance stations are operated at
the three third-generation synchrotron radiation
sources for hard X-rays: APS, ESRF and SPRING-8.
Sources operating at lower energy cannot provide the
necessary brilliance at the energies of the Mössbauer
transitions. A nuclear resonance beamline at the
upcoming PETRA-III storage ring has been proposed,
however, for the time being the decision is pending.
Compared to the APS and SPRING-8, the ESRF is the
lowest energy machine (6 GeV), the brilliance at the
ESRF cannot compete with those of the other rings
operated at 7 and 8 GeV, respectively. This fact has to
be compensated by intelligent design of the X-ray
optics, and innovative and flexible sample
environments. This proposal continues in this spirit and
offers a novel area in the study of nanoscale materials.

Our user community has pioneered the field and laid
the basis in the framework of the European FP6
programme (DYNASYNC) for the study of nanoscale
materials under UHV conditions.

Technical considerations

Most of the considerations concerning the X-ray
source, the optics and the detectors are identical for the
two proposals, NR-NSM and NR-HE.

Source: Timing modes are required for nuclear
resonance applications. Currently the 4- and 16-bunch
modes are the most efficient filling patterns. However,
if the limitation to an electron current of 90 mA could
be overcome, the spectroscopy applications would gain.
For some applications (e.g. nuclear inelastic scattering)
the hybrid mode with 200 mA is also well suited.

Presently short period “revolver” type undulators
operated in the fundamental and the third harmonics
(21.5 keV and above) give the best trade off between
heat load, i.e. stability of the optics and flux on the
sample. In general, pushing the operation of the
undulator always to the fundamental harmonic would
be an asset.

High heat load monochromator: Nuclear resonance
applications use Mössbauer transitions with fixed
energies. The present design, based on two
independent Si(111) crystals, has proved to be most
stable and able to sustain heat loads higher than 1 kW
(Internal ESRF Report). In combination with
collimating compound refractive lenses (CRL)
upstream of the monochromator, the divergence of
the synchrotron radiation even at high energies can
be matched to the vertical angular acceptance of the
crystals, thus maximising the throughput.

High resolution monochromators (HRM): HRMs
with (sub-)meV energy resolution have only a limited
tuning range, i.e. for each Mössbauer transition energy,
HRMs optimised for energy resolution and flux,
respectively, have to be available. For energies below
~30 keV state-of-the-art monochromators are four
bounce arrangements with combined dispersive and
non-dispersive settings allowing in-line geometry. Due
to heat load issues, cryogenically cooled systems may
become necessary in the future. In order to optimise the
throughput, collimating CRLs are mandatory. Above
30 keV new schemes have to be explored, as discussed
in the framework of the proposal HE-NR. Generally,
temperature stabilisation of the hutch to 0.1 to 0.01 K
is required as well as vibration stability.

Focusing: Existing focusing schemes use KB optics
based on multilayers and achieved a focal spot of
5 µm × 20 µm (vertical × horizontal). They accept the
entire X-ray beam, mandatory for nuclear resonance
applications, and have a reflectivity in the order of 40 to
80%. The focal spot size was reached with a
demagnification ratio of 50, determined by geometry:
1 m focal length (sample environment) and 50 m source
distance (maximum length of the beamline). The 20 µm
horizontal spot size is determined solely by the
demagnification ratio, whereas, in the vertical, 0.5 to
1 µm should be attainable. The mismatch is probably
given by the performance of the optics (prototype).
In this project we envisage nanometre focusing
capabilities. This can only be achieved by improving
the demagnification ratio. On a first approximation it
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goes with the distance source to optics (keeping a focal
length of 1 m), i.e. going to 250 m we would obtain
0.1 µm × 4 µm (vertical × horizontal). This is certainly
a challenging undertaking, however, the experience of
the two new long pilot beamlines (ID11, CDR
MATSCI, and ID13, CDR MINADIF) presently under
commissioning will demonstrate the technology and
future directions. 

Experimental stations: The existing capabilities of the
beamline should be maintained. They comprise a
diffractometer, cryomagnet system (6 T, 1.5 to 300 K,
high pressure), a setup with a flow-cryostat and a
furnace. The existing UHV environment should be
upgraded and the final station should comprise:
• Deposition capabilities: MBE (molecular beam
epitaxy), sputter and cluster source;
• In situ characterisation tools: LEED (low energy
electron diffraction), REED (reflection high energy
electron diffraction), ellipsometry;
• Characterisation tools: MOKE (magneto-optical Kerr
effect), STM/AFM;
• Complementary techniques: infrared and Raman
spectroscopy.

In order to achieve sub-micrometre focusing a new
experimental hutch has to be implemented at a distance
of 250 m from the source point. The experimental
hutch should host the focusing optics and the basic
UHV environment for nuclear resonance applications.
Adjacent to this safety hutch a laboratory for the other
equipment (see above) has to be setup with a common
UHV environment to allow for easy and fast transfer of
samples under UHV conditions. 

Detectors: Nuclear resonance scattering is a time-
resolved technique, which needs a time resolution in
the 100 ps (limited by the synchrotron radiation
pulse) to the nanosecond regime. State-of-the-art
detectors (developed in the group) based on
avalanche photo diodes (APD) and fast electronics
reach 0.75 to 1 ns time resolution. Reasonable
efficiencies are reached for energies up to ~30 keV.
The various nuclear resonance techniques demand
various detector schemes. Future scientific challenges
demand a development of 1D and 2D detectors. First
attempts with a 1D detector and 0.2 ns time
resolution (Deschaux-Baume et al., 2006)  have just
been carried out allowing visualisation using magnetic
small-angle scattering of the dynamics of magnetic
domains. Furthermore, in order to access Mössbauer
isotopes with high transition energies (> 30 keV)
further developments have to be initiated.

Support facilities

The proposal would benefit from the envisaged facilities
and especially from the development of fast detectors.
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PHIXS: Phonon Inelastic X-ray
Spectroscopy

Summary

The HRRS Group currently operates two stations
(ID16-1 and ID28), dedicated to the study of phonon-
and phonon-like excitations in liquid, disordered and
crystalline materials by inelastic X-ray scattering (IXS).
In order to keep pace with the current challenges in
science, to cope with the high over subscription and to
preserve the ESRF’s world leading role in this field of
research, these stations must be upgraded. Efforts on
ID16-1 shall be focused to provide a state-of-the-art
spectrometer for the study of liquid and disordered
matter and to exploit the possibility of providing sub-
meV energy resolution (see CDR INELX). The aim of
the present project is the construction of a high-
throughput inelastic X-ray scattering spectrometer,
devoted to the determination of elastic, vibrational and
thermodynamic properties of crystalline materials
relevant for applications in fields ranging from biology
to nanoscience. We envisage that a factor of ten in
efficiency may be gained compared to the present
instrument. Besides the instrument upgrade, the project
comprises theoretical and computational developments
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and shall provide the user community with:
• A highly brilliant X-ray beam with meV energy
resolution and a focal spot size of 20 x 5 µm2, coupled
to a multi-analyser (30 to 50 elements) spectrometer for
parallel data collection.
• An average decrease of the data collection time by a
factor ten, therefore reducing typical experiment times
from several days down to hours.
• Optimised alignment routines and a user friendly
interface for an efficient use of the beamtime.
• A software package allowing experiment preparation,
online data analysis and measurement strategy
optimisation. 

Our proposal contains completely new avenues in data
taking strategies. Consequently, not only will the whole
user community largely benefit, but it promises to pave
the way for IXS towards a routine tool in material
research. Besides strengthening the current research
programmes new opportunities will emerge. Examples
include: 
• Strongly correlated electron systems such as
superconductors and actinides: study of the interplay of
structural, electronic and lattice degrees of freedom
(D’Astuto et al., 2002; Wong et al., 2003);
• High pressure science (diamond anvil cell techniques
and laser heating): experimental determination of sound
velocities, elastic moduli and thermodynamic properties
in materials relevant for Earth and Planetary Sciences
(Fiquet et al., 2001; Ghose et al., 2006); 
• Material science: Additional insight into the
structure/hardness relation and determination of intrinsic
elastic properties of textured materials (Bosak and
Krisch, 2006);
• Surface science and nanotechnology: vibrational
properties of quantum dots, thin organic and inorganic
films, and surfaces, using grazing incidence techniques
(Murphy et al., 2005);
• Biological and radiation sensitive materials for which a
more efficient spectrometer will minimise radiation
damage (Angelini et al., 2006);
• Stroboscopic phonon spectroscopy with time
resolution of a few seconds for the study of phase
transformations, i.e. the microscopic decomposition
kinetics in ionic solids (Elter et al., 2005).

Due to the large variety of materials studied, there is
strong overlap with other scientific programmes at the
ESRF and, consequently, the project will largely benefit
from parallel developments, primarily in the field of
material research, surface science, science at extreme
conditions and its associated infrastructures.

Scientific case

Overview

Progress in materials research is intimately linked to the
use and development of powerful and efficient

analytical techniques, aiming at a complete
understanding of the materials’ structural, electronic and
vibrational properties. In view of the current trends
towards complex (microstructured) materials, thin films
and nanotechnologies, novel approaches to link the
microscopic characterisation with the macroscopic
properties are indispensable. Traditionally, three
different analytical approaches can be distinguished:
diffraction, microscopy (imaging) and spectroscopy.
Their use and impact in materials research is closely
connected to the maturity of the technique and to the
timescale in which relevant results can be obtained.

Whilst inelastic X-ray scattering (IXS) from phonons
has succeeded in evolving into a valuable spectroscopic
tool within less than ten years, its broad application is
hampered by the fact that (i) typical experimental times
range from one to two weeks, (ii) various applications
are still under development and (iii) experimental
preparation and results are not routinely coupled to
powerful computer based theoretical simulations.
Nevertheless, recent experiments give a flavour of
possible future breakthroughs (see above examples and
references). The development of IXS as a routine tool in
material science is highly desirable, since IXS allows the
determination of a wealth of elastic and thermodynamic
properties, therefore providing critical input for a
complete material characterisation. In order to
overcome the limitations of IXS outlined above,
significant efforts have to be undertaken (i) to couple
the experimental results with highly developed and
efficient (ab initio) lattice dynamics calculations, (ii) to
enhance the spectrometer efficiency by at least a factor
of ten, and (iii) to develop and implement new data
taking strategies and techniques. These are outlined
below.

Techniques

Determination of phonon dispersion in single
crystals
Traditionally phonon dispersion is mapped out point-
by-point along the high-symmetry directions,
exploiting the phonon selection rules in the dynamical
structure factor by judicious choice of the sample
orientation and scattering angle. This strategy becomes
particularly time consuming for complex materials with
many atoms per unit cell, if the complete phonon
dispersion is to be determined. A multi-analyser system
will circumvent this shortcoming. The simultaneous
collection of IXS spectra spanning several Brillouin
zones for about five sample positions only, should allow
the reliable reconstruction of the full dispersion scheme. 

Determination of phonon dispersion in
polycrystalline materials
IXS studies on polycrystalline materials have so far only
provided orientation-averaged properties such as the
average longitudinal sound velocity, the aggregate
compressional modulus (from low momentum-transfer
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(Q) spectra), or the vibrational density-of-states (from
high-Q spectra, see below). On the other hand, IXS
spectra, collected over the whole accessible Q-range
from typically 2 to 70 nm-1 still display a marked 
Q-dependence due to - though relaxed - selection rules
and therefore contain information on the single crystal
lattice dynamics. A least squares refinement of model
calculations versus the experimental IXS spectra then
allows access to the single crystal properties. This
strategy is currently intensively pursued within the
frame of a thesis, and has already given very promising
results for a test case study on beryllium.

Determination of the phonon density-of-states
The experimental determination of the energy
distribution function g(E), or vibrational density-of-
states (VDOS), gives important insight into the
physical properties of materials, since it allows the
derivation of many thermodynamic and elastic
properties. This is commonly done by inelastic neutron
scattering (INS) or nuclear inelastic scattering (NIS),
and has been recently developed for IXS as well (Bossak
and Krisch, 2005). With respect to INS the probed
sample volumes (down to 10-5 mm3) are several orders
of magnitude smaller than for INS, and with respect to
NIS the technique is not limited to Mössbauer isotopes.
Several macroscopic parameters such as, for example,
the specific heat at constant volume, the low and high
temperature limit of the Debye temperature θD, and the
average sound velocity vD can be directly derived from
the VDOS.

Phonons in surface sensitive geometry
Inelastic X-ray scattering offers the unique possibility of
studying surface and bulk dynamics in a single
experiment. This can be achieved by setting the sample
in the condition of grazing incidence thus holding the
incoming X-rays below the critical angle of total
external reflection. In this case, the incident
electromagnetic field displays an exponential decay in
the sample bulk with a typical probing depth of only a
few nanometres. By increasing the incidence angle
beyond the critical angle one can penetrate deep into
the sample bulk. Such a surface sensitive setup was
developed on ID28, and the first successful experiments
were conducted on NbSe2 and liquid indium (Murphy
et al., 2005; Reichert et al., 2007).

Context with new sources and user
community

The proposed project is indispensable to ensure the
ESRF’s world leadership in the field of X-ray phonon
spectroscopy. At present there are two other operating
instruments (one at APS and one at SPRING-8) with
comparable performances. The APS, SPRING-8, but
also PETRA-III, NSLS-II and DIAMOND have similar
projects in the design phase with superior target

characteristics compared to the present capabilities of
ID16 and ID28. The enhanced capabilities of the
instrument will reduce the notorious heavy over
subscription and naturally enlarge the user community.

Technical considerations

General beamline layout considerations and
characteristics

General remarks: Most of the considerations are
identical to those concerning the proposed upgrade of
ID16-1 (see CDR INELX). IXS can not profit from the
general trend towards very long beamlines to obtain
sub-micron focal spot sizes, since the resulting large
divergence of the X-ray beam is not compatible with
the required momentum transfer resolution. As a
consequence the general beamline layout is similar to
the existing one. Special requirements are: 
• Vibrational stability: ≤ 1 µm RMS at the sample
position. 
• Thermal stability: ≤ 0.1 K over 24 hours in the crystal
analyser hutch. This implies that (i) the analysers will
be housed in a room, separated from the rest of the
experimental hutch, and (ii) the spectrometer will be
quasi-static.
Undulators: They should provide the highest flux at
17794 eV and 21747 eV. With the present
configuration (10 mm vacuum chamber) this can be
accomplished by two short-period ‘mono’-harmonic
undulators. 
Premonochromatisation: This is accomplished by a
cryogenically cooled silicon [111] channel cut
monochromator and a silicon [331] post-
monochromator. This combination provides an energy
bandwidth of ∆E/E = 1.44 x 10-5 and a sufficiently low
heat load that the intrinsic energy resolution of the
back scattering monochromator is not deteriorated.
Main monochromator: It can be kept in the present
configuration (vertical scattering with horizontal
asymmetry angle of α = 75°). Due to the use of
collimating refractive lenses (installed in OH1) the
constraint of operating at a Bragg angle of 89.98° can
be relaxed, and the monochromator will operate at
89.8°.
Focusing scheme: It will consist of a single platinum
coated ellipsoidal mirror working at a glancing angle of
2.7 mrad, and installed at 2.5 m from the sample
position (102 m away from the source). The expected
focal spot size is 20 x 5 µm2 (horizontal x vertical) with
a divergence of 1.6 x 0.8 mrad2. Alternative solutions
consist of an elliptical mirror coupled to in-line optics
or a graded multilayer. Insertion of a flat, horizontally
deflecting optics is considered to increase the available
space around the sample position.
Sample goniometer: An upgrade to a kappa
diffractometer is planned for 2007.
Spectrometer: It will be equipped with 30 to 50
analysers and operate in the horizontal plane.
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The key development concerns the detector. At
present we employ a prototype monolithic five
element detector with individual 3 x 8 x 1.5 mm3

thick silicon diodes. The production and
reproducibility of the silicon chips has encountered
problems in the recent past, and although these
detectors have an excellent performance in terms of
efficiency and dark count rate, alternative solutions
have to be investigated, e.g. Cd(Zn)Te point detectors
(as used by the IXS beamlines at APS and SPRING-
8), or 2D detectors such as the Medipix or Pilatus
systems, based on silicon technology. There are also
efforts to develop Cd(Zn)Te pixel detectors for space
research applications. This type of detector represents
an attractive alternative, due to the much higher
photoelectric absorption. Finally, commercially
available solutions exist for segmented Si(Li) detectors
which are cooled by a novel maintenance-free pulsed
tube design (Canberra-Eurisys). The various solutions
are currently being studied.

Support facilities

Sample environment: The project will largely benefit
from the various developments foreseen in the Upgrade
Programme, most notably for science at extreme
conditions.
Computing: Fast computers are primarily needed for
the data analysis from polycrystalline samples. The least
squares refinement of the dynamical matrix can be
parallelised on typically up to 30 computers. This
should result in an average analysis time of about
30 minutes with state-of-the-art processors.  
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XAS-XES: Steady-State and Time-
Resolved X-ray Absorption and
Emission Spectroscopy

Summary

The beamline is dedicated to the study of the electronic
structure and coordination of atoms in matter using
high energy resolution1 emission detection in
connection with hard X-ray absorption spectroscopy
(XAS). X-ray emission spectroscopy (XES) represents a
development beyond standard XAS that provides
information on orbital splittings, hybridisation and
populations as well as the valence band spin-state that
cannot be accessed using any other technique. Since it
also enables studies of the density of occupied
electronic states and low energy excitations of a few
electron volts, it is complementary to valence band
photoemission and optical spectroscopy with the
advantage of being truly bulk sensitive, element specific
and compatible with various sample conditions.

A wavelength dispersive setup in Bragg geometry allows
an instrumental energy bandwidth below the core hole
lifetime broadening. A large solid angle spectrometer
that employs five analyser crystals is currently being
developed with the possibility for an upgrade to 10 or
18 analysers. The instrument is designed to serve a large
user community and can be adjusted to either optimise
the captured solid angle or the energy resolution.
Possible applications range from the study of metals in
coordination chemistry and life science via earth
science to materials science. 

X-ray absorption and emission spectroscopy will be
applied in steady state and time-resolved mode with the
time resolution limited by the incident X-ray pulse
length (currently ~100 ps). The beamline will feature a
femtosecond laser with a 3 kHz repetition rate for
optical pumping. The combination of high energy
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resolution emission detection with picosecond time
resolution will be a new type of experiment that is not
yet realised and that will make it possible to follow the
time evolution of a system after external excitation
element selectively with respect to electronic structure
and local coordination.

The user community for time-resolved XAS-XES will
mainly emerge from research groups that already use
time-resolved techniques and have so far not considered
the potential of inner-shell spectroscopies. This
concerns the large field of photochemistry (photo-
voltaic, photo(bio)catalysis, photofragmentation, …)
but also topics in materials science to advance, for
example, the development of optical devices or to study
the magnetic response to an applied field.

The main aspects of the proposed beamline are:
• Promote XES for a large user community as a tool to
study local coordination and electronic structure.
• Realise XAS and XES with time resolution below the
nanosecond range.

Scientific case

Overview

Knowledge of the electronic structure and coordination
of atoms in matter holds the key to the understanding
of material properties as well as chemical behaviour and
reaction kinetics. Inner-shell spectroscopies provide an
element specific probe and thus yield information that
is complementary to ‘table-top’, i.e. more readily
available, techniques such as IR, EPR, UV-Vis or optical
Raman spectroscopy. 

X-ray absorption spectroscopy (XAS) is most sensitive
to the local coordination while non-resonant and
resonant X-ray emission spectroscopy (XES) reflects the
spin-state and electron orbital configuration. (Glatzel
and Bergmann, 2005) The possible applications cover
many scientific fields represented at the ESRF
(chemistry, biology, materials science,
geology/mineralogy, environmental sciences) and the
beamline thus reaches out to a large and broad user
community.

The combination of spectroscopy with time-resolution
offers a powerful tool to study excited states, reaction
kinetics and dynamics as well as the response to an
external magnetic or electric field. Whilst this has been
realised in many laboratories using table-top techniques,
time-resolved inner-shell spectroscopy at synchrotron
radiation sources is a new and emerging field (Bressler
and Chergui, 2004; Chen, 2004). An element specific
probe combined with time resolution gives valuable
information concerning local electronic and structural
changes that will help to understand processes that are
triggered by an external excitation on an atomic level.

X-ray photon-in-photon-out spectroscopies are
furthermore bulk sensitive and have the advantage of
being compatible with various sample environment
(in situ chemistry, extreme conditions). 

Important applications are in the fields of chemistry, life
sciences and materials science. Pump-and-probe
schemes with time resolutions in the micro- to
picosecond range can reveal structural changes in
coordination chemistry, proton coupled electron
transfer and electron migration in biology, the decay
kinetics of excitons in semiconductors as well as melting
and spin-orbital dynamics in materials science.

Examples

The migration and decay of charge carriers in
photoexcited semiconductors need to be understood
in order to design optimised photo-catalysts or optical
devices. Photoexcited electrons and holes in
a semiconductor can trigger chemical reactions of
surface adsorbates (Thompson and Yates, 2006).
The photoreduced ions in the semiconductor are
detectable in the X-ray absorption near edge as well as
in the X-ray emission spectra (Kβ spectroscopy).
A large number of semiconductors (TiO2, ZnO,
CeO2, …) with different dopings is being investigated,
all showing high activity for different applications. 

An interesting aspect of the combination of XAS with
XES is given by the fact that the Kβ emission line is
strongly sensitive to the 3d transition metal spin state
while it is largely independent of structural changes
that leave the local spin moment unchanged. This
opens up the possibility of separating electronic from
structural changes. An important case is the spin
cross-over of Fe3+ in heam-proteins (Franzen, 2002).
High-spin Fe3+ species are biologically labile because
of their oxidising capability. By changing the spin
state from high spin to low spin, the Fe3+ maintains its
oxidation state but becomes biologically inactive.
The change in spin state is induced by conformational
changes of the ligand environment, which constitute
or assist the function of the metal site through the
electronic structure.

Electron transfer reactions in proteins occur on
timescales ranging from sub-picoseconds to
milliseconds (Tezcan et al., 2001). Understanding their
biochemical functions requires knowledge of the
pathway and dynamics of electron transfer. For
naturally photoactive proteins (e.g. photosynthetic
reaction centres), the excited-state can be populated
using ultrashort optical pulses to synchronise the time
course of a biological reactions. For naturally non-
photoactive proteins, a photosensitiser is required and
acts as a trigger to initiate the electron transfer
processes. The electron transfer to and from metal
centres are detectable in the absorption and emission
spectra.
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Techniques

The techniques based on high energy resolution
emission detection are: 
• Non-resonant X-ray emission spectroscopy;
• Resonant X-ray emission or resonant inelastic X-ray
scattering spectroscopy;
• High-energy resolution fluorescence detected
absorption spectroscopy. 

XAS and XES are complementary techniques. While
XAS is established with a constantly improving
theoretical understanding, only few studies using non-
resonant XES have been performed even though the
potential has been recognised (Glatzel and Bergmann,
2005). XAS can be combined with XES to give high-
energy-resolution fluorescence detected (HERFD) XAS
and resonant inelastic X-ray scattering (RIXS)
spectroscopy. HERFD-XAS yields absorption-like
spectra with considerably improved spectral resolution
(van Bokhoven et al., 2006). RIXS spectroscopy is widely
used in condensed matter and materials science to study
electronic configurations and ligand field effects. It is
now being discovered also by the applied fields outside
the physics community (Pirngruber et al., 2006; Glatzel
et al., 2004).

The beamline will combine its expertise in
wavelength dispersive X-ray emission detection with
time resolution and will therefore focus on time-
resolved fluorescence detected absorption and
emission spectroscopy. This will distinguish the
beamline from projects on other storage rings. Even
though it is desirable to push the time resolution
below the current limit of 100 ps, already a large
number of relevant questions concern the micro- and
nanosecond time regime. The paramount goal is to
optimise the signal-to-background ratio and the
detection sensitivity to obtain high quality data even
for dilute systems with low conversion rates. This is
realised in X-ray emission detection with lifetime
resolution whilst maximising the captured solid angle.

The wavelength dispersive setup allows X-ray pulse
separation to be achieved by means of a fast detector
(Avalanche Photo Diode). The advantage of
fluorescence detection over transmission absorption
spectroscopy in laser pumped schemes is the favourable
match in attenuation length between the pump and
probe pulses (Chen, 2004). The beamline will thus
specialise in the non-standard techniques XES, HERFD-
XAS and RIXS spectroscopy in combination with time
resolution.

For fastest time resolution, the delay between a
femtosecond laser and the X-ray pulse is varied, i.e. the
experiment is performed in stroboscopic mode. Here
the limit is given by the pulse length from an electron
bunch which currently is around 100 ps. For decay
constants of several hundreds of nanoseconds,

additionally to the delay variation, several subsequent
bunches can be used to study the decay kinetics
resulting in increased efficiency. 

Context with new sources and user
community

The techniques XES, RIXS and HERFD-XAS have been
recognised by a growing number of scientists in the
XAS user community as a viable and powerful
development beyond standard absorption spectroscopy.
By pushing the detection limit for emission
spectroscopy with a large solid angle spectrometer, the
technique becomes attractive for very dilute and
radiation sensitive samples but also for time-resolved
studies where only a fraction of the incident X-rays can
be used and possibly low conversion rates in pump-and-
probe schemes ask for the best possible signal-to-
background ratio.

Time-resolved X-ray absorption spectroscopy is
currently being pursued at several synchrotron radiation
sources. Many studies are performed in transmission
mode but developments have been made to also
perform fluorescence detected absorption spectroscopy
using an APD or a germanium detector (Chen et al.,
2001). Some efforts are under way, e.g. at the APS, to
use Laue analysers and multilayers in connection with
faster detectors. To our knowledge, none of the third-
generation synchrotron radiation facilities plans to
realise time-resolved spectroscopy using Bragg optics
for X-ray emission detection.

The scientific case for time-resolved spectroscopy
presented here is distinct from the femtosecond realm
that will be realised at the XFEL. Whilst in the latter, for
example, non-linear processes or coherent atomic
displacements in vibrational relaxations will be studied,
this design report addresses the large field of
photo(bio)chemistry with non-coherent atomic motions
and electron transfer but also topics in material science
with time evolutions in the picosecond range and
slower. Nonetheless, the successful operation of the
proposed beamline will give valuable input for time-
resolved spectroscopy on the fourth generation sources. 

Technical considerations

A Bragg spectrometer will be designed to serve a large
user community. In a first stage the spectrometer will
consist of an array of five analyser crystals with a
diameter of 100 mm. The spectrometer will
accommodate crystal bending radii between 0.5 and
2 metres to either maximise the captured solid angle
or minimise the energy bandwidth. It will operate
with the Rowland circles oriented vertically in order
to optimise the energy resolution and the
reproducibility of the energy calibration.
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Either silicon or germanium crystal wafers glued or
bonded on a spherical substrate will be used as
analyser crystals. Silicon analysers can be produced at
the ESRF. A research and development programme is
currently under way to improve the quality of the
silicon analysers and to master the fabrication of
germanium analysers. At the moment, only one
company worldwide (Crysmatec/Saint-Gobin) is able
to produce spherically bent germanium crystals.
Once a fabrication process has been established, the
manufacturing of a considerable number of analyser
crystals has to be realised. To cover the fluorescence
energies of all 3d transition metals a total of twelve
different reflections are necessary (six germanium, six
silicon) giving a total of 60 analyser crystals.
Additional reflections will become necessary for the
emission lines of the 5d metals at higher energies.
We also point to the needs of other ESRF beamlines
(e.g. ID16) and possibly other storage rings. 

All wavelength dispersive detection schemes require a
beam spot of less than 100 µm2 for optimised energy
resolution and efficiency. However, radiation damage
due to the intense X-ray beam can be limited by
reducing the photon density in a larger spot with
homogeneous intensity distribution. Thus, the beam
size should be as small as necessary and as large as
possible. Two Kirkpatrick-Baez mirror systems, one in
the optics hutch and one in the second experimental
hutch, will provide the required flexibility.

The instrumentation for time-resolved experiments
with optical pumping will be developed in close
collaboration with the group of Michael Wulff (CDR:
TRD) that has extensive experience in time-resolved
diffraction experiments. A tuneable femtosecond laser
with 3 kHz repetition rate will be installed and
interfaced with the emission spectrometer. A fast
chopper is necessary to protect radiation sensitive
samples by blocking unused X-ray pulses. X-ray and
laser pulses can be synchronised using a GaAs
detector. X-ray detection will be realised using a fast
detector that will be interfaced and synchronised with
the laser pump and X-ray probe pulse.

The beamline will not be dedicated to time-resolved
studies but will continue also the user programme for
steady-state spectroscopy for several reasons. Firstly,
this will assure efficient use of the available beam
time. Secondly, no comparable end-station for X-ray
emission detection is currently planned at any
European synchrotron radiation source. Thirdly, the
theoretical interpretation and its validation require
comprehensive experimental studies in steady-state
experiments. Finally, time-resolved experiments on
dilute samples with low conversion rates require the
best possible performance of all experimental
components. The experience from the steady-state
time will help to reach the optimal beamline
performance.

Many user groups would appreciate a combination of
the X-ray experiment with a table top probe in order
to verify sample integrity and to facilitate comparison
with results obtained at their home laboratories.
Implementation of an IR and/or optical Raman probe
for simultaneous data recording will be realised in
collaboration with other beamlines (e.g. current
ID24/BM29).
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Introduction to the Conceptual Design Reports of the
Macromolecular Crystallography Group

MASSIF Massively Automated Sample Screening Integrated Facility: page 20
suggested location on ID02): A canted beamline with end-stations 
dedicated to sample screening, plus a fully tuneable end-station with 
low divergence X-ray beam for large unit cells.

MX-BIB Biological Imaging Beamline: suggested location on a canted page 22
ID01: A beamline dedicated to the imaging of biological samples 
using coherent diffraction imaging.

MX-MAD1 and Macromolecular Crystallography using Multi-Wavelength page 24
MX-MICROFOCUS Anomalous Dispersion and Microfocus: suggested location on a 

canted ID03: A canted beamline for with a wide energy range, 
tuneable end-station and a 1 to 10 micron microfocus end-station.

MX-MAD2 Macromolecular Crystallography using Multi-Wavelength page 26
Anomalous  Dispersion with Microfocus: suggested location 
on a canted ID01: a variable focus (<10 to 100 microns), tuneable 
energy beamline.

The Upgrade Programme of the suite of ESRF
macromolecular crystallography (MX) beamlines aims
to provide a uniform, accessible platform for carrying
out MX experiments at the highest level possible.
To achieve this goal, a suite of beamlines designed for
rapid sample screening would be amongst those
provided. Subsequent distribution of samples to
beamlines optimised for microfocus applications (MX-
MAD1/MX-MICROFOCUS), anomalous dispersion
(AD) experiments with mini-focus (MX-MAD1/MX-
MICROFOCUS) and optional microfocus capabilities
(MX-MAD2) and AD facilities capable of dealing with
very large unit cells (>1000 Å, MASSIF) would then
take place. The creation of this facility would be
unique and would ultimately offer significant new
opportunities for the investigation of the most
challenging structural biology research areas.

The maximum benefit from these proposals would be
gained by relocating the MX beamlines so that they
are close together on the experimental floor. If this
was the case, the use of the most appropriate end-
stations for experiments that follow initial screening
becomes easier as the logistics issues associated with
the movement of cryo-cooled samples between
beamlines are minimised. However, a substantial
storage area for cryo-dewars and cryogenically frozen
samples is still required and a radically different mode
of access and operation of the MX suite including
remote control would also need to be envisaged.

Increasingly, structural biology is turning from the
structural investigation of single proteins to the more
biologically relevant study of macromolecular
complexes. This trend has accelerated the need for
screening facilities to test crystal diffraction and has
implied an increased use of complementary
biophysical techniques i.e. SAXS, X-ray imaging,
electron microscopy (see the CDRs in the Soft
Condensed Matter and Imaging Groups), in order to
improve the understanding of the system under study.
Recognising these developments, the proposals from
the MX Group contain facilities which would
traditionally form part of a different research
infrastructure. Their inclusion here, though, is valid
because the most significant challenge for the study
of biological systems is usually the production and
subsequent maintenance of the sample. To this end,
the study of biological systems will be greatly aided
by the support afforded through the close proximity
of, and collaboration with, the partner institutes
comprising the Partnership for Structural Biology. 

Taken in their entirety, the cases presented provide a
structure for the continued pursuit of scientific
excellence in the field of Structural and Functional
Biology, building upon the vast experience of the
ESRF in this area. The proposals could result in a co-
located suite of beamlines with an enhanced
interaction with biologically relevant developments
contained within the ESRF Upgrade Programme.

Summary of individual CDRs



Macromolecular Crystallography

A20 ESRF Science and Technology Programme 2008-2017

MASSIF: Massively Automated
Sample Screening Integrated
Facility

Summary

This CDR proposes the development of a highly
automated screening facility for assessing the
diffraction properties of macromolecular crystals. The
concept is unique and tackles a fundamental problem
associated with MX – the variability of sample quality.
We aim to use the screening facility as the initial
testing point for cryo-cooled samples. Following
initial testing these will be transferred to the most
appropriate beamline within the ESRF MX suite.
In order to enable the logistics of this mode of
operation, it is desirable that the MX beamlines are
closely spaced on the ESRF experimental hall floor.   

The second beamline covered in this report is a multi-
wavelength anomalous dispersion beamline which will
be optimised to deal with weakly diffracting crystals
with large unil cells.

Scientific case 

Overview

MX is the key tool for the understanding of the
function of biological systems. Rapid growth of the
field has been observed worldwide with the European
Community funding a number of Integrated Projects
that focus on the most challenging areas of structural
biology: VIZIER (identification of potential new drug
targets against RNA viruses), 3D Repertoire
(resolution of structures for all amenable protein
complexes from budding yeast), SPINE2 (structures of
complexes from signalling pathways linking
immunology, neurobiology and cancer). All of these
projects attempt to investigate complex areas of
biology using the techniques of structural biology
and, in particular, MX.

In practice, the use of MX means that one is required
to investigate crystals with unit cell dimensions in the
range of 10 Å to 1000 Å, leading to a potential
dynamic range in diffracted intensities of over six
orders of magnitude. A further complication arising
from addressing more complex systems is that the
variation of crystalline samples from within the same
production batch can vary dramatically. It is routine to
screen tens to hundreds of samples for their
diffraction properties before full data collection on
different beamlines (or even synchrotron facilities)
(Selmer et al., 2006; Dong, 2006) takes place. 

Because the diffraction experiment results only in
structure factor amplitudes and all phase information is
lost, special techniques are required for the
experimental solution of the phase problem. Currently
the most powerful techniques for this are based on
anomalous dispersion (AD) (Hendrickson, 1991;
Dauter et al., 2002). These rely on the accurate
measurement of the small changes in intensities
resulting from data collection at (sometimes several)
photon energies close to an absorption edge. Typically
the AD signal is of order of 2 to 3% of the structure
factor amplitude. Unfortunately, synchrotron radiation
damages the sample, leading to changes in the
structure factors that are greater than the signal being
searched for (Ravelli and McSweeney, 2000). Thus,
the successful elucidation of macromolecular structures
places a very heavy premium on the identification and
optimal use of the most appropriate sample for the
experiment to be performed.

The aim of this proposal, Massively Automated
Sample Screening Integrated Facility (MASSIF), is to
enable screening of MX samples on several (for
example two) dedicated end-stations. Real time
ranking of results will be used to identify the “best”
samples and to inform experimenters on the choice of
beamline most appropriate to obtain the best quality
data and thus ensure success of the experiment. With
the availability of such a facility it will become
routine to screen many samples before a data
collection is initiated and this will, in turn, lead to
changes in the allocation and exploitation of beam
time. MASSIF could occupy one branch of a canted
beamline.

On the second canted branch of the facility we would
construct a MAD capable beamline. This station,
exploiting the low horizontal divergence of a high β
straight section, would be adapted to the needs of
very large unit cells, equipped with instrumentation
appropriate for the resolution of many (> 1000)
diffraction orders and allow collection of diffraction
data to very low resolution (< 200 Å) for overlap with
cryo-electron microscopy data.

In addition to the proposed screening facility, the
MASSIF branch of the canted line would be suitable
for the creation and installation of an end-station
dedicated to the investigation of macromolecular
structure in solution using SAXS/WAXS techniques.
We envisage that such a facility would benefit from
the expertise in sample handling and preparation that
would come from its inclusion within the Partnership
for Structural Biology and would benefit from close
collaboration with similar activities at both the
Institut Laue Langevin and the ESRF. The proposed
facility could also be used to further develop the
technique of synchrotron radiation foot printing
(Goldsmith et al., 2001) as a means of probing
interactions in complexes of macromolecules.
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Taken together, this proposal would form a unique
experimental facility which, combined with a 
co-localisation of the MX beamlines, would ensure
that the ESRF continues to lead the world in
elucidating the structures of the most difficult and
challenging structural biological projects.

Techniques

Branch A: (Multi-wavelength) anomalous dispersion
Branch B: Fixed energy single crystal diffraction
screening with complementary biophysical techniques
and analysis.

Context with new sources and user
community

The facility would be unique.

The availability of an increased number of MX
beamlines within Europe will allow better “load
balancing” for an expanding user community.
This new sharing of demand offers the ESRF an
opportunity to focus on scientific excellence based
upon the experience gained in pioneering the use of
third-generation sources for MX. By an appropriate
strategic positioning combined with the necessary
infrastructure developments, the ESRF will remain at
the forefront of structural biology research. The
European MX user community now expects a
common interface to all synchrotron facilities and
the ESRF, with its incomparable experience in MX
automation, should take a leading role in this. The
fact that the ESRF MX Group is involved, and takes
a leading role, in a number of European projects or
collaborations involving other EU synchrotrons, the
user community and national institutes/universities
(i.e. SPINE, BioXhit, the Centre for Integrated
Structural Biology (CISB) and the DNA
collaboration) will help to ensure that this is the
case.

As mentioned above, a sample screening facility
associated with ultra-modern MX beamlines would
imply drastically new access modes for the user
community in order for it to take full advantage of
the possibilities offered. These new modes of access
will include mail-in crystallography and remote
control. It will therefore be important to ensure a
staff contingent appropriate to running an
automated system: technicians/engineers for
operations, MX trained scientists for the strategic
overview.

In summary, the proposed suite of MX beamlines would
provide a package of sample preparation and screening
facilities and data collection stations complete with
experienced staff that has no equal in Europe.

Technical considerations

Line B would consist of up to four end-stations
multiplexed (using semi-transparent diamond
monochromators as beam splitters). All end-stations
would be able to operate simultaneously.

The focusing elements for line B stations would be
composed of compound refractive lenses (CRL)
and/or Kirkpatrick-Baez (KB) systems. A small CRL
system in the front end would allow focusing for
standard MX data collection. Additional focusing, for
example, to provide microfocus X-rays, could be
made with a KB system closer to the sample position
and would be specific to each end-station. Installing
many beamlines would mean a gradual reduction
in intensity (a reduction in beam intensity of
4.3%/100 µm of diamond at 12.7 keV or around 6.5%
per diamond monochromator using 100 µm thick
diamonds with an asymmetric Laue cut as currently
used on ID14). Applications, such as sample
screening, SAXS on protein solutions or even a MX
instrumentation test bed (to provide a dedicated
facility for the testing of new instrumentation and
software developments) would not require a
particularly intense X-ray beam. This proposal thus
provides an efficient way to enable many
complementary techniques to be brought together on
one undulator source.

In order to realise the full potential of a redeveloped
ID14 beamline suite, one should take advantage of
the developments in detector technology expected
over the next few years: specifically a highly sensitive
detector for the SAXS/WAXS station and a large area
detector for the MAD beamline. This is especially
relevant in the light of the PILATUS detector
developments. Such a large area, highly sensitive
detector with large dynamic range would improve and
speed up MX measurements. 

Support facilities

• Sample preparation and handling will require
developments introduced during the development of
the Partnership for Structural Biology.
• The effective use of sample screening implies the
rapid redistribution of cryo-cooled samples from line
B, to the most appropriate MX facility.
• Sample screening also implies the capacity to safely
store, “warehouse”, hundreds of cryo-shipping dewars. 
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MX-BIB: Biological Imaging
Beamline

Summary

This proposal describes a new beamline devoted to
the imaging of large scale biological assemblies
ranging from cells, through organelles to
macromolecular assemblies. The scientific focus of the
beamline complements similar activities within the
ESRF (see CDRs: CDI and XPCS-CXS) and existing
efforts in the MX Group. A road map for developing
the technique for biological systems will be
elaborated in collaboration with the appropriate ESRF
groups and will use the experience of the electron
microscopy groups at the Institut de Virologie Moleculaire
et Structurale and the Institut de Biologie Structurale (the
latter of which is a member of the Partnership for
Structural Biology), which are located nearby. The
second branch of a canted beamline (with CDR
MX-MAD2 on the other canted section), this station
is intended to:
• Provide a facility for the routine exploitation of
coherent diffraction imaging (CDI) of biological
molecules and assemblies;
• Provide a tool complementary to electron
microscopy imaging of cells and sub-cellular
compartments;
• Position the ESRF advantageously with respect to
national facilities.

Scientific case

Overview

In biology seeing is, to a large part, believing. How
we see and what we see is governed by the techniques
available. For the production of images of biological
molecules, X-ray diffraction from single crystals

remains the most accurate and rapid technique
available for acquiring knowledge of structure and
thereby biological function. For imaging larger scale
biological entities electron microscopy has, for a long
time, been the premier technique capable of
providing structural information. Recently advances in
fluorescent light microscopy (Betzig et al., 2006) and
electron tomography (Grünewald et al., 2003);
(Nicastro et al., 2005) have increased the resolution to
which cellular or large scale objects may be imaged.
However, at present, no technique can provide three
dimensional imaging at nanometre resolution of the
interior of non-crystalline particles in the micron size
range. Coherent diffraction imaging (CDI) has
the potential to fill this gap and demonstration
experiments indicate that three dimensional
reconstructions of cells are possible
(Miao et al., 2003).  

In the life sciences, such techniques are needed to
provide information on the internal structures of
assemblies of macromolecules, protein complexes and
virus particles at a resolution sufficient to recognise
individual proteins and determine their relationships
to each other. To deal with this problem, increasing
attention is being paid to combining electron
microscopy/tomography images with protein
structures (CCP4 Study Weekend, 2007). All the
techniques discussed above have drawbacks; imaging
techniques suffer in particular with problems
associated with sample thickness, chiefly being
governed by the penetration depth of the photon
examining the specimen. In addition, due to the weak
interactions of X-rays with the sample, high doses of
irradiation are required during the acquisition of
images- leading to the problem of radiation damage. 

The problem of radiation damage is the key issue to
resolve if the use of CDI is to progress beyond
demonstration experiments (Miao et al., 2003;
Robinson and Miao, 2004). For this reason, most
successful uses of the technique have been found
within materials sciences, where the use of CDI is
finding increasing success. Experience with dealing
with radiation damage in macromolecular crystals
suggests that the use of cryo-cooling can be
beneficial, if it can be utilised without introducing
unwanted artefacts. Therefore a road map should be
established based on experience within the MX
Group for the cryo-protection of crystalline samples
and from the experience in the ID10 team on the use
of CDI. Additional support will be provided by
employing the techniques for sample visualisation and
alignment developed in order to handle small crystals.
The freezing of cells will present particular problems,
but will be studied in collaboration with local electron
microscopy groups.
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Context with new sources and user
community

There is a growing user community for CDI, with
progress being made in the application of the
technique for materials, and some success being
reported with biological test samples. The proposed
CDI facility fulfils the following conditions with
respect to the ESRF Upgrade Programme:
• It contributes to three scientific highlight areas
associated with the Upgrade Programme: Structural
and Functional Biology and Soft Matter, X-ray
Imaging and Nanoscience and Nanotechnology
• A long beamline is necessary since high spatial
coherence is required in both the horizontal and
vertical directions. The length of the beamline would
allow its positioning close to the Carl-Ivar Brändén
Building (housing both the Partnership for Structural
Biology and the Institut de Virologie Moleculaire et
Structurale). This will facilitate interaction with the
electron microscopy groups and enable efficient
sample preparation and handling techniques to be
developed. 
• The beamline would provide complementarity with
other techniques that are, or will be, available either
at other ESRF beamlines or local institutes. These
include X-ray/light fluorescence microscopy or
mapping, full field microscopy, X-ray tomography, 
X-ray holography and cryo-electron tomography.
• CDI for biology is being developed at other
synchrotrons: ALS (new beamline designed, goal:
3D imaging at 10 nm resolution), APS (dedicated
instrument from summer 2007, 30 nm resolution,
20 nm in two years for users), PETRA-III (BioImaging:
a double station with bioSAXS, users around 2010),
DIAMOND (beamline proposal) and at the ESRF
(A Madsen development of the current ID10A, CDR
XPCS-CXS and T Metzger development of the
current ID01 dedicated principally to materials
science, CDR CDI). 
• Only X-rays can give 10 nm resolution from big
(micron and larger) complexes and thick samples.

An important consideration from the timescale point
of view is that the MX-BIB project development
should start now. In five years’ time the technique will
either be already successfully used by all other
synchrotrons and the ESRF will have lost its world
leading position or CDI on biological systems will
have been found to be nice in theory but
insurmountable experimental difficulties will have left
the technique to the domain of materials science.
A road map for instrument and experimental
developments, along with appropriate resources, must
be created immediately to allow a proper risk
assessment to be made.

Technical considerations

The main beamline characteristics derive from the
requirements of having:
• A coherent X-ray beam (both temporally and
spatially);
• A spatially homogeneous beam;
• A high photon flux at the sample position.

These constraints imply the choice of an undulator on
a low beta section of the ring as a source (with canted
undulators to allow the second branch to be used as a
tuneable MX beamline, CDR MX-MAD2), with the
experimental station far (> 50 m) from the source. In
order to preserve the coherence properties, no optical
elements will be introduced until the silicon and/or
diamond monochromator in Bragg geometry
separated from vacuum of the machine by a polished
beryllium window.

Support facilities

Sample preparation, storage and handling facilities
will be important for the success of this beamline.
Close collaboration and proximity to the molecular
biology facilities and sample preparation within the
Partnership for Structural Biology will benefit the
end-station without incurring additional costs for the
ESRF.
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MX-MAD1
and MX-MICROFOCUS:
Macromolecular Crystallography
using Multi-Wavelength
Anomalous Dispersion and
Microfocus

Summary

The canted beamline ID23 was constructed in two
phases over the period 2002 to 2005. The beamline
consists of two independent state-of-the-art stations
for macromolecular crystallography (MX) using a
canted undulator setup: one (ID23-1) is a MAD end-
station, the other (ID23-2) being dedicated to
microfocus experiments at fixed energy. ID23-1
(Nurizzo et al., 2006) first took users in October 2003
and ID23-2 in November 2005. The two beamlines
have already produced excellent results (Matsuura and
Stewart, 2004; Remaut et al., 2006; Marquez et al.,
2007; Niemann et al., 2007). The evolution of these
beamlines as part of the Upgrade Programme has
therefore been planned as a continuation of the
existing beamlines with the aim of producing
consistent high throughput, high flux measurements
in a user friendly and reliable environment. 

Upgrades to the beamline would include:
• Extending the energy range of ID23-1 (MAD) to
higher energies;
• Additional optimisation of the ID23-1 (MAD)
station to improve operation at low energies, to allow,
for example, more sensitive sulphur and phosphorus
phasing (see also CDR MX-MAD2);
• Adding a revolver undulator system to allow both
high and low energy X-rays to be sourced at high
brilliance for ID23-1 (MAD);
• Extending the ID23-2 microfocus beamline to allow
higher demagnification and the alternate production
of 5 µm or 1 µ beam to suit experiments as required;
• Adding an ultra-high precision diffractometer to
ID23-2 (microfocus) for the 1 µm beam option above.

Scientific case

Overview

Synchrotron radiation has been a driving force in
making MX the technique for providing details of
macromolecular structures at close to atomic
resolution. Today ID23 consists of a beamline for the
determination of unknown protein structures using
AD techniques and a microfocus beamline providing
routinely a beam of dimensions 7 x 5 µm2. The latter

beam allows experimenters to derive the best possible
diffraction data from very challenging and small
crystals, from the better parts of larger samples or the
use of a “multi-shot” approach in order to obtain a
complete data set from a large, radiation sensitive
crystal (Marquez et al., 2007).

As part of the Upgrade Programme, the MAD end-
station will be modified to increase its energy range
beyond 20 keV to give a full spectrum between 5 keV
and 40 keV with a mini-focus beam (~50 µm). The
current energy range already allows experimenters to
determine protein structures using anomalous signals
from almost all heavy atoms. The availability of
higher energy photons would allow data collection to
a very high resolution (better than 0.5 Å) as well as
the targeting of the K anomalous absorption edges of
elements such as xenon and iodine for structure
solution.

A general trend observed over the last few years is
that users come to the beamline with smaller and
smaller crystals. It is now common to collect good
quality data sets on samples of 50 x 50 x 10 µm3 and
scientists tackling more and more projects centred on
large (MDalton) macromolecular complexes will only
serve to increase this tendency. The microfocus
station will remain fixed energy (~14 keV) but will be
developed to have both  microfocus and nanofocus
capabilities. The aim will be to produce a beamline
fully dedicated to MX with a 5 µm diameter beam for
routine operation, as now, and additionally a reduced
(focused) to 1 µm diameter (or less) beam for the
most challenging samples. Obtaining a full data set
from one single micro- (or nano-) crystal being
probably impossible, the beamline will also provide
the capability to screen microcrystals (this could also
be carried out on the end-stations proposed for the
MASSIF CDR) and to collect and merge data
collected from a large number of very small samples
in a minimum amount of time and in a manner that is
as automated as possible. ID23-2 could also be of
strong interest for experiments on non-crystalline
biological samples.

Techniques

Both stations will be dedicated to MX and principally
employ the techniques of MAD or microfocus. They
will be equipped with the already developed highly
automated ESRF MX environment.

The MAD beamline will use recent developments in
low energy SAD data collection (below 7 keV) to
allow the determination of 3D structures using
anomalous signals resulting from sulphur or
phosphorus atoms naturally present in proteins or
nucleic acids. This low energy capability will
supplement that envisaged on the proposed MX-
MAD2 beamline. At the softer energies, high level
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harmonic rejection will be accomplished by including
second silicon mirror close to the sample position. 

A high accuracy rotation spindle is currently under
development by the ESRF Precision Engineering
Laboratory in close collaboration with the ID23-2
team. The project aims to create a rotation axis with a
sphere of confusion of less then 100 nm with a cold
source nearby to maintain samples at cryo-
temperatures. The success of the project will be
essential for the microfocus beamline, amongst others,
and its aim of using a 1 µm diameter beam size. The
smallest samples will probably not be mounted in
isolation and several of them will be located in a
single container or on a single support. The beamline
instrumentation should allow the identification of
each individual crystal (for example by image
recognition associated with UV illumination) and the
collection of optimised diffraction data from these as
a function of their orientation in the X-ray beam.

Context with new sources and user
community

The area of X-ray diffraction from biological samples
is still undergoing considerable growth. More
beamlines for routine measurements are expected to
come on line across Europe in the coming several
years. However, the projects that many biologists are
currently embarking on will result in extremely
challenging samples being brought to X-ray sources;
for example very small, weakly diffracting crystals of
multimeric complexes. The samples will undoubtedly
require tuneable and non-tuneable high intensity,
highly stable and/or highly focused X-ray beams with
dedicated, experienced staff, specialised facilities and
auxiliary equipment to allow full structural studies to
be carried out. 

In addition to its own research facilities, the ESRF is
situated on a unique scientific site with an advanced
X-ray source co-located with a high flux neutron
source (the Institut Laue Langevin and considerable
support laboratories in the form of the Carl-Ivar
Brändén Building and the European Molecular Biology
Laboratory housing technical platforms such as
crystallogenesis and electron microscopy). The Institut
Biologie Structurale, as a member of the Partnership for
Structural Biology and located close by, has NMR and
electron microscopy platforms available.

Technical considerations

The MAD beamline will benefit from an extended
energy range towards both higher and lower photon
energies. For this purpose the implementation of a
revolver pair of undulators (a 35 mm period undulator

to provide the low energy X-rays and a 17 mm period
for the high energy) would be highly desirable. A
windowless optics hutch will be a great advantage in
accessing the low energy range for determining
structures using the anomalous signals from sulphur or
phosphorus atoms. 

ID23-2 has provided considerable experience in the
operation of a MX dedicated microfocus beamline in
a reliable, routine and regular fashion. This provides a
strong foundation for the upgrade of the microfocus
beamline within the MX community. There are
several options for improving the already excellent
performance of the beamline. These include making
the beamline longer, (up to 70 m) to reduce beam
divergence whilst still achieving a microfocus beam.
One could also imagine a second (optional) focusing
element, closer to the sample, to allow a very fine
focus for some demanding experiments: thus
increasing the abilities of the beamline to cover a
broader focus range from 5 µm (as currently) to 1 µm
(or less) in diameter. In order to improve beam
positional stability, a separate temperature controlled
(+/-0.1°C) hutch for the focusing element(s) will be
mandatory. 

Support facilities

• Sample preparation laboratory, data backup facilities
• Microcrystal handling (microscope, microtools)
• As part of the MX village of closely located MX
beamlines, the beamlines should have direct access to
samples screened using the proposed MASSIF facility.
Thus support facilities for handling large numbers of
sample storage dewars will also be needed.
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MX-MAD2: Macromolecular
Crystallography using Multi-
Wavelength Anomalous
Dispersion with Microfocus 

Summary

The proposed beamline will replace the current
ID29 MX MAD end-station and would be the
second branch of a canted beamline. Sector ID01b
could be a highly suitable location for a beamline
working on coherent diffraction imaging from
biological samples since it is close to the Partnership
for Structural Biology with its expertise and material
in sample preparation (see CDR MX-BIB). The
second canted section of a new ID01 (ID01a) would
be intended to continue and replace the very
successful activity of ID29 (Ali et al., 2006; Andersen
et al., 2006; Dong et al., 2006; Seeger et al., 2006;
Low et al., 2006) from which a wide macromolecular
crystallography (MX) user community profits. The
new beamline would:
• Remain a fully independent MX MAD beamline;
• Have the same high level of automation as the
beamlines proposed in the other MX CDRs;
• Provide a wide energy range (5 keV to 20 keV)
with a rapid tunability;
• Provide a high photon flux over the whole energy
spectrum;
• Provide a focal spot size at the sample position
varying between 100 x 100 µm2 and less than
10 x 10 µm2;
• Provide an improved energy band pass using a
channel cut Si(311) monochromator. This will
facilitate the measurement of small anomalous signals.
A standard ESRF channel cut Si(111) monochromator
would be used for more routine experiments;
• Complement and supplement the proposed MX-
MAD1 beamline in providing an optimal
environment for diffraction data collection at low
energies (i.e. phasing information from crystals of
native biological macromolecules using sulphur SAD
and experiments around the LI absorption edges of
xenon and iodine).

As the tendency in modern macromolecular
crystallography will undoubtedly involve the structure
solution of larger and more complex protein
structures and those of membrane proteins from
smaller crystals, there will be the need to deliver a
stable and highly focused beam. Derivatisation of
these large and fragile complexes will become more
and more difficult and thus measurements at lower
energies from crystals of macromolecules will have an
increased significance. We intend to provide the
optimal experimental environment necessary for such
experiments to be successful.

Scientific case

Overview

Large macromolecular complexes are difficult to
express, purify and crystallise. The same observation
applies to human and/or mammalian proteins. The
currently preferred technique of structure solution in
MX (e.g. MAD/SAD using seleno-methionyl
derivatised proteins) is therefore liable to become less
commonly used. Phasing with softer X-rays will help
overcome this problem as experimenters will be able
to exploit the presence of naturally present sulphur
and phosphorous atoms to determine macromolecular
crystal structures. The use of longer wavelengths also
makes the use of other derivatives, such as those
based upon iodine or xenon, more tractable as MAD
experiments around the L anomalous absorption
edges of these elements become possible.

Crystals of large protein-protein or protein-DNA
complexes or membrane proteins are likely to be
much smaller in size than is currently the case, to
diffract more weakly and to be more susceptible to
radiation damage. Using a microfocus X-ray beam will
be advantageous in these cases for the following
reasons:
• Matching beam and crystal sizes will increase
signal-to-noise ratios thus maximising observed
diffraction limits from microcrystals. The ability to
rapidly change the focal spot size at the sample
position rather than simply slitting the beam will be
important and allow maximal flux to reach the sample
whilst minimising background scatter.
• Microbeams will, in favourable cases, allow
diffraction data to be collected by “walking” across
the crystals thus increasing the diffraction data
obtainable from radiation sensitive crystals.
• Collection of diffraction data from the best region
of a poor quality crystal.

Experience to date has shown that the quality of
diffraction obtained from different crystals of the
same large macromolecular complex can be
particularly variable. It is therefore essential that the
beamline be highly automated. Sample changing
robots both on the beamline and at the proposed
MASSIF facility will allow the rapid screening and
characterisation of hundreds of samples in a high
throughput manner. Automatic procedures will allow
the collection and online analysis of diffraction data
from the best crystals and will include a feedback
system that will optimise the chances of successful
structure solution. 

Techniques

Anomalous Dispersion (AD) 
This method is the preferred technique for de novo
structure solution in macromolecular crystallography.
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It is based on the collection of (small) anomalous and
dispersive signals obtained by collecting diffraction
data at (several) energies around the (measured)
absorption edge of an anomalous scatter introduced
into crystals of biological macromolecules. The MAD
technique avoids problems of phase ambiguity
inherent to other structure solution techniques.
The SAD technique will be especially important for
structure solutions using crystals of native
macromolecules. The phase ambiguity inherent in the
SAD technique can be overcome using density
modification protocols built into modern phasing
software.

Context with new sources and user
community

The upgraded beamline would be one of the most
brilliant tuneable MX beamlines in the world with the
additional advantage of providing an energy tuneable
microbeam. This will make it well suited for
challenging experiments on demanding projects
(complexes, membrane proteins etc.) and/or those
requiring a special experimental setup (for example
long wavelengths).

Technical considerations

The upgraded beamline would make use of a channel
cut silicon monochromators with both [111] and
[311] cut crystals in the same vessel. Focusing would
be achieved through a prefocusing mirror followed by
a Kirkpatrick-Baez mirror pair to provide the final
microbeam.

It is possible that a beam mimicking many of the
characteristics of a microbeam could be attained on
the proposed beamline simply by slitting down the
current mini-focus (~50 µm2) beam. This option is
certainly worth investigating and in order to assess
this possibility on the current ID29: (1) a mini-
diffractometer with in-built beam defining apertures
would be required and (2) a revolver pair of
undulators would be highly desirable in order to
provide a suitable intensity for a slitted beam over the
whole energy range of the beamline.

As for many of the MX beamlines included in the
various MX Group CDRs (MASSIF; MX-MAD1,
MX-MICROFOCUS), the full potential of this
beamline would be realised only with high quality,
rapid, large area 2D detectors, such as the pixel
detectors currently under development.

Support facilities

• Sample preparation laboratory, data backup facilities
• Microcrystal handling (microscope, microtools)
• As part of the proposed MX village with closely
co-located beamlines, the beamlines should have
direct access to samples screened using the proposed
MASSIF facility. Support facilities for handling large
numbers of sample storage dewars will also therefore
be needed.

References 
• Ali M.M.U., Roe S.M., Vaughan C., Meyer P.,
Panaretou B., Piper P.W., Prodromou C., and Pearl L.H.
(2006), Crystal Structure of an Hsp90-Nucleotide-
P23/Sba1 Closed Chaperone Complex, Nature, 440, 1013-
1017.
• Andersen C.B.F., Becker T., Blau M., Anand M., Halic M.,
Balar B., Mielke T., Boesen T., Pedersen J.S., Spahn C.M.T.,
Kinzy T.G., Andersen G.R., and Beckmann R. (2006),
Structure of Eef3 and the Mechanism of Transfer RNA
Release from the E-Site, Nature, 443, 663-668.
• Dong C., Beis K., Nesper J., Brunkan-LaMontagne A.L.,
Clarke B.R., Whitfield C., and Naismith J.H. (2006), Wza
the translocon for E. coli capsular polysaccharides defines a
new class of membrane protein, Nature, 444, 226-229.
• Low H.H. and Loewe J. (2006), A bacterial dynamin like
protein, Nature, 444, 766-769.
• Seeger M.A., Schiefner A., Eicher T., Verrey F.,
Diederichs K., and Pos K.M. (2006), Structural Asymmetry
of AcrB Trimer Suggests a Peristaltic Pump Mechanism,
Science, 313, 1295-1298.



Materials Science

A28 ESRF Science and Technology Programme 2008-2017

Introduction to the Conceptual Design Reports of the 
Materials Science Group

The Materials Science Group presents six CDRs:
EMS, HIENE, HIPRE, MATSCI, POW and TRD
(see below) covering a wide range of the future
demands in materials research where synchrotron
radiation is needed. These future developments will
provide expanded access to nanometre resolution,
high photon energies, improved time resolution and
the possibility for studies at non-ambient conditions,
notably at higher pressures and higher/lower
temperatures than are currently available. This
ensemble of CDRs covers most of these challenges
and forms a unified platform for future materials
science research. In the nanometre regime, it is aimed
to have better than 50 nm resolution (HIENE,
MATSCI), energies well beyond 100 keV (EMS,
HIENE, MATSCI), time resolution from 100ps to ms
to sec (TRD, MATSCI, HIENE, POW, HIPRE) and
high pressures up to mega bars (HIPRE). HIPRE will
further provide combined high temperatures
(> 6000 K) or low temperatures (4 K) in combination
with the increased high pressure capability. The
CDRs link with a large number of the priority areas
highlighted by the ESRF Scientific Advisory
Committee: X-ray Imaging (HIENE, MATSCI),
Nanoscience and Nanotechnology (MATSCI, HIENE),
Pump-and-Probe and Time-Resolved Science (TRD,
MATSCI, HIENE, POW) and Science at Extreme
Conditions (HIPRE). In addition to these highlighted
areas, the CDRs address the future needs in structural
and solid state chemistry (POW, MATSCI, TRD,
HIPRE) and engineering science (EMS, HIENE,
MATSCI, POW).

The beamlines in the Materials Science Group have
always been in a state of constant evolution in order
to meet the increasing needs of the users. The
demand has been steadily growing and the existing
beamlines are heavily oversubscribed. The Upgrade
Programme will make a substantial increase in
possible productivity due to upgrades and
development in a number of areas. Detectors:
Upgrades of detectors will raise the productivity by
orders of magnitude. In particular, development of
high energy detectors, where the efficiency is
presently very low, will allow new experiments such
as in situ studies of bulk materials of particular interest
to engineers. Examples are stress/strain studies and
microstructure evolution of industrial components.
High energy: The availability of longer straight
sections and new cryogenic (superconducting)
undulators will expand the energy range (of
particular interest to HIENE, HIPRE, MATSCI and
POW). This will open up new opportunities in

studies of deeply buried interfaces (HIENE), studies
of framework structures, amorphous and liquid
materials by means of atomic pair distribution
functions (PDFs) at ambient and high pressure and
temperature conditions (POW, MATSCI, HIENE,
EMS, HIPRE). A dedicated engineering station
(EMS) will allow automated studies of long term
fatigue (cracks etc) as well as studies of nucleation
and growth phenomena critical for emerging
industrial users. Examples include the possibility of
high energy tomography on ms timescales (HIENE).
The expanding nanomaterials science area needs
suitable tools of structural characterisation in the
nanoregime (50 nm and below) (MATSCI). In the
high pressure area there is a need for much improved
capacity, as well as the expansion into a completely
new area for the ESRF, through the implementation
of a multi-anvil press, which will allow a wide range
of complementary studies of material properties
under high pressure (ultrasonic interferometry for
instance) as well as the opportunity to synthesise
novel materials under non-ambient conditions
through a targeted expansion of our solid state
chemistry and geochemistry programmes. The study
of rheological and mechanical responses under
combined pressure and temperature will also be
offered. In all fields, improvements in time resolution
will be important. The Upgrade Programme will
allow the creation of an integrated and
complementary platform for Materials Science. These
CDRs are furthermore connected and complementary
to CDRs in the imaging and spectroscopy areas
(EDXAS, INELX, NR-HE, NR-NSM, XAS-XES,
etc.).

The critical components of the foreseen
developments are detector development, access to
higher energies and the development of engineering
tools for vibration and environmental control to allow
meaningful nanobeam investigations. In order to make
it possible for users to fully exploit capabilities in the
nanoregime it will be necessary to provide ex situ
sample mounting, metrology and preliminary
characterisation at a more precise level than is
currently available. It is also foreseen that an
expanded collaboration with external groups is
necessary (multi-anvil press for instance) and the
Upgrade Programme would provide office and
laboratory space for collaborative research in order to
obtain a critical mass of expertise in certain areas.
The possibility of Partnerships is envisioned and a
Materials Science Facility would provide a vehicle for
such expansions.
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EMS Engineering Materials Science: A new dedicated station for engineering page 29
applications where automation, short term access, industrial standards and local 
expertise will be implemented to serve industrial users. 

HIENE High Energy X-ray Beamline: New high energy undulators and detectors enhance page 31
the productivity of diffraction and imaging methods by a factor of 100 and new 
focusing optics by a factor of 10 enable time-resolved diffraction and imaging on 
the ms timescale.

HIPRE High Pressure Technique Beamlines: Increased capacity, precision, page 33
complementary and performance in extreme conditions research through evolution 
of the current ID27 and the creation of a joint beamline catering for the expansion 
of ID09A and the installation of the multi-anvil device, improved sample 
environment and newly developed detectors.

MATSCI Materials Science: It is proposed to build upon the evolving capabilities of ID11 page 39
in order to make multidimensional (i.e., spatial, temporal and microstructural) and 
simultaneous hierarchical characterisation of specimens viable down to the sub 
100 nm range.

POW High Resolution Powder Diffraction: Evolution of the high resolution powder page 42
diffraction beamline, with new detectors yielding a ten fold increase in counting 
efficiency with improved resolution, and an increased energy range up to 90 keV 
allowing studies on steels and superalloys and the use of more complex sample 
environments.

TRD Time-Resolved Diffraction and Pump-and-Probe: A dedicated beamline for page 45
pump-and-probe experiments and time-resolved diffraction aiming at the tracking 
of atomic motions in physical, chemical and biological systems to at least  
100 picosecond resolution. Upgrades in undulator technology, X-ray optics, lasers 
and detectors mean the quality of excited-state structures is expected to improve 
substantially.

Summary of individual CDRs

EMS – Engineering Materials
Science

Summary

We propose to dedicate a beamline to the field of
engineering materials science in order to satisfy the
increasing demand for the use of high energy X-rays
in the range 20 to 100 keV. This beamline operating at
low maintenance and installation cost will be
optimised for the energy dispersive diffraction
technique using white synchrotron radiation
preferably from an insertion device including, as well,
a monochromatic option for texture measurements.
The key advantage of this technique is that it provides
high spatial information from bulk samples. This will
release the increasing pressure on ID11, ID15, and
ID31 and provide a prime beamline dedicated to
engineering needs.

Scientific case

Overview

Modern materials engineering research based on non-
destructive diffraction techniques with neutron and
high-energy X-ray radiation has reached a mature
state. The applications range from characterisation of
the residual stress state in engineering components to
the understanding of intra-granular phase
transformation in metals. This provides a bridge
between physics, chemistry and engineering, which
governs the relationship of microstructure and
materials properties and involves sophisticated
material models treated with finite element methods
(FEM). It is this combination which is one of the keys
for the future development in this research area.

Recently the ILL, similar to other neutron facilities,
decided to dedicate a full instrument – SALSA – to
this field of research as a consequence of the steep
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increase of interest. Several well recognised materials
science and engineering (MS&E) research groups in
Europe (UK, Germany, France, Spain, Austria, Czech
Republic) have developed specific programs in this
area of materials research applying non-destructive
diffraction techniques. At present a consortium of 19
leading MS&E scientists from 13 UK major universities
is proposing a continuation of the FaME38 facility,
which reflects the strong interest in this field of
research. A similar growth of the field is seen
throughout Europe. Additionally, the new Framework
Programme 7 specifically supports applied nano- and
materials research in Europe during the period 2007 to
2011 with the aim of creating a knowledge based
economy.

Techniques

Non-destructive diffraction techniques employing
high energy X-rays provide unique possibilities into
the investigation of structural properties of matter due
to the combination of high penetration depth, high
intensity and small beam sizes. In the white beam
mode (energy dispersive diffraction) a solid state
germanium detector collects simultaneously a
multitude of Bragg reflections. In monochromatic
mode (angular dispersive diffraction) a set of
diffraction rings are collected by a 2D detector. Spatial
resolution to define a small gauge volume inside the
sample is achieved by special collimation systems.

A new field of research becomes accessible to
characterise components from the bulk and up to the
surface with very high spatial resolution down to the
intra- and sub-granular levels. The different topics
entering in this strongly applied research show that
today this field has evolved much beyond routine 3D
strain mapping and specifically makes use of the
advantages evolving from high energy X-rays. Present
applications include in situ study of phase-
transformation, fracture mechanics, characterisation of
friction welding techniques, characterisation of novel
(light-) alloys for aerospace applications, smart
materials (actuators), advanced materials (bulk metallic
glasses, bio-materials, implants, nanostructured
materials), materials improvement (shot peening, laser
peening, carburisation/nitration, thermal barrier
coatings, thin films), nuclear materials (zirconium
alloys), validation of models in combination with FEM
calculations to understand the physics behind complex
processes.

Context with new sources and user
community

At present the materials science beamlines at ESRF
have a leading position in their fields of research.
High energy X-rays offer unique properties combining

high penetration depth and high spatial resolution. It
is this combination which attracted the user
community of engineering materials research and led
to the steep increase of beamtime request observed
over the past five years. In Europe, at this time, only
two experimental stations outside the ESRF (HARWI
II at HASYLAB, EDDI at BESSY II) provide high
energy X-rays, but with less flux and at less high
energy. The need for beamtime cannot presently be
satisfied and the ESRF materials science beamlines are
heavily oversubscribed. One important limitation is
the fact that the high energy beamlines operating
today have to serve a wide range of research fields and
are only partially available for engineering materials
research.

The new upcoming third-generation synchrotron
radiation sources SOLEIL (2007), DIAMOND (2007),
PETRA-III (2008) and ALBA (2010) will compete with
the ESRF in the energy range up to 30 keV. Beamlines
for engineering materials research are only foreseen at
PETRA-III (GKSS beamline) and DIAMOND (JEEP).
These insertion device sources offer a higher flux than
a bending magnet beamline but again they aim to
serve a wider field of research.

An optimised dedicated beamline for engineering
materials research even on a bending magnet can
significantly contribute to alleviate the pressure on the
ESRF materials science beamlines, although an
insertion device would certainly be the optimal
choice. The emergence of multi-element detectors or
2D pixel detectors further increases the usefulness of
the ESRF sources for this kind of experiments. An
important argument for a dedicated beamline is the
gain using optimised, permanent setups, which reduces
the down time when changing between different
experiments and thus increases productivity.

The future operation of several beamlines at European
synchrotrons in the field of engineering materials
research will promote even further the growing
interest of this user community since the reliable
availibity of beamtime will enhance confidence in
developing more intense research programmes.

In extrapolating the evolution of this research field
over the next ten to twenty years the ideal choice for
a dedicated beamline would be an insertion device
based station. This would open all possibilities of
studying even strongly absorbing materials and large
“real” components – a field which is only starting to be
exploited.

Technical considerations

Both an insertion device and a bending magnet
beamline will provide useful X-rays below 100 keV
and allows studies of mainly low and medium density



Annexe I

A31ESRF Science and Technology Programme 2008-2017

materials such as aluminium and titanium alloys
typically used in the aerospace manufacturing sector.
An insertion device would be needed for high Z
materials. To a large extent such a beamline can be
operated in an automatic mode since the experimental
setup is well defined and fairly standardised. The need
to develop industrial standards is important. The
energy dispersive diffraction technique only requires
white beam and a system of slits combined with
germanium solid state detectors at a fixed 2θ angle.
For texture studies an easy to operate fixed exit bent
Laue monochromator (operation in air similar to the
model developed on ID15) combined with a 2D
detector can be added.

A substantial increase of efficiency can be achieved by
specially designed detection systems. Segmented
multi-element energy dispersive detectors combined
with an adapted microbeam collimator makes 3D
spatially resolved diffraction patterns in only one
measurement possible. Pixel detectors optimised for
high energies will increase the efficiency of angular
dispersive diffraction methods by orders of magnitude.

Such a dedicated beamline with an optimised, fixed
installation reduces the experimental setup time
leading to a more effective use of beamtime. Analysis
software already exits (FaME38; based on GSAS, Los
Alamos National Laboratory) which allows near-online
data reduction and should be further developed
(automated alignment, calibration, efficiency).

The main aspects are the gain in reliability and the
repeatability of measurements with high spatial
resolution in bulk samples. These are necessary
conditions to increase the acceptance of the technique
by industrial customers.

Support facilities

Engineering specific sample environment: maintenance
and operation of stress rigs by an existing technician.
Development of data analysis strategies and software
for automatic operation (computing support). At
present the FaME38 laboratories at ILL are available
for offline preparation of experiments.
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HIENE: High Energy X-ray
Beamline

Summary

Research at the high energy X-ray diffraction and
scattering beamlines ID15A and ID15B started in 1994
exploiting unique properties of very hard X-rays up to
several hundred kilo-electronvolts. After a few years of
operation many new fields of research emerged and
this trend is continuing. The concept of the beamline
is to keep the scientific options open and retain
flexibility. At present the main areas of research are
engineering materials research and studies of surfaces
and buried interfaces. The X-ray optics and beamline
layout are designed to operate simultaneously two
independent branches: ID15A can operate with white
or monochromatic beam, whereas ID15B is using
monochromatic beam.

Scientific case

Overview

The future technical developments (described later)
would increase the incident flux by two orders of
magnitude for certain experiments. Furthermore, high
energy detector developments could give one order of
magnitude more. Ultra-fast high resolution
microtomography will allow time-resolved studies of
systems evolving on few tens of millisecond timescale.
This enables studies on, for example, the dynamic
properties of granular materials and phase
transitions/kinetics of colloidal crystals and glasses
(van Blaaderen, 2006; Velikov et al., 2002; Leunissen et
al., 2005). The combined time-resolved
microtomography and angular dispersive X-ray
diffraction will provide information about the
evolution of morphology, texture, phase,
microstructure and the stress state in materials
processing with the same time resolution. The possible
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applications are numerous including the phase
transformation studies in metallic and smart materials,
characterisation of crack growth and propagation,
in situ characterisation of novel materials in harsh
environments, in situ studies of bulk metallic glasses,
bio-materials, implants, nanostructured materials, etc.

The high energy X-ray micro diffraction instrument
offers a unique opportunity to couple synchrotron
surface diffraction/scattering techniques and atomic
force microscopy (AFM), which is among the most
rapidly expanding of nanoimaging techniques.
Furthermore, the capabilities of the instrument will be
extended towards the small scattering angles in order
to detect signatures of nanoparticle superlattice
formation. These developments would allow the ID15
beamline to act at the forefront of the rapidly
expanding fields of nanoscience and nanotechnology.
Scientific and technological issues that will become
accessible include (i) in situ formation of large area
nanocrystal monolayers on various surfaces,
(ii) creation of thin films of binary nanocrystal
superlattices, (iii) search for nanowetting-induced
superlattice phase transitions and investigation of their
kinetics, (iv) modification of self-assembly processes
by substrate physical or chemical nanopatterning,
(v) superlattice nanowetting with binary liquids,
(vi) solvent quality effects and possible role of Casimir
forces, (vii) nanocrystal thin films buried between two
solid surfaces and their controlled nanowetting, etc.
(Shevchenko et al., 2006; Rogach, 2004; Narayanan et
al., 2004; Ohara. et al., 1995; Kiely et al., 1998).

Techniques

ID15A is equipped with an energy dispersive
diffraction setup, an ultra-fast microtomography setup,
a spin resolved in-elastic scattering setup and a
surface/interface diffraction setup. In addition the large
floor of the experimental hutch enables any new high
energy applications considered important for the
further extension of the in-house and external users’
research programmes to be exploited. In the future,
the imaging and energy/angular dispersive diffraction
setups will be combined as one permanent setup. The
microbeam diffraction setup for surface/interface
studies will be extended to allow high energy time-
resolved wide and small angle scattering experiments
with 2D detectors. The shorter X-ray wavelength has
the disadvantage of shifting the small angle scattering
signal to even smaller angles. On the other hand, the
large radius of the Ewald sphere enables the
acquisition of highly time-resolved diffraction maps.
The atomic force microscopy would provide
simultaneous acquisition of local high resolution real-
space images of the surface under study.

ID15B is equipped with both a high resolution
inelastic scattering setup and a 2D diffraction setup for
the studies of single crystals (including diffuse

scattering), powders, amorphous materials and liquids.
A unique spatial resolution in strain/stress studies is
achieved by different focusing techniques and special
collimation systems such as a spiral slit. Future
improvements would make it possible to acquire both
time and 3D space resolved diffraction maps.

Context with new sources and user
community

With the exception of PETRA III the new
synchrotrons across Europe will operate at lower
energy than at the ESRF. Therefore, ID15 will
continue to be a unique beamline exploiting high
energy X-rays. Furthermore, due to the high over
subscription of ID15, the ESRF should consider
building new dedicated high energy beamlines.

Technical considerations

The most important areas for the future technical
developments in the high energy X-ray fields are (i)
cryogenic or short periodic superconducting
undulators, (ii) focusing techniques and (iii) more
efficient detectors for high energies. The combination
of these three ingredients could increase the detected
signal even by three orders of magnitude.

In the near future ID15 will make use of an in vacuum
undulator in addition to the current asymmetric multi-
pole wiggler. Below 100 keV the increase of the
incident flux will be around a factor of ten. Cryogenic
undulators and technically challenging short periodic
superconducting undulators will give even bigger
increase of the flux at high energies.

The development of focusing multilayer optics and
compound refractive lenses with larger acceptance
(already under development) will increase the flux at
the sample by one order of magnitude. In future the
optics based on bent Laue crystals can be replaced by
small band-width focusing multilayer optics. The
optics hutches of ID15A and ID15B would have to be
reconstructed to take full advantage of these
developments.

Special segmented multi-element energy dispersive
detectors combined with an adapted microbeam
collimator enable 3D spatially resolved diffraction
patterns to be recorded at very high energies in one
measurement. Pixel detectors optimised for high
energy X-rays would increase the detection efficiency
of angular dispersive diffraction methods by a factor of
ten. The imaging-diffraction setup can be improved in
terms of both temporal and spatial resolution using
highly efficient structured scintillators (already under
development) and multi-tap CCD sensors.
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The combination of all these developments will make
it possible to collect a complete high resolution
tomographic dataset in a few tens of milliseconds.

Atomic force microscopy can be coupled to the high
energy microdiffraction instrument because the entire
X-ray reflectivity data collection can be performed
without moving the sample (liquid surface
spectrometer operation mode). This will eliminate
possible disturbances of the AFM operation in the case
of simultaneous acquisition of reflectivity profiles, 2D-
diffraction patterns and local high resolution real space
images of the surface under study. The
surface/interface diffraction capabilities will be
extended to allow high energy time-resolved wide and
small angle scattering experiments with 2D detectors.
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HIPRE: High Pressure Technique
Beamlines

Summary

In line with the recommendation of the last review of
the beamlines (May 2006) we propose to made ID09A
a full beamline dedicated to diffraction experiments
using diamond anvil cells on one canted undulator

branch of a low-β straight section. The second branch
will become the final location of the large volume
press and for the Paris-Edinburgh press total scattering
diffractometer, presently being developed at ID27.
ID27, which has just been constructed and requires an
uncompromised, maximum brilliance beam, will
continue to operate in its present form, except for
usual upgrades as source, optic and experimental
technologies advance. 

The proposed project will improve the ESRF
infrastructure by providing two fully dedicated straight
sections for high pressure experiments. This will
ensure the ESRF’s position as the foremost source for
data collection at extreme conditions of any of the
third-generation synchrotrons. The operation of three
independent beamlines will double the beam time
available to users and offer a more diverse portfolio of
techniques, adapted to specific user requirements. As a
direct consequence, new and very challenging
scientific projects will become possible. 

Scientific case

Overview

The need for experimental investigations of
fundamental structural, physical, and chemical
properties of condensed matter at extreme conditions
of pressure and temperature has expanded
tremendously over the last decade. Related
experimental results not only provide new insights
into as yet unpredictable behaviour, but also form the
basis for modelling structure, dynamics and reactivity
using rapidly developing theoretical approaches. A
solid theory grounding is essential for predicting
behaviour at conditions not accessible in the
laboratory. The immediate impact is in Earth sciences
and planetary modelling, as well as understanding
processes in man made extreme conditions realised on
short timescales. At present, the ESRF is Europe’s only
facility providing all of the technical and methodical
ingredients needed for truly extreme conditions
research. It is highly desirable that, through increased
capacity at the ESRF, it will be ensured that for the
next decade or so European science can continue to
play a leading role in combined high pressure/low and
high temperature research.

X-ray diffraction, which provides the essential
structural information for understanding physical
properties of matter, will remain the most widely used
experimental technique to study crystalline, liquid,
disordered or nanoscale materials under extreme
pressures and temperatures. ID09A and ID27 are world
leading beamlines designed to determine structural
properties of matter at extreme conditions with the
greatest accuracy possible using monochromatic
diffraction and large area imaging detectors. The
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complementary specialities of ID09A and ID27 make
the ESRF the primary source for high pressure
expertise and experimentation. Beamlines ID09A and
ID27 are highly productive and competitive with
beamlines in Japan (SPRING-8) and the US (HPCAT
and GSECars). The research produced is of the
highest ranking, judging by the ratio of publications to
experiments and the number of papers appearing in
top ranked journals. Both beamlines are major
resources for European physics, structural chemistry,
structural biology, materials science and earth science
communities. The imminent purchase of a large
volume press (LVP) will increase the ESRF’s repertoire
in an area in which it is not currently competitive with
Japan and the US. The LVP is planned to be in
temporary operation at ID06.

ID09A is, and has been for the last ten years, the
leading beamline for high pressure studies at ambient
and low temperatures with additional Raman and laser
annealing facilities. From the outset, challenging and
previously impossible experiments have been
performed. The equation of state of hydrogen has
been measured to megabar pressure (Loubeyre et al.,
1996). The transition from energy dispersive to
monochromatic diffraction allowed the
characterisation of more complex structural changes.
The oC16 structure of Cs (Schwarz et al., 1998) and Si
(Hanfland et al., 1999) was determined, fundamental
for understanding the complex behaviour of some
elemental solids at high pressure observed in more
recent experiments. Improvements in focusing optics
resulted in smaller and better defined beams, helping
to solve the long standing mystery of predicted but
never previously observed polymeric phases of
nitrogen at high pressures (Eremets et al., 2004).
Besides the continuous development of the beamline,
the available flux was increased more than ten fold by
upgrading to more efficient insertion devices, a new
diffractometer providing more accuracy and stability is
about to be installed and key developments in sample
environment were made by in-house staff to keep the
facility at the forefront of high pressure science. A
cryostat allowed the experimental verification of
theoretically predicted symmetry breaking in light
alkali metals at high pressures (Hanfland et al., 2000).
A gas loading system for using helium as quasi
hydrostatic pressure transmitting medium made
possible the study and refinement of incommensurate
structures at megabar pressures (Hejny et al., 2005).
Helium as the pressure transmitting medium at low
temperatures has also allowed investigations into the
role of subtle structural changes in known physical
phenomena such as the Verwey transition (Rozenberg
et al., 2006). Experiments are becoming possible that
have never been performed before. The behaviour of
large unit cell, low symmetry organic superconductors,
including structural phase transitions, can be studied
to unprecedented pressures (Hanfland and Müller,
2006) by single crystal diffraction.

Aside from the increase in available beam time
through canted operation, the new beamline will
profit from the development of new detector
technologies. New detectors with faster readout and
recent developments such as computer-controlled
pressure controllers allow new types of experiments.
Real time data collection, while pressure and/or
temperature are changing, permits well-controlled in
situ monitoring of intermediate states or phases,
essential for understanding the formation of new
metastable materials that are expected to be of
technological interest. Mechanisms of pressure or
temperature induced phase changes can be studied in
detail, presently of considerable theoretical interest
(e.g. Catti, 2005) but experimental investigations are
rare. With a higher dynamic range than presently
available the total elastic scattering signal from the
sample (Bragg reflections and diffuse scattering
between the reflections) can be collected, to derive
simultaneously structural and dynamical properties of
matter under pressure to give insight into, for example,
pressure-induced amorphisation, fast ion conduction,
quasi-crystals etc.

The continuous development of the beamlines will go
hand-in-hand with the improvement of the high
pressure sample environment. A new cryogenic system
will be developed; a cryostat with a tailored diamond
anvil cell and gas loading system, for diffraction
measurements down to 4 K and below. The role of
structure in critical phenomena at low temperatures, like
superconductivity, can therefore be investigated. The
number of elements known to become superconductors
at high pressure is constantly increasing, some with
surprisingly high critical temperatures (Deemyad and
Schilling, 2003). New types of high Tc superconductors
have also been predicted theoretically at high pressures
(Feng et al., 2006).

The newly built ID27 caters for very small samples
and multi-megabar pressures combined with very high
temperatures using a unique double-sided in situ laser
heating facility. In addition, ID27 is a unique centre
for experiments using the Paris-Edinburgh press,
which has no equivalent elsewhere. 

Experiments conducted with the Paris-Edinburgh press
are unrivalled in the quality of its diffraction, due
largely to the in-house development of an oscillating
slit assembly (Mezouar et al,. 2000) leading to the use
of data collection in angle dispersive mode. These
experiments, conducted at pressures exceeding 15 GPa
through the recent upgrade to sintered diamond
anvils, have allowed more advanced characterisation of
materials under high pressure and temperature
conditions. These include the in situ determination of
the high pressure and high temperature structures of
sulphur and their relative stabilities (Crichton et al.,
2001; Crapanzano et al., 2005), the structure and
dynamics of fast ion halides (Keen et al., 2003) and
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rotator phases from combined calculation and total
scattering methods (Parffitt et al., 2005). In situ
investigations of the subtle effects of cation order-
disorder and the influence of cation site occupancies
on phase stabilities in spinel and carbonate systems
have also been conducted (Antao et al., 2004, 2005),
as well as kinetic measurements on the dehydration
processes in antigorite, which are thought to be
central to earthquake production (Perrillat et al., 2006).
All of these experiments are not possible in diamond
anvil cells, either because of temperature limits, or the
comparatively low signal/background ratio that results
from the Compton scattering of diamond. More
recently, because of the availability high precision, low
background data that can be collected using this
system, increasing numbers of studies have been
conducted on the studies of glasses, liquids and other
systems displaying low scattering diffuse diffraction
phenomena. These have included the study of the
“(probable) first-order transition (Mei et al., 2006)” in liquid
GeSe2 at high pressure (Crichton et al., 2001), the
amorphisation process in the negative thermal
expansion material ZrW2O8 and studies on the kinetic
of growth of nanocrystalline “clusters” in bulk metallic
glasses (Zhuang et al., 2000), which result in a stronger
material, without loss of inherent flexural properties.
The success of the Paris-Edinburgh facility at the ESRF
means that there are indeed many similar projects
being undertaken at other synchrotrons; particularly at
the APS, where recent work using a Paris-Edinburgh
device shows how powerful this technique is for total
scattering and pair-distribution analysis (e.g. Mei et al.,
2006). We now propose to extend our own capabilities
by using a new geometrical setup, which has been
recently built and tested to further enhance the ESRF’s
position within this field and propose that a second
hutch at a low beta sector (for example ID13B) be
dedicated to this emerging field in which the ESRF has
been identified as a world leader.

If we consider the extension of the current large volume
experimentation and equipment to include the future
high force multi-anvil device to be installed at ID06, we
can see that its future lies in more applied studies. The
combined in situ determination of both the X-ray
diffraction structure and the physical properties (e.g.
rheological response, elasticity etc.) of materials under
high pressure and temperature conditions is of immense
interest to all communities. Access to high pressures (up
to and exceeding 50 GPa) with high, stable and directly
measurable temperatures complements excellently high
pressure diamond anvil cell over the same pressure
range. It is in this regime that large volume multi-anvil
devices excel. The large, accessible sample chamber can
lead to more sophisticated environments and
experiments through the use of stepped internal
furnaces, cryosystems, probes, redox buffers,
thermocouples, electrical lead-throughs etc that result in
a versatile, controllable and measurable system. The
large sample chamber also provides the base for

experiments where considerable volume is a pre-
requisite, e.g. ultrasonic interferometry. Moreover, the
use of large volumes ensures stable and controllable
temperature, pressure and chemical gradients, which is
difficult – if not impossible – to obtain by any other
method at similar pressures. With a device such as this,
many transport properties of materials can be studies in
situ; including, diffusivity, viscosity, nucleation rates and
growth kinetics and the results can be applied to any
scientific or industrial domain, for example, in the
synthesis of ultra-hard materials (e.g. Solozhenko et al.,
2002; Dubrovinskaia et al., 2005).

Recent developments (at the APS, NSLS and
elsewhere) in the operation of large volume, multi-
anvil devices allow the study of samples under variable
differential stress environments (e.g. Durham et al.,
2002; Wang et al., 2003). These devices are used for
the extraction of mechanical (yield stress, Poisson’s
ratio, Young’s modulus, etc, see Chen et al. 2004; Li et
al. 2004) and thermodynamic information (density,
elastic tensors, bulk modulus, etc) from materials as a
function of both applied pressure and temperature.
The combination of these isothermal measurements
with adiabatic MHz ultrasonic data collections leads
to complete characterisation of the response of any
material – crystalline or amorphous solid or liquid – as
a function of applied pressure and temperature. It is in
this way, through the combination of complementary
and overlapping techniques, that a comprehensive
understanding of any system, be it in solid state
chemistry or geophysics, can be achieved. 

Future development of ID27 should take advantage of
its in built flexibility; with energy tunability from 6 to
100 keV, an optimum spot of 2 micrometres and flux
from two in vacuum undulators, ensuring that it has
the necessary beam characteristics in order to match
the most challenging scientific problems. These needs
have been excellently illustrated in two recent, novel,
experiments on the determination of melting curves at
multi-megabar pressures using combined laser-heating
and sub-second X-ray diffraction and optimised X-ray
emission spectroscopy with laser heated diamond anvil
cells. Indeed, the accurate determination of melting
curves is of fundamental interest in different research
areas such as physics and geophysics. For instance, the
determination of the melting curve of iron is necessary
to determine the temperature at the Earth’s inner-outer
core boundary position (estimated through calculation
to be 5650 K +/- 600 K, though the melting
temperature of pure iron at the same pressure is
expected at 6350 K +/- 600 K; e.g. Alfé et al., 2003).
The classical experimental methods; i.e. optical
measurements in the laser-heated diamond anvil cell
and shock compression methods suffer from intrinsic
limitations that result in large temperature
discrepancies. For iron, the temperature discrepancy is
of the order 2000 K at 2 megabar (Boelher 1993;
Brown and McQueen, 1986). A completely new
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approach, which was recently tested at beamline ID27,
is based on the fast in situ X-ray diffraction data
collection from the double sided laser heated diamond
anvil cell. This new method presents the advantage
over the techniques cited above that it is sensitive to
the bulk of the sample, the measurements are
performed using well established pyrometric methods.
This is the only method that offers an unambiguous
signature of the melt at the thermodynamic
equilibrium. The typical timescale of the melting
process in the diamond anvil cell is of the order of one
second or less. Therefore, such experiments require
the maximum flux from the two ID27 in vacuum
undulators and will certainly benefit from the future
machine upgrade to run at 300 mA ring current. 

Another very challenging experiment is in the
simultaneous collection of X-ray emission
spectroscopy (XES) and XRD data. XES is well suited
to probing the existence of the local high-spin or low-
spin state in transition metals and transition metal
compounds under high pressures in a diamond anvil
cell. XES at beamline ID16 has been applied very
successfully to the study of pressure induced high-spin
to low-spin transitions in iron containing materials
such as wüstite (FeO) or hematite (Fe2O3) providing a
deeper understanding of magnetic and electronic
properties of important planetary materials at high
pressures (e.g. Badro et al., 2003). However, the effects
of temperature (at high pressures) have been only
restricted to thermodynamic calculation. A successful
attempt to couple the laser heated diamond anvil cell
to XES have been made at the GSECARS sector at the
APS but only at low X-ray energy (E < 15 keV) which
is a strong limitation for the collection of high quality
XRD data in the diamond anvil cell. A similar setup
has been installed at beamline ID27 (in collaboration
with ID16) to perform experiments at higher X-ray
energy (E > 30 keV) in order to couple the XES
measurements to optimised XRD. The feasibility tests
at ID27 were extremely positive, simultaneous high
pressure-high temperature (P > 30 GPa; T > 1800 K)
XES and XRD of iron data have been collected. The
typical collection time was of the order of three hours
to obtain good XES profiles. This kind of experiment
will also greatly benefit from the machine upgrade.

From these two examples, it is clear that ID27 will be
complementary to ID13 for the experiments that are
clearly flux limited and that require the very high
mechanical stability, which comes from the specially
designed facility at ID27, as well as small focusing
to reduce pressure and temperature gradients in the
X-ray observed spot. Therefore, any upgrade of ID27
should ensure continuity with its current philosophy,
taking advantage of advancing in source, sample
environment and optical technologies to remain at
the pre-eminent high pressure beamline in the world
for particularly challenging experiments and
extending the envelope of current pressure,

temperature and measurement limits. One exciting
future thematic would naturally be to search for
experimental evidence supporting Ashcroft’s predicted
new state of matter: metallic superfluids – proposed to be
observable in hydrogen just beyond the limit of
current experimental capabilities (in excess of
400 GPa, compared to the current experimental limit
of 320 GPa; see Babaev et al., 2005). 

Techniques

ID09A evolution to a full beamline (for example
on ID13a as a canted line)
Pending major technological breakthroughs, this
station would continue to use monochromatic
diffraction with large area detectors on single crystals
and powdered samples at high pressures in diamond
anvil cells.
• It would provide variable beam sizes down to less
than 10 x 10 µm, to study samples from a few GPa to
approximately 150 GPa, energies between 30 and
50 keV and very high photon fluxes of ~1013

photons/sec.
• It would continue to offer state of the art optical
systems for additional in situ characterisation of the
samples at high pressure (Raman, etc.).
• In addition it will offer improved sample environment
and both a better temporal and spatial resolution
through the use of new and improved area detectors.

Large volume press (for example located on
ID13b as the second canted branch)
The creation of a large volume facility on a full time
canted beamline branch would give the high pressure
community a unique tool for complementary studies in
various scientific domains. This instrument will be
particularly well suited to chemistry and geosciences
and provide a significant increase of beam time to
important areas currently underdeveloped at the ESRF. 
This highly versatile device can give users the
opportunity to combine X-ray measurements with
sophisticated sample environments; for example, by
using redox buffering with designer furnaces and
multiple temperature probes for enhanced control of
chemical and temperature gradients in crystallisation
studies, at an industrial scale.
Static X-ray diffraction investigations can also be
combined with ultrasonic wave velocity and
rheological measurements for comprehensive
mechanical and thermodynamic properties
measurement. 
The integrated approach to data collection available
with the LVP complements the ESRF’s well established
diamond anvil cell and Paris-Edinburgh press
repertoire well, which, when taken together would
emphasise the observable effects of pressure and
temperature and the interrelation between changes in
density, interatomic potential, bond lengths, elasticity,
electronic properties, magnetic state and transport
properties in all sample types.
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ID27 Upgrades
We will upgrade the ID27 source to the most recently
developed cryogenic or superconducting undulator to
obtain the maximum flux from the ESRF machine
after its upgrade. This very high flux beamline will
provide new approaches to very challenging problems
such as:
• The search for a new metallic superfluid state of
matter predicted at pressures above 400 GPa;
• The determination of melting lines and melt
structures of light elements at extreme pressures.
The beamline optics will be modified to
accommodate new complementary techniques:
• To perform ultrahigh pressure and temperature X-ray
emission spectroscopy in combination with X-ray
diffraction in the laser heated diamond anvils (EH2);
• To combine high pressure X-ray diffraction and
XAS studies with the Paris-Edinburgh presses (EH1)
in fluorescence mode.

Context with new sources and user
community

Generally, as the number of extreme condition
beamlines at new synchrotrons increases, so the
number of groups gaining access to beamlines will
follow. These “new” users will be attracted to the
unique features of the ESRF high pressure beamlines.
Consequently, there will be continued and augmented
interest in the ESRF’s unique high pressure
programmes.

Technical considerations

As a consequence of the success and
complementarities of the beamlines, they are
increasingly oversubscribed. In addition, the key
developments such as helium gas loading, cryostats,
laser heating, oscillating slit system, etc. increases the
requests for beamtime for novel experiments. At
present, ID09A is sharing a straight section and
beamtime with ID09B that is dedicated to ultra-fast
time-resolved diffraction. ID27 is a fully dedicated
beamline on its own straight section. The
construction of a second beamline dedicated fully to
diamond anvil cell diffraction on one branch of a
canted undulator straight section will increase the
beam time for user experiments provided by the
existing facilities from ~300 to ~400 shifts per period.
Another 200 shifts will become available by installing
the new multi-anvil device and the Paris-Edinburgh
total scattering facility on the second branch. By
increasing the number of straight sections for high
pressure science from 11/2 to 2 we will therefore be
able to offer double the number of shifts for user
experiments.

With regards to the previously proposed upgrades to
the high pressure beamlines; the Beamline Review
Panel (May 2006) explicitly suggested the following:
• That management should address the current
problem of oversubscription at ID09A and ID27.
• That two dedicated HP beamlines be built for DAC
and P-E research. In addition, the LVP should be
developed on a new beamline.
• Improved large area detectors with fast read out
time and high dynamic range are required,
• Extension of low temperature capabilities to sub 1 K
should be investigated.
• That a permanent position should be made to lead
the LVP project
• A HP Beamline Operation Manager post should be
created – independent of any assignment of staff to
the LVP project.

A new type of detector with the following
characteristics will be needed: large area, high
resolution (e.g. 50 x 50 cm with 5000 x 5000 pixels),
as high a dynamic range as possible (>16 bit), fast
readout (10 ms), energy resolution for suppression of
the inelastic background, no crosstalk between pixels.
Pixel detectors are being developed to achieve this
kind of performance. To work at high energies
(> 30 keV) the detectors needs GaAs, or similar,
conversion layers.

The necessary small beam sizes are easier achieved on
low-β sections. We have no need for a long beamline
to enhance focusing capabilities.

At present ID09A uses an asymmetrically cut bent
Laue monochromator (Schulze et al. 1998). The
monochromator combines high flux with a small
horizontal focus (< 10 µm). On the new canted
beamline the deviation of the beam by the
monochromator, in addition to that resulting from
canting (~5 mrad.) will provide the necessary
distance between sample stage and detector 
(at ~45 m from the source) and the beam tube for
the second station, either within current
experimental hall building (at ~ 75 m) or in existing
external hutches. The (proposed) ID13A and ID13B
beamlines would share a common optics hutch,
located close to EH1, housing both the EH1 mirror
and the channel cut monochromator for the multi-
anvil device. The use of moderate length beamlines
on a low-β section in canted configuration has
advantages for imaging applications, where a beam
size of ~2 mm (h) x ~1mm (v) will be available
through natural divergence. Applications requiring
high flux and resolution will require additional
focusing optics (to 0.1 mm), through large
multilayer KB pairs or an adaptive compound
refractive lens assembly, such as the transfocator
installed at ID11, for use over a wide range of
photon energies.
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Support facilities

Specialised high pressure sample preparation
laboratories for diamond anvil cell preparation, for
multi-anvil and Paris-Edinburgh sample preparation,
for the gas loading facilities, a dedicated machine shop
and optical labs for housing laser annealing system,
laser cutting device and Raman facilities.

In addition, the Sample Environment Service will
provide all other necessary equipment for user groups,
particularly those requiring diamond anvil cell
equipment.
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MATSCI: Materials Science

Summary

ID11 was one of the first beamlines to go online at the
ESRF and has been continually upgraded over the last
ten years to take advantage of emerging technology
and to follow trends in materials science research. In
particular ID11 was the site of the first in vacuum
undulator, the first high energy microfocusing station
and the first fast time-resolved diffraction experiments
for irreversible reactions. In spite of changing
techniques, the focus of ID11’s research activities
remains time and space resolved materials science. The
development of three dimensional X-ray diffraction
(3DXRD) microscopy on ID11 led to the construction
of a dedicated station, EH2, in 1997. Due to the
growing interest in these techniques, it was proposed
in the last beamline review (2003) that a new station
be built in order to extend this effort into the nano-
domain. This outstation, EH3, was opened for user
operation in February 2007, becoming one of the first
second generation long beamlines at the ESRF open
for the user programme.

Over the coming few years, ID11 intends to develop
these nanometre beam capabilities, with application to

ID11’s fields of interest. Importantly, ID11 is acting as
one of the pilot projects for the other future longer
and nanocapable beamlines and is working on the
associated technical developments, with the ESRF
support groups, such as: beam focusing, vibration
studies, beam stability and active feedback and sample
metrology. 

Scientific case

Overview

ID11’s research activities cover materials science over
the entire range of substances of use to man, from soft
materials such as polymers (van Hooy-Corstjens et al.,
2001), organic materials (Barboiu et al., 2005) to
glasses (Yavrai et al., 2005) and metals (Schmidt et al.,
2004). Traditionally, we have studied the structure and
microstructure of these materials via either powder or
single crystal X-ray diffraction techniques, often with
spatial and/or temporal resolution. We strive to satisfy
the paradigm that materials science is a field in which
you must “bring the experiment to the sample”, rather
than the inverse. That means that we would like our
methods to be adapted to studying samples of interest,
rather than carefully prepared archetypes and, as such,
our ongoing aim is to bridge the gap between these
techniques in order to carry out high precision
diffraction experiments on arbitrary samples, and to
perform simultaneous hierarchical characterisation of
length scales of interest in the samples. We briefly
review below the activities of ID11 and their proposed
evolution.

The extremely high flux and focusing capabilities at
moderate to high energies available on ID11 makes it
well suited for studies on very small single crystals.
Single crystal studies fall broadly into two areas:
structure solution and/or refinement of complex
microcrystals, with up to 5000 refinable parameters
(Barboiu et al., 2005) and studies of fine structural details
such as spin or oxidation state ordering (Blake et al.,
2001). Our current aim is to be able to perform such
studies on polycrystalline samples via methods we are
developing in order to extract single crystal quality data
from polycrystalline samples (Vaughan et al., 2005).

Whereas fast reversible reactions may be studied by
stroboscopic techniques, most phenomena of interest
to materials science are irreversible and require one
shot techniques to be studied. Thanks to the high flux
available on ID11 and to ongoing detector
development, we have carried out many high time
resolution studies of samples under the influence of
heat, pressure, chemical potential, etc. For the highest
time resolution (currently ~1 ms) or for poorly
crystalline samples (i.e., van Hooy-Corstjens et al.,
2001, Yavrai et al., 2005) powder diffraction methods
must be used. Higher precision single grain isolation
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methods may be applied when slower (i.e., minutes)
time resolution is satisfactory (i.e., Offerman et al.,
2002; Schmidt et al., 2004).

Our interest in total hierarchical characterisation has
led us to develop new methods aimed at the study of
polycrystalline samples over several length scales, from
the atomic scale (sub-nanometre, crystal structures) to
the grain distribution over the entire sample
(millimetre, see Juul Jensen et al., 2006 for a recent
review). The sub-micrometre range is of particular
interest in materials science as it is the critical length
scale for many inter-granular interactions such as
dislocations and cracks, as well as being important for
interfaces and surface layers. It is these interactions
which ultimately give rise to the bulk properties of
continuous materials. The lack of a detailed
knowledge of the distributional heterogeneity of
properties on this scale has resulted in our inability to
construct rigorous first-principles models of basic
materials properties like strength, fatigue resistance,
and texture development. The weakness of present
models for these processes arises from the lack of
appropriate experimental data on the length scale of
interest. This lack is due, in large part, to the
limitations of the methods available in analysing the
structure of the samples appropriate to studying such
phenomena. Bulk information may be collected by
powder diffraction, but such data represents an
ensemble average over the sample grains, and is
uninformative on sample inhomogeneity, inter-
granular interactions and the form of distributions of
properties. Data from electron microscopy (diffraction
or imaging) is of very high spatial and angular
resolution, and may be used to study inter-granular
interactions and, somewhat tediously, may be used to
build up grain statistics. However this technique is
limited to surfaces only, and is not generally amenable
to in situ experiments. X-ray tomography is another
tool for studying sample microstructure, although the
nature of the image data is different, and very
complementary, to diffraction data. Our aim is thus to
function as the bulk equivalent of an electron
microscope, and acquire spatial and structural data in
the sub-micron scale in bulk samples.

Techniques

Almost all of the work on ID11 is diffraction carried out
with two dimensional detectors. The choice of the
particular detector is based on the needs of the
experiment under consideration. Traditionally we have
used different detectors for single crystal studies (Bruker
Smart system), time-resolved diffraction studies (Frelon
camera), and high-resolution mapping studies (in-house
developed high resolution camera). The majority of
experiments at ID11 feature in situ or in operando
conditions. Diverse sample environments, including
furnaces, helium and nitrogen cooling systems, stress
rigs and gas charging apparatuses are available.

Over the past several years we have developed an
array of methods to study samples on the micrometre
scale via multi-crystal diffraction. Due to the success
of this programme, in the last beamline review (2003)
we proposed to extend these methods into the
nanoscale by developing a station devoted to studies
with sub-micrometre (down to 100 nm or less) spatial
resolution. This station (EH3) opened for user
operation in the beginning of 2007. Furthermore, in
EH3, we will implement a compound detector in order
to have access to all of the different techniques
simultaneously.

Over the history of ID11, the constant trend has been
to perform experiments at higher energy; currently
the beamline operates almost exclusively in the range
24 to 99 keV. In a very general sense, all types of
crystallography are better carried out at higher
energies, for a variety of reasons. In the case of single
crystal diffraction, the use of higher energies removes
the necessity to perform approximate corrections for
sample absorption and extinction, whereas in the case
of experiments using two dimensional detectors, the
use of high energy allows the placement of the
detector further away from the sample (due to the
compaction of the diffraction cone, and the negligible
effects of air scattering). By doing this, the signal to
noise ratio is decreased (due to the diffraction signal
being more collimated than background due to i.e.
fluorescence, Compton scattering, etc.) the angular
resolution is improved, due to the reduction of effects
due to sample size, and the angular accuracy is
improved, as sample offsets become less important.
Other techniques used on ID11, such as grain
mapping or pair-distribution function analysis, also
depend critically on high energy radiation. These
considerations have led to the optimisation of ID11
for high energy operation. 

Context with new sources and user
community

The current wave of new synchrotron sources, almost
all optimised for operation in the softer X-ray region
(with negligible flux above about 30 keV) has further
reinforced our decision to specialise in high energy
applications, as this is one area in which the ESRF will
remain the world leader. Indeed, several of the new
sources are expected to perform better than the ESRF
in the soft and moderate (i.e. below 20 keV) energy
regions. Only PETRA-III will offer a comparable
performance in the high energy regime. We therefore
do not anticipate a high impact to our user
programme due to the emergence of the new sources.
It is thus our conviction that we should continue our
specialisation in high energy work, in particular in
high energy focusing. The ESRF is in a dominant
position in this area which it should strive to retain.
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Many of the developments in high energy focusing
have been carried out on ID11 in collaboration with
colleagues from central groups.

ID11 has a rather stable interaction with a broad user
community covering essentially the entire spectrum of
scientific and engineering fields; experiments have
been performed by scientists from biology, chemistry,
chemical engineering, materials science, physics, civil
and electrical engineering and even astrophysics and
art history. An important part of our interaction with
the user community is our successful participation in
numerous European networks. This gives us access to
wide networks of collaborators, many of whom were
previously unfamiliar with the ESRF. Currently we are
involved in networks to studying bulk metallic
glasses, hydrogen storage materials, nanoscale chip
technology (with partners from the microelectronics
industry) and the total crystallography project
described above. Through these networks, many new
users, mostly thesis students and post-doctoral
follows, have been introduced to the ESRF, with some
going on to become repeat users when they become
established scientists.

Technical considerations

We are currently in the process of a major upgrade
which will make ID11 the first of the new set of
long beamlines; as such there are many technical
issues to resolve in order to fully exploit the
possibilities made available by this evolution.
Careful consideration was taken when designing
the extension in order to minimise the effects of
vibrations, temperature gradients and other potential
instabilities. 

The criterion for our techniques to be applied is that
a sufficiently small quantity of sample is present in the
beam for the diffraction spots to be differentiable. As
we wish to work with arbitrary samples, we would
therefore like to be capable of producing beams of
the smallest possible sizes. Optical developments,
many of which have come from the ESRF, have
demonstrated that sub-100 nm beams can be
produced; the challenge now is to be able to exploit
such beams, which will require beam monitoring and
sample metrology to the same precision. We have
thus developed our new experimental station with
these technical criteria in mind. The methods we will
apply will be the same array of methods which we
have been developing over the last few years. It is our
aim to both extend them into the nanoscale and
integrate their application so that we can perform
simultaneous hierarchical characterisation of
polycrystalline samples, and study their crystal,
microstructure and spatial distribution at the same
time – that is, their structure from the angstrom to
the millimetre scale.

With the present 3DXRD microscope, the spatial
resolution is ~ 5 µm, while grains of 150 nm can be
observed. The extension project aims to allow us to
obtain sub-micron mapping resolution, with transverse
resolutions below 100 nm. In order to achieve this, it
will be necessary not only to obtain sub-micron
beams, but for the entire experimental configuration to
be characterised on that length scale. This implies,
beyond the development of focusing optics, the
construction of a goniometer with nanometre scale
sphere of confusion, beam and sample position
monitoring on the same level, improved vibration and
temperature control and active feedback. The strong
and ongoing development programme within the
ESRF Optics Group assures that several methods to
produce sub-micron beams are available, and the
sample positioning requirements should be able to be
met at least partially via commercially available
solutions. Beam and sample position monitoring, and
the integration with the feedback system, are the
target of in-house development projects uniting
several groups. Initial operation of the new facility
took place at the beginning of 2007; the first phase
optics and diffractometer were commissioned at the
end of 2006.

In the initial phase, “moderate” (i.e. 0.5 to 2 µm)
focusing optics consist of bent Laue crystals, a KB
multilayer mirror system, and a compound refractive
lens “transfocator”, which allows for tunable focus
between about 1 µm and 1 mm by insertion of lenses
in the beam. The smallest focus will be achieved by
nanolenses etched made with silicon wafer
technology. During our initial tests we have achieved
200 nm focus at 45 keV with this device.

Over the next two years we will test diverse schemes
aimed at improving sample and beam metrology and
positioning to the level necessary to carry out
experiments over longer times and spatial domains.
We anticipate having obtained sufficient expertise in
these areas to develop a new, dedicated nano-
compatible diffractometer for studies in the 100 to
200 nm range.
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POW: High Resolution Powder
Diffraction

Summary

The ESRF high resolution powder diffraction beamline
provides highly accurate data for the structural
investigation and analysis of powders, thin layers,
polycrystalline and amorphous materials over the
energy range of 6 to 60 keV and with a wide range of
sample conditions, e.g. temperature from 3 K to
1600ºC. An important attribute of the beamline is its
capability to measure data with very high angular
resolution at hard X-ray energies, reducing the impact
of sample absorption, and allowing the acquisition of
data to high values of Q. This is advantageous for
practically all crystalline substances, especially
absorbing metallic and inorganic systems, and also for
the analysis of poorly crystalline materials via the
atomic pair distribution function (PDF), a technique of
growing importance. PDF analysis can be used to
characterise the structures of materials that are far
from ideal with regard to standard diffraction
techniques, many of which are of practical as well as
scientific relevance.

With the evolution of the beamline, we propose
• To take advantage of the accelarator and source
Upgrade Programme to provide higher flux at hard
X-ray energies and over an increased range of
energies, up to 90 keV;
• To add new detectors to improve peak shapes and
count rates, to improve angular resolution, and allow
faster processes to be investigated;
• To upgrade the diffractometer to enable larger
samples and more complex sample environments to be
mounted, as well as the heavier detector systems.

Scientific case

Overview

Understanding the properties of materials requires
knowledge of their structure, which is normally
obtained via single crystal diffraction measurements.
However, many materials of interest do not form
suitable single crystals. Crystals may be impossible or
very difficult to grow, or may fracture or split into
complex domains in passing through a phase
transition. Powder diffraction must then be used
instead. Typical systems that are studied as powders
include complex oxide materials with
superconducting, magnetic or electronic properties,
microporous materials and metal-organic-framework
compounds, alloys and hydrides for potential storage
of hydrogen, and polymorphs and salts of
pharmaceutical compounds chosen for their physical
properties such as shelf life and dissolution rate rather
than their tendency to form convenient single crystals.
Even proteins have recently been shown to be
accessible by powder methods. For structural analysis
of such materials, accurate, high resolution data is
imperative, for the narrow peak width reduces the
degree of overlap between neighbouring reflections
and thereby maximises the information content of the
complex powder diffraction profile.

Powder diffraction methods can also be used to
characterise structures lacking the strict translational
periodicity of crystalline materials, such as glasses,
quasicrystals, nanoparticles, nanocrystals, aperiodic,
disordered and partially disordered systems, etc. The
atomic pair distribution function, G(r), calculated from
data extending to high values of scattering vector,
gives information about the characteristic distances
between pairs of atoms within the structure. A
theoretical G(r) can also be calculated from a model
atomic arrangement, such as a postulated structure for
a nanoparticle, and compared with the experimental
values. By minimising the differences between the two,
the model can be refined in a manner analogous to
Rietveld refinement for crystalline structures.
Furthermore, a procedure now exists that allows the
structure of a nanoparticle to be solved ab initio via the
atomic PDF without the use of prior structural
information.

Powder diffraction is also used for a wide range of
other applications. The structural evolution of systems
can be studied in situ, as a function of temperature,
time, atmosphere, voltage, etc. to explore phase
changes, solid state chemistry, electrochemistry, etc.
Indeed, the relative ease of performing powder
measurements means that powders are normally the
preferred approach, and powdered samples usually
correspond more closely to the ingredients of real
materials and processes. If screening a large number of
samples formed under different conditions or
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synthesised with different compositions, then working
with powdered specimens is the most efficient
approach. A traditional role for powder diffraction is
in phase analysis, identifying and quantifying the
different materials making up a composite sample.
With high resolution data, complex mixtures can be
examined, and the better the statistical quality of the
diffraction pattern, the greater the sensitivity towards
trace phases, which sometimes are revealed to be
critical components in a system.

Powder diffraction is also used to investigate the
microstructure of materials, (e.g. particle size
distribution, stacking faults, microstrain), from analysis
of the peak shapes. With high resolution
measurements, the instrumental contribution to the
observed peak shape is minor, allowing greater
sensitivity to the microstructural characteristics of the
sample. With high X-ray flux and appropriate
detectors, the evolution of microstructure can be
followed during materials processing, such as during
rapid grain growth on annealing nanocrystalline
metals at elevated temperatures. Measurements of
residual bulk strain in components can also be mapped
by powder diffraction, measuring the position of a
Bragg peak from a treated surface or in a weld as a
function of sample position or orientation. By
selecting the X-ray energy, the depth of penetration
into the sample can be controlled; soft energy for
surface selectivity, hard energy to penetrate through.
Finally, powder diffraction equipment lends itself
conveniently to the study of surfaces and surface
layers via grazing incidence diffraction and reflectivity.

Techniques

The excellent resolution of the ID31 beamline is
achieved via the high vertical collimation of the
incident beam combined with the stringent angular
acceptance of the detector system. The latter consists
of a bank of nine Si(111) analyser crystals, each
channel separated from the next by ~2º. When
scanning the detector arm, nine high resolution
diffraction patterns are collected simultaneously and
are combined in a data reduction step. The analyser
crystals define the 2θ angle of the photons transmitted
to the detectors and are so selective (a few µrad
acceptance depending on energy) that only a tiny
proportion of diffracted photons ever pass. It is for this
reason that nine channels are needed, to improve and
make practicable the overall efficiency of the system.
High incident flux is therefore also required, and is
best provided by a horizontally collimated source such
as an undulator. A bending magnet or wiggler are
poorly suited, as the radiation emitted in a fan must be
focused by a torroidal mirror or by sagittal bending of
a crystal back onto the sample. Both these approaches
degrade the vertical collimation of the synchrotron
beam and are incompatible with a powder diffraction
instrument aiming for the highest angular resolution.

ID31 has three 11 mm gap undulators, covering the
entire range of 6 to 60 keV, which is required to carry
out the broad scientific programme outlined above,
and to allow anomalous scattering measurements for
any element above titanium in the periodic table.
With the hard energies available, high resolution data
can be readily obtained in transmission from samples
contained in spinning glass capillaries without
problems of absorption. Capillaries lead to higher
accuracy in the diffracted peak intensities because they
minimise preferred orientation effects commonly
suffered by flat plate specimens. The analyser crystals
impose very high angular resolution and, moreover,
high accuracy in the peak positions, immune from
aberrations that affect scanning-slit systems and
position sensitive detectors, such as caused by
misalignment of the sample, specimen transparency,
surface effects, etc. This is because an analyser crystal
defines a true angle of acceptance rather than infers
that angle from the position of a slit or a pixel on a
PSD. Accurate peak positions are essential to recreate
the three dimensional crystal lattice from a one
dimensional powder diffraction pattern and for
accurate measurements of residual strain where surface
effects perturb conventional instruments.

Measurements can be made under a wide range of
conditions, e.g. temperatures from 3 K to 1600ºC, (a
range soon to be extended with a new laser heating
system), under laser excitation, and a gas cell is
available for experiments such as in situ hydrogen
adsorption. The beamline has a sample changing robot,
allowing fifty samples to be screened automatically,
compatible with the temperature range of 80 K to
about 1300 K. The latter has been employed to
investigate systematically, with very high angular
resolution, phase diagrams, proteins precipitated under
different conditions of pH or salt concentration, or to
study in situ series of solid solutions of hydrides with
potential use as hydrogen storage materials undergoing
hydrogen release on heating.

Context with new sources and user
community

The interest in powder diffraction stems from the
intrinsic properties of the diverse samples under
investigation. By exploiting a synchrotron, the highest
quality data can be collected and thus the most complex
problems investigated. Thus most European
synchrotron radiation sources have a powder diffraction
capability, with established user communities to match,
though none attains the power of ID31 with regard to
flux, nor resolution. Thus many of the most demanding
applications have been carried out at the ESRF. The new
national synchrotrons under construction generally
include a powder diffraction beamline based on an
insertion device to deliver the maximum flux to the
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sample. Owing to the operating energy of these new
sources, 3 GeV or below, the powder beamlines will
function at photon energies up to around 30 keV, where
the flux is markedly declining. Whilst these new
facilities will provide a degree of overlap with ESRF
capabilities at lower energies, the ESRF will remain
dominant above 20 keV, where the majority of ID31
experiments are already performed. The new sources
will therefore provide a much improved capability to
their already vibrant national programmes, but will
probably make relatively modest impact on the high
energy operation at the ESRF. Measurements at lower
energies carried out at a national source instead of the
ESRF are likely to be more than offset by the increased
interest in measuring atomic PDFs, where high flux at
hard energies is a necessity and where the ESRF is
capable of providing a major resource. Furthermore, the
number of samples containing absorbing elements that
require accurate measurement by high resolution
powder diffraction is essentially limitless. Note that
with its degree of over subscription, ID31 operates in all
storage ring modes, including the lower flux timing
modes, where high quality powder diffraction patterns
can still be measured, albeit on a slower timescale.

Technical considerations

High resolution powder diffraction is not a technique
that requires a microfocused beam. Indeed, to have a
good statistical powder average, a fair volume of
sample needs to be illuminated, and a beam size of 1 to
2 mm horizontal by 0.5 to 1.5 mm vertical is usual on
ID31, although smaller samples can easily be measured
as necessary. ID31 was built on a low-β sector of the
storage ring because this was the only unoccupied
straight section available at the time, and the one to
two orders of magnitude increase in incident flux as
compared to BM16 was already a huge improvement.
Ideally, with a relatively large beam size on the sample
and to give an enhanced flux and improved resolution
from having a lower horizontal divergence, a high-β
sector would be preferable. Thus, if the beamline needs
to be moved from ID31, to release a long beamline
position in the extended Experimental Hall, relocation
should be to a high-β sector.

Future developments. Over the coming years, the beamline
should evolve as the machine and detector capabilities
allow, especially operating with X-ray energies up to
90 keV and therefore allowing penetration through
steel. More complex sample environments will be
possible, such as a cell for high resolution studies
under pressures up to a few GPa. Improved detectors
will enhance even further the angular resolution and
promote measurements of faster dynamic processes.

1) The upgrade of the source to in-vacuum
undulators
With the extension of the straight sections in the

machine to 7 m, it will be possible to replace two of
the 11 mm gap ex-vacuum undulators with in vacuum
devices. This will increase the X-ray flux in the hard
energy regime and thereby, for example, enhance
anomalous scattering measurements at the K edges of
the rare earth elements (particularly for glasses), and
improve throughput when working with absorbing
sample environments or mapping residual strain in
large components. An extension of the energy range
up to 90 keV is highly desirable, allowing penetration
through greater thicknesses of metals such as steel,
nickel and the superalloys used in aircraft jet engines.
Strain mapping is currently limited to about 1 mm
thickness of such materials, though several cm of
titanium or aluminium alloys can currently be
measured at 60 keV. The use of the analyser crystals
with strain mapping provides data of very high
accuracy, free from surface aberrations, and is
therefore complementary to the possibilities available
on ID11 and ID15. Thus such an upgrade is
particularly relevant for materials science applications
and in situ measurements, and reinforces the position of
the ESRF as a facility for hard energy operation. 

2) Developments in detectors will yield
considerable benefits. For example, diffraction peak
shapes and count rates can be further enhanced by
replacing the actual zero-dimensional counters behind
the analyser crystals with one dimensional detectors
that can resolve the axial position of the incoming
photon. The location of the detected photon around
the Debye-Scherrer cone can then be obtained,
allowing a more accurate 2θ angle to be calculated.
Such an approach would eradicate low angle
asymmetry in the peak shapes, thereby enhancing the
intrinsic angular resolution further and simplifying the
instrumental peak shape function for enhanced
microstructural characterisation. Furthermore, the
increased solid angle from increasing the axial
dimensions of the detectors will lead to an order of
magnitude improvement in overall detector efficiency.

A position sensitive detector is required to
complement the high resolution data obtained from
scanning the analyser crystals (a relatively slow
procedure with a maximum time resolution of the
order 10 s). A curved, one dimensional detector
would provide data at a much faster rate, allowing
rapid processes to be investigated, albeit at lower
angular resolution. A curved detector can also be used
to improve the efficiency of collecting data for
samples prone to radiation damage, or at high angle
for poorly crystalline materials (e.g. for PDF analysis),
where peak broadening from the sample reduces the
need for the highest instrumental resolution, but
counting statistics become of crucial significance.
Note that a PSD has a higher background as it is
more open, and is less able to discriminate against
Compton scattering, but nevertheless can yield
important complementary information, e.g. for
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studying the evolution of a glass or nanocrystalline
system during heat treatment. A two dimensional
detector such as a flat panel or CCD camera could be
an alternative. Although the data extend less far in 2θ,
the large solid angle and the ability to characterise
texture or graininess in the sample from intensity
variations around the Debye-Scherrer rings can be
extremely useful. To optimise resolution, a PSD would
be combined with focusing of the beam onto the
detector using refractive optics, also useful for
improved spatial resolution when strain mapping with
the analyser crystals, where beams of the order
0.1 × 0.5 mm2 are typically used. 

3) Diffractometer upgrade
The high resolution powder diffractometer on
BM16/ID31 has performed extraordinarily well over
the ten years that the beamline has been in operation.
However, for mounting bulky samples and sample
environments the distance from the diffractometer to
the beam position is restrictive and places limitations
on what can be mounted in the beam. A larger,
stronger, though equally accurate diffractometer
would be necessary to mount the enhanced detector
capabilities referred to above and for complex sample
environments. Such a diffractometer is available
commercially. Furthermore, to study strain in the
largest of engineering components, such as aircraft
parts etc. made possible with the upgrade to 90 keV, a
dedicated vertical-axis diffractometer will be required,
independent from the high resolution powder
diffractometer for powder crystallography. 

References
• Chater P.A., David W.I.F., Johnson S.R., Edwards P.P., and
Anderson P.A. (2006), Synthesis and crystal structure of
Li4BH4(NH2)3, Chem. Commun., 2439-2441.
• Fitch A.N. (2004), The high resolution powder diffraction
beam line at ESRF, J. Res. Natl. Inst. Stand. Technol., 109, 133-142. 
• Gramm F., Baerlocher C., McCusker L.B., Warrender S.J.,
Wright P.A., Han B., Hong S.B., Liu Z., Ohsuna T., and
Terasaki O. (2006), Complex zeolite structure solved by
combining powder diffraction and electron microscopy,
Nature, 444, 79-81.
• James M.N., Hughes D.J., Chen Z., Lombard H.,
Hattingh D.G., Asquith D., Yates J.R., and Webster, P.J.
(2007), Residual stresses and fatigue performance, Engineering
Failure Analysis, 14, 384-395.
• Kanatzidis M. and Billinge S.J. (2004), Beyond
crystallography: the study of disorder, nanocrystallinity and
crystallographically challenged materials with pair
distribution functions, Chem. Commun. p. 749-760.
• Margadonna S., Prassides K., Fitch A.N., Salvador J.R.,
and Kanatzidis M.G. (2004), Valence instabilities, phase
transitions, and abrupt lattice expansion at 5 K in the
YbGaGe system, J. Am. Chem. Soc., 126, 4498-4499.
• Sage M.H., Blake G.R., Nieuwenhuys G.J., and
Palstra T.T.M. (2006), Evidence for electronic phase
separation between orbital orderings in SmVO3, Phys. Rev.
Lett., 96, 036401.

TRD: Time-Resolved Diffraction
and Pump-and-Probe

Summary

We propose to build a dedicated beamline for pump-
and-probe and time-resolved diffraction covering the
timescale from 10 picoseconds to seconds in studies of
physical, chemical and biological processes. The
beamline will have options for: 
• Laue diffraction and classical diffraction;
• Solution phase SAXS and WAXS; 
• Gas phase diffraction.

The realisation will require key upgrades in beamline
technology: a cryogenic in-vacuum undulator for hard
X-rays (30 to 60 keV), focusing multilayer optics at
60 keV, a larger high speed chopper for 3 kHz
operation, a picosecond laser system and a fast CCD
detector. These upgrades are expected to speed up the
data acquisition time by a factor of four to eight and
greatly improve the determination of excited state
structures.  

Scientific Case

Scientists have long dreamed of being able to film
molecules undergoing chemical or biochemical
reactions. This dream was first put into practice in
Laue experiments on ID09B where films of simple
proteins were taken to 100 ps time resolution. From
these films a detailed understanding was gained of the
structure-function relationships in haem proteins.
In pump-and-probe experiments, short laser pulses
excite a subset of molecules in the protein and
delayed X-ray pulses probe the evolving structure at a
given delay. When the results are stitched together,
atomic motions can be visualised in real time. When
the sample is not crystalline, the X-ray scattering is
diffuse and atomic level information is reduced to one
dimensional radial formation. Nevertheless, the
intensity distribution is very sensitive to the size and
shape of molecules and that can be used to
discriminate between different models. This field is
very important for protein dynamics in vivo where
the protein is free to undergo large amplitude
conformational changes.

Pump-and-probe experiments are non-routine and
require substantial beamtime to optimise the
experimental parameters. In the past, these efforts
were often compromised when too many experiments
were scheduled in too few a shifts. The modes of
operation for single-bunch pump-and-probe
experiments include the 4-bunch, 16-bunch and
hybrid modes, which were hitherto limited to 30% of
the total beam time. The new 7/8+1 hybrid mode
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should expand the amount of beamtime for fast
experiments to 80%. Hence we propose to dedicate
ID09 to time-resolved experiments and use the
remaining 20% for slower kinetics and commissioning
tasks. The benefits to the user community would be
enormous and more challenging experiments could be
given more beamtime, which is essential for the
promotion of new research areas. Finally the
experience gained from ESRF pump-and-probe
experiments will provide efficient technology transfer
to future XFEL beamlines. 

Techniques

We will now present our upgrade proposal for time-
resolved crystallography, solution-phase SAXS and
WAXS and gas-phase diffraction. The first three fields
are already fairly well established on ID09B. 

Time-resolved crystallography
The structural dynamics of small proteins such as
myoglobin and haemoglobin, the yellow protein, the
green fluorescence protein and bacteriorhodopsin have
been studied over the last twelve years, and it has
become possible to measure correlated structural
changes, not only near actives sites but also towards
the edge of the unit cell where the changes are much
weaker (Schotte et al., 2003). We would like to extend
these studies to larger and more complex molecules
such as the photosynthetic reaction centre (RC), in
which absorption of a photon generates a proton
gradient across a membrane that eventually powers
chemical reactions in the cell. Should this venture
prove successful, the structural dynamics of light
harvesting would be determined at high spatial and
temporal resolution. A detailed understanding of light
harvesting in plants could lead to the design of more
efficient solar cells in the future.

Another important area is ultra-fast phase transitions
in bulk materials induced by light. Experiments on the
organic compound TTF-CA (Collet et al., 2003) has
shown how electron transfer in one unit cell can
initiate a phase transition in macro domains on the
picosecond timescale. We would like to extend this
work to advanced materials with potential applications
in data storage and communication technology.

Larger and faster CCD detectors will have a huge
impact on the data quality and real time data
reduction will critically improve the information that
can be extracted from the data on the fly. We are
already working on real time reduction of Laue data
with automatic indexing, integration, scaling and
difference map generation. 

Time-resolved scattering

Proteins in solution (SAXS)
A recent study of the relaxed (R) to tense (T)

transition in haemoglobin HbCO by SAXS has
demonstrated the SAXS/WAXS feasibility with
concentrations down to 1mM. The measured change,
δS(Q, τ), shows that CO dissociation drives a large
change in quaternary structure, the R to T transition,
which involves turning the α2 and β2 subunits by 25º.
The refinement of the structural intermediates, the
ultimate goal, will benefit from upgrades including a
channel-cut ML monochromator for intense, narrow
band X-rays at 8 keV, additional slits to reduce the
background and a sample chamber that can be kept
either under vacuum or purged with helium to
minimise background scattering. Note that protein
folding might be activated by fast temperature jumps
induced in the solvent by an IR laser pulse. 

Structural dynamics of molecules in solution
(WAXS)
This field started with studies of the dissociation and
recombination dynamics of model molecules such as
I2, Br2, HgI2, HgBr2 and C2H4I2 in solution (Plech et al.,
2004; Ihee et al., 2005; Kim et al., 2006). The
diffraction patterns revealed not only the structure of
the photoproducts; they also revealed the cage
diameters and hydrodynamic properties of the solvent.
We have developed computational methods to extract
the change in density, pressure and temperature as a
function of time. Solution phase diffraction
experiments are confronted with a general problem:
how do we separate excited solute signals from the
(thermally) excited solvent? By tuning the laser to the
infrared, vibrational modes in solvent can be excited
non-destructively, giving us the scattering signature
from an ultra fast temperature jump. When this curve
is subtracted from the total signal, solute plus solvent,
after suitable scaling, we can deduce the solute plus
cage signals without interference from heating. 
The future trend will be to study small biological
photo systems with lower solvent contrast. The signal-
to-noise ratio will improve by exciting the system with
picosecond pulses and we aim to sharpen the signals
using multi-layer optics instead of the pink undulator
beam. 

Gas phase reactions
Structural reaction dynamics in gas phase
photochemistry have only been studied by ultra-fast
electron diffraction, and many surprising results have
been obtained including the unexpected ring opening
of pyridine and the non-equilibrium structure of
hexatriene produced by photo-cleavage of
cyclohexadiene. The extreme flux of the pink beams
on ID09B offers new possibilities for probing gas
phase reactions over a wider Q range and with better
spatial resolution than electron diffraction, albeit at
lower time resolution. Calculations show the feasibility
of X-ray diffraction at pressures between 1 to 10 torr
with exposure times of 100 seconds per CCD image.
Because these experiments would be performed under
low pressure conditions, the S/N ratio will be superior
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to liquids. It might prove feasible to increase the time
resolution to 10 ps by slicing the X-ray pulse with the
much shorter laser pulse, i.e. let the 1 to 2 ps laser
pulse walk through the X-ray pulse in steps of 10 ps.
With the excited state probed with a 60 ps X-ray pulse
from the 7/8 hybrid mode, the time resolution for this
laser slicing scheme is well below 60 ps and
simulations indicate that 10 ps resolution is feasible in
gas-phase experiments. 

Context with new sources and user
community

The majority of ESRF pump-and-probe diffraction
experiments are and will be performed between 15 to
40 keV where ESRF beam, for equivalent undulator
technology and bunch charges, is 25 to 250 times more
intense than at 2 to 3 GeV machines. Lower energy
synchrotrons in Europe (such as SLS, DIAMOND,
SOLEIL and ALBA) operate or will operate in the
2.4 to 3.0 GeV range and we must make sure that an
ESRF time-resolved beamline truly exploits the higher
energy X-rays from the 6 GeV electrons. In addition,
the large ESRF circumference (844 m) makes it easier
to accept a small (chopper) hole in the bunch structure
than in smaller rings. PETRA-III could, in principle,
rival the ESRF but no decision has yet been made to
build a pump-and-probe station.

How does a future ID09B relate to the European
XFEL? The pulse length is 10 to 120 ps at the ESRF
and 100 fs at the XFEL and the intensities levels are
1 x 1010 and 1 x 1012 photons per pulse respectively.
The unprecedented XFEL intensity and ultra-short
pulses are expected to resolve the primary steps in
molecular dynamics, the breakage and formation of
bonds, coherent vibrations, etc. However the XFEL
pulse will destroy the sample, which will have to be
renewed for every single pulse. As it is going to
require supersonic speeds to exchange the sample
between two adjacent XFEL pulses in a macro bunch
train, the next practically usable pulse will arrive
100 ms later, making the usable flux per second
identical to that of ID09B. We therefore anticipate
that XFEL pump-and-probe experiments will
concentrate on single shots in the time window 100 fs
to 100 ps and that (stroboscopic) storage rings will be
used for all slower time kinetics, covering the range
10 ps to seconds. In addition, the beam position
stability and pulse to pulse reproducibility will remain
a strong advantage for storage rings.

ID90B has presently 50% access to beam due to time
sharing with high pressure on ID09A. That gives users
200 shifts per year distributed over 20 experiments.
The general feeling is that ten shifts per experiment is
insufficient for fine tuning the parameters making it
difficult for young researchers to make a career in

pump-and-probe experiments. As a result the French
group in Rennes, the Danish group in Copenhagen
and the Korean group in Daejon are beginning to use
the Photon Factory in Japan.  

Technical considerations

A pump-and-probe beamline needs a very intense
X-ray beam to minimise the number of laser and X-ray
pulses needed to produce a high quality CCD image
of the scattered radiation. It is of great importance to
have two in-vacuum undulators, one for very high flux
in a narrow energy range 15 to 20 keV and a second
tuneable undulator for the 8 to 60 keV range. The key
source parameters for pump-and-probe experiments
are the bunch charge, the undulator magnet
technology, the period, the length and the minimum
gap. The undulators have to be in a low-β section to
obtain a small focal spot.

The brightest sources at the ESRF are in-vacuum
undulators that cover the energy range 8 to 40 keV
with only three harmonics. The U17 undulator is a
special mono-harmonic undulator with a very high
spectral flux. Its spectrum is quasi-monochromatic at
15 keV and it can produce up to 1010 photons in one
pulse in 4-bunch mode. The bandwidth of the first
harmonic is 3%, which is very good for Laue
diffraction and liquids. The second in-vacuum
undulator, the U20, is tuneable between 8 to 40 keV.
In the future we would like to use cryo-magnets to
widen the tunability up to 60 keV and extend the
undulator length to make full use of the longer straight
sections now available with the new lattice. Finally the
bunch charge should be kept constant in the 7/8 + 1
hybrid mode by frequent top ups of the current in the
storage ring.

The heat load on the optics from two in-vacuum
undulators in tandem at 300 mA is 600 to 800 W
which would normally present a serious engineering
problem. However the newly installed heat load
chopper on ID09B will reduce the load by a factor of
twenty, whilst maintaining the peak brightness of the
pulses selected in the pump-and-probe experiment. 

The new beamline should have two monochromators.
An updated channel cut monochromator using the
Si(111) and Si(220) reflections to cover the energy
ranges 8 to 20 keV and 20 to 40 keV. A second vessel
should house a monochromator with multilayer
crystals, providing three bandwidths (0.1, 1 and 3%)
to cater for different Q-resolutions. The natural
dispersion in a liquid is compatible with a 3%
bandwidth whilst the diffraction spots from proteins
begin to broaden above 0.1%.

A todoidal mirror will focus the X-ray beam with a
lower demagnification M than presently used, 0.45
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instead of 0.70. Ray tracing shows that spherical
aberrations are small for M = 0.45 and that a round
focus of 50 µm as compared with 110 µm x 60 µm
(horizontal by vertical) today can be achieved. The
shorter distance between the mirror and the focus will
also improve the stability. We also propose to make a
very intense focused beam at 60 keV with focusing
multilayer optics. A cylindrical multilayer crystal will
focus horizontally and a bent multilayer crystal will
focus vertically. By matching the number of multilayer
periods to the 1.5% bandwidth of the fifth harmonic
of the 20 mm period undulator, 2 x 1010 ph/s in a
50 µm spot at 1 kHz should be obtainable, expanding
Qmax in scattering experiments from 9 Å-1 today to
27 Å-1. The low X-ray absorption at 60 keV will also
make it possible to study ultra-fast phase transitions in
bulk materials, such as laser induced infrared melting
of ice. 

Another key issue is the high speed chopper which
isolates single pulses of X-rays from the timing modes.
In 16-bunch mode the chopper only extracts 1:5760
pulses when it rotates at 1 kHz. A new prototype rotor
has shown the feasibility of pulse selection at 3 kHz
using a new concept, tunnel-less chopping, which will
reduce the data acquisition time by three. Note that
the new National Institutes of Health femtosecond
laser can run at 3 kHz without losing energy per pulse.
However 3 kHz chopping in the 16-bunch mode is at
the limit of being possible so the rotor radius should
be increased from 100 to 150 mm to produce a cleaner
pulsed beam without jitter from neighbouring satellite
pulses. 

The detector system should be upgraded with a fast
readout Frelon CCD based camera. With readout
times around 0.1 s for a 15 bit 2048 x 2048 image, it
will be possible to collect up to 100 spectra ∆S(Q, t)
from a liquid per hour as compared with 25 today.

An extensive laser facility is another key feature.
Spectra Physics and Coherent have launched a new
generation of tuneable picosecond lasers, which are
better matched to the X-ray pulse length from a
synchrotron. The lower peak electric fields in
picosecond pulses are more gentle to the sample,
which will improve the achievable excitation level and
the sample lifetime. The laser should have an optical
parametric amplifier to shift the wavelength from the
UV to the IR at power level between 0.5 to 5 W. 

Sample positioning is very important in
crystallography and we propose to install a four-circle
diffractometer for a more complete sampling of k-
space. Finally the beamline should have a 2 to 4 m
long detector arm for SAXS to reach a Qmin of 0.01 Å-1

in protein dynamics.  

Support facilities

There is a great need for a chemistry and sample
mounting laboratory near the beamline and a
workshop with test benches for laser and X-ray optics.
A small laser laboratory with an absorption
spectrometer would be very useful. Finally, beamline
staff should have offices near the beamline. 
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Introduction to the Conceptual Design Reports of the 
Soft Condensed Matter Group

GISD Grazing Incidence Scattering and Diffraction: This CDR proposes page 50
transferring the Troika ID10B branch to a new canted undulator branch in order 
to optimise grazing incidence techniques. The new location will (i) allow the flux 
and beam quality (small size and low divergence) to be increased; (ii) enable new 
non-scanning techniques that will shorten regular experiments, allowing time 
resolved measurements with reduced radiation damage; (iii) improve studies at 
buried liquid interfaces; (iv) provide more floor space. 

HISAXS High Throughput Small Angle X-ray Scattering: A new bending magnet page 54
beamline is proposed with an emphasis on high throughput SAXS/WAXS solution 
scattering on topics ranging from proteins, soft condensed matter to materials 
science and chemistry. The beamline should provide turn key-style operation 
including mail-in data collection service and online data analysis capabilities. 
An important aspect would be to foster on-site and partnership collaborations 
as well as provide test beamtime in the context of long term projects or grant 
applications.

MINADIF Micro- and Nano-Diffraction: The proposal aims to provide two independently page 55
operating branches for micrometre and nanometre sized beams for SAXS/WAXS, 
as well as complimentary techniques such as µRaman, µX-ray fluorescence (µXRF). 
With the proposed project new research opportunities spanning the range from 
micrometre to nanometres sized beams will be established. This will benefit a wide 
user community, in particular soft condensed matter (SCM), functional and 
structural biology (MX) in particular.

SAXS Small Angle X-ray Scattering: The proposed project aims to enhance page 60
SAXS/WAXS and USAXS performance. Non-traditional scattering and imaging 
methods such as near-field X-ray scattering will also be developed. The emphasis 
will be on quantitative scattering experiments, complex sample environments 
and advanced data analysis methods.

XPCS-CXS X-ray Photon Correlation Spectroscopy and Coherent X-ray Scattering: page 63
It is proposed to transfer the Troika ID10A/C branches to a new canted 
undulator branch. This will allow the coherent beam properties for X-ray photon 
correlation spectroscopy (XPCS), coherent SAXS and CDI. The beamline will 
host two experimental stations and associated laboratories.

Introduction: The five conceptual design reports of
the Soft Condensed Matter Group summarise ideas
on the future of soft condensed matter, both at the
ESRF and also in a European environment. Whilst all
beamlines of the Soft Condensed Matter Group have
constantly evolved and been adapted to user
requirements, the proposed upgrade projects
represent a major development step. The general aim
is to maintain and improve the unique capabilities in
SAXS/WAXS, surface scattering and microbeam
scattering to XPCS. Meanwhile, challenging new
developments are proposed for USAXS, CDI, and
nanobeam scattering. 

Novel beamline features: Extra long canted
undulator sections generate a new freedom in
beamline design by providing space for new
instrumental developments. This allows the beam
properties to be optimised for the individual
branches. Thus the splitting of the Troika beamlines
ID10A/C,B into separate branches will permit
optimisation of beam coherence for XPCS and CDI
(XPCS-CXS). Surface and interface studies will profit
from shorter wavelength and enhanced focusing
capabilities (GISD). ID02 proposes a pinhole USAXS
camera, which will open the field of time-resolved
USAXS experiments (SAXS). The complimentary

Summary of individual CDRs
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NFXS technique will extend the lower Q-range
by an order of magnitude. ID13 proposes to
split nanobeam and microbeam RαD into two
dedicated branches, thus providing the
possibility of a better adaptation to specific
user requirements (MINADIF). The HISAXS
bending magnet project proposes high
throughput capabilities with an emphasis on
microfluidic experiments. The ESRF could
benefit from this fast growing area due to the
number of potential user groups, in particular
those having a biological orientation.

Challenges in instrumentation and sample
environments: The proposed beamline
upgrades will require new developments in
optics, detectors and sample environments.
Particular challenges are the development and
integration of nanofocusing optics into a
beamline environment. This also applies to
sample observation and manipulation tools (e.g.
AFM). Fast framing pixel detectors will allow a
breakthrough in XPCS but the development of
“workhorse” CCDs should not be abandoned.
Microfluidics promises fascinating scientific
applications. However, this will require a
technological base at the ESRF in order to
develop custom-made cells. 

Annexe facilities: the establishment of a
“cluster” of SCM beamlines including shared
laboratories and offices will make it possible to
enhance collaborations between the beamlines
themselves and also with external partners.
The aim should be the development of
science-driven partnerships with an emphasis
on scientific excellence. Soft condensed matter
specific data analysis and modelling capabilities
should be incorporated. This could develop
into a unique European platform for
synchrotron based Research and Development
in soft condensed matter.

GISD: Grazing Incidence
Scattering and Diffraction

Summary

Grazing incidence surface X-ray scattering provides
direct access to the structure of artificially and self
ordered two dimensional inorganic, organic,
biological and composite systems with characteristic
length scales from a few tenths of a nanometre to
several micrometres. The interest in grazing incidence
X-ray scattering has been constantly increasing since
the first demonstration of its efficiency in structural
characterisation of films along the surface normal
(reflectivity in 1950s) and in the film plane (grazing
incidence diffraction in 1980s). Today the technique
finds wide applications in characterisation of various
nano- (self-assembling monolayers of molecules and
macromolecules at the air-water interface), meso-
(colloids and micelles at the interface) and micro-
(thin films of polymer blends or block copolymers)
structured surfaces. The studies of organic materials
require a high X-ray flux because of the weak
scattering. For example, the typical GIWAXS signal
measured on Langmuir layers at aqueous surfaces is
between 10-10 to 10-11 of the incident beam. Therefore
synchrotron radiation sources play a very important
role in the advancement of this field. 

The Troïka II (ID10B) beamline uses a semi-
transparent diamond monochromator as a beam
splitter, making it a quasi-independent unit of the
multi-purpose, high brilliance open undulator Troika
beamlines ID10. The Troïka II beamline carries out a
large variety of grazing incidence scattering
experiments on hard condensed matter. Special
emphasis, however, lies in the study of soft
condensed matter. ID10B provides different types of
scattering techniques and many sample environments
for studies on gas/liquid interfaces. Recent upgrades
of the beamline optics allow higher energies
(Emax = 22 keV) to be used and enable the
investigations of buried liquid/solid and liquid/liquid
interfaces (Konovalov et al., 2005), a domain which,
so far, has been largely unexplored.

We propose further development of the Troïka
concept by splitting the beam with canted undulators
and building two independent beamlines moving
from ID10 to ID28 (for example), which has the
necessary space to accommodate a long and wide
assembly of three stations. The proposed measures
will: 1) increase the flux and beam quality (small size
and low divergence); 2) enable new non-scanning
techniques that will shorten regular experiments,
allowing time-resolved measurements with reduced
radiation damage; 3) considerably improve studies at
buried liquid interfaces.
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Scientific case

Overview

Soft condensed matter science involves studies in
many branches of modern physics, biology, chemistry
and material science and covers a large range of
length scales from nanometre to several microns.
Whereas many techniques characterise the bulk
properties of soft condensed matter, the surface
sensitive methods give access to the organisation and
phenomena at interfaces where low dimensionality
and surface energy either alter the bulk properties or
bring a new character. ID10B carries out research in
various directions and here we highlight only some of
them.

Physics of interface between two media on short
length scales. Liquid-vapour interfaces were first
described as regions of continuous variation of
density, caused by density fluctuations within the bulk
phases. In contrast, the more recent capillary-wave
model assumes a step-like local density profile across
the liquid vapour interface, whose width is the result
of the propagation of thermally excited capillary
waves. The model has been validated for length scales
of tenths of micrometres and larger, but the structure
of liquid surfaces on sub-micrometre length scales
– where the capillary theory is expected to break
down – remains poorly understood. Grazing
incidence X-ray scattering experiments on ID10B
allowed a complete determination of the free surface
structure and surface energy for water and a range of
organic liquids (Fradin et al., 2000). The interface
between two liquids, where the role of surface energy
is significantly reduced, may be different from the
gas/liquid interface. 

Low dimensional Physics. Langmuir and Gibbs
monomolecular layers at the air/liquid interface are
good models for studying thermodynamic phase
transitions and structure of two dimensional systems.
From the very beginning, the Troïka beamline was
involved in studies of phase transitions in fatty
alcohols (Berge et al., 1994; Legrand et al., 1994) and
effects of chirality on structural self organisation
(Alonso et al., 2001).

Crystalline structural biology. Protein structure
determination by classical X-ray crystallography
requires three dimensional crystals that can be
challenging to obtain for many proteins and
especially for membrane bound proteins. An
alternative is to grow 2D crystals by adsorbing
proteins on ligand-lipid monolayers at the surface of
water. This confined geometry requires only small
amounts of material and offers numerous advantages
(e.g. fully hydrated proteins, possibility to observe
them in action). Surface scattering techniques are
unique tools in resolving the structure of 2D protein

crystals. Pioneering studies of 2D structures of several
proteins were carried out at Troika (Lenne et al.,
2000). The importance of this subject increased with
the recent demonstration on ID10B of the possibility
to achieve subatomic resolution in the structure
determination of 2D organic crystals formed at
gas/liquid interface (Pignat et al.,2006).

Biomimetic self-assembled systems. Langmuir
layers are suitable model systems to mimic cell
membranes through the precise control of lipid and
protein composition and its structural organisation
whilst keeping the natural biological activity. The
Langmuir technique is used at ID10B to study
structural and elastic aspects of interactions of
antimicrobial peptides with bacterial and mammalian
cell membranes (Konovalov et al., 2002; Gidalevitz
et al., 2003; Saint Martin et al., 2006) and neural cell
adhesion and cellular tissue formation (Johnson et al.,
2005; Martel et al., 2002). A wide horizon is open in
this field with the possibility of studying liquid/liquid
interfaces.

Materials science. Monolayers of functional
surfactants at the gas/liquid interfaces yield unique
opportunities to use them as organic templates for the
growth of organic, inorganic and composite materials
at the interface. Series of in situ studies of nucleation
and growth of metal sulphide semiconductor on
polydiacetylene Langmuir film were essential to
elucidate the role of polydiacetylene in the
determination of morphology, orientation and growth
rate of the deposited materials (Lifshitz et al., 2006).

Techniques

ID10B is a multi-purpose, high brilliance undulator
beamline for high resolution X-ray surface scattering
and diffraction on solid and particularly liquid
interfaces, including buried interfaces (liquid/solid and
liquid/liquid). The characteristic length scales range
from sub-nanometre to 100 nm, in some cases even up
to 1000 nm. Scattering experiments can be performed
in both horizontal and vertical scattering geometries.
Whereas the horizontal scattering geometry is
exploited for liquid surfaces (with a Langmuir
through) and heavy sample environments (such as in
situ UHV chambers), the vertical scattering geometry
can be used for lightweight sample environments
when a large angular access is required. A broad range
of X-ray experimental techniques with a variable
resolution and detection scheme (via point or linear
detectors) is available on a single instrument, e.g.:
• Grazing incidence diffraction (GID); 
• Grazing incidence diffuse scattering (GIS); 
• Grazing incidence small angle X-ray scattering
(GISAXS);
• X-ray reflectivity (XRR); 
• High resolution X-ray diffraction (HXRD);
• Total reflection X-ray fluorescence (TXRF).
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Surface sensitive techniques applied to soft condensed
matter will remain the key activity of Troïka-II with
emphasis on the field of buried liquid interfaces.
So far grazing incidence techniques had limited
applications to time-resolved studies because of
relatively long measurement times (> tens of minutes)
due to step by step scanning. One way to collect the
data much faster is to replace the scanning techniques
by the simultaneous acquisition of the entire
scattering pattern on a large two dimensional (2D)
detector. The application of 2D detectors for GID has
inherent limitations due to the small grazing angles.
For example, the foot print of a 100 micron beam on
the sample surface at a grazing angle of 2 mrad is
50 mm. The latter together with the 0.5 m sample to
detector distance, a detection angle of ~20 degrees
and a pixel size of ~0.1 mm gives an angular
resolution of several degrees. This is insufficient to
resolve Bragg rods with a width less than 0.1 degree
and separated by a distance of less than a degree. The
resolution problem can be overcome by reducing the
beam size down to 4 microns via focusing (flux is
essential to measure a 10-11 signal) but still
maintaining a low divergence (< 50 micro radians) to
be surface sensitive. This is why we are developing
non-scanning techniques by introducing focusing
optics to achieve low divergence and a beam size of a
few microns at the same time. However, further
improvements are now limited by the present
performance of the double crystal diamond
monochromator that adds divergence to the beam.
This problem could be solved by replacing the thin
diamond crystals by thicker silicon crystals, which
implies a splitting of the ID10B and ID10A/C
branches at the source level by using two in-vacuum
canted undulators. The availability of fast 2D
detection systems and small beam sizes in grazing
incidence experiments will naturally open the field of
time-resolved studies presently missing in the field of
soft condensed matter surface science. An additional
advantage of fast non-scanning techniques is the
reduction of radiation damage effects that are
important at third-generation synchrotron radiation
facilities. Micrometre size beams with low
divergences are particularly essential for high energy
studies of buried interfaces. Silicon (111) has a
bandwidth two times larger than diamond (111) and
matches better the horizontal source divergence.
Hence, the replacement of diamond by silicon will
increase both the beam quality and the total flux. The
present GISAXS capabilities of ID10B are limited by
the very small sample-to-wall distance in the
experimental hutch (< 0.9 m).

Context with new sources and user
community

The application of the grazing incidence scattering
techniques to structural studies on “soft interfaces”
(surfaces and interfaces of soft condensed matter
materials/system) has steadily increased over the last
decade both at the ESRF and at national synchrotron
sources. For example the D41B beamline at LURE
increased the beam time devoted to GID on liquid
interfaces from 30% in 1997 to 100% in 2001 but
nevertheless the demand remained substantially
higher than the available beamtime until the
shutdown of LURE. We notice the same growing
demand at the Troika-II beamline with an over
subscription of a factor of two or more. To satisfy the
needs of the user community several new European
national synchrotron sources (SOLEIL, ALBA, and
DIAMOND) plan to operate beamlines dedicated to
liquid surfaces studies by grazing incidence
techniques. 

However, thanks to the higher brilliance of the ESRF
in the high energy range (compared to most other
European sources) the proposed upgrade will keep
Troika-II at a leading position in the field by
providing access to a new, almost unexplored area -
buried liquid interfaces using energies between 20 to
26 keV. Nowadays, buried solid/liquid interfaces are
studied mostly with neutrons due to their high
penetration abilities. However, low neutron flux limits
the accessible momentum-transfer range. This is why
a high energy option at ID10B could attract research
groups used to neutron facilities. At the moment there
is no neutron facility providing instrumentation for
liquid/liquid interfaces. Therefore the possibility to
study such systems with high energy X-rays will
become especially fascinating. The improvement in
beam quality by moving from thin diamond crystals
to silicon based optics (high brilliance, micrometre
size, low divergence) will allow implementation of
non-scanning techniques, which reduce the measuring
time and increase the throughput of the beamline. 

Technical considerations

The whole complex of the Troika beamlines will
benefit from the change to independent canted
undulators. 

Benefits for ID10B:
• Increase of monochromator flux throughput,
specifically in the high energy range due to
installation of upstream lenses to match source
divergence and monochromator angular acceptance;
• Improvement of the beam focusing from the present
100 micrometres down to 3 to 5 micrometres via use
of non-transparent high quality silicon
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monochromator crystals;
• Extension of the high energy range up to 26 keV
which is essential for studies of buried interfaces;
• Increase of sample to detector distance from the
present 800 mm to a few metres to increase resolution
in GISAXS and to accommodate bulky sample
environments and large area two dimensional
detectors;
• Implementation of non scanning techniques;
• Possibility to operate in anomalous scattering mode.

Apart from the continuation of the effective sharing
of the staff and individual expertise in technical and
scientific domains, there are additional organisational
and technical advantages for all Troïka branches:
• Elimination of interference between the beamlines
during change of energy and optics settings – no
longer necessary to synchronise the beginning and
end of experiments at the two beamlines;
• Improvement of the beam quality for Troïka I and
III with respect to coherence and flux due to remove
of the splitting monochromator that absorbs 30% to
50% of the beam and degrades the coherence.

The technical aspects of the proposed modifications
are:
• Installation of a UHV chamber with a set of
compound refractive lenses (CRL), both one and two
dimensional, operating in the white beam upstream of
the monochromator to match beam divergence and
monochromator crystal acceptance;
• A complete redesign and manufacturing of a UHV
compatible double crystal Si monochromator system
yielding one metre offset of the monochromatic beam
with respect to the white beam. To achieve this a two
metre long high precision translation stage of the
second crystal is required;
• Installation of two UHV vessels in the
monochromatic beam with a set of remotely
controlled beryllium CRL, which can be used as zoom
lenses to tune beam size and divergence on the
sample in the entire energy range;
• Non-scanning techniques will require large area two
dimensional detectors with high quantum efficiency.

According to our experience a precise control of the
humidity in the experimental hutch is absolutely
necessary to avoid vapour condensation on the
windows of the chamber containing large area liquid
sample. Dust particles on the liquid sample distort the
flatness of the surface and, if they get in the X-ray
beam path, they spoil the scattered signal completely.
Special care must therefore be taken to construct the
experimental hutch with control of temperature,
relative humidity and dust levels.
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HISAXS: High Throughput Small
Angle X-ray Scattering

Summary

A new bending magnet beamline is proposed with an
emphasis on high throughput SAXS/WAXS solution
scattering on topics ranging from proteins, soft
condensed matter to materials science and chemistry.
The beamline should provide turn key operation
including mail-in data collection services and online
data analysis capabilities. An important aspect would
be to foster on-site and partnership collaborations as
well as provide test beamtime in the context of long
term projects or grant applications.

Scientific case

Overview

Structural Biology: there is a growing demand for
high throughput solution scattering experiments on
proteins, which often does not require an undulator
beamline but a very stable setup and online data
analysis techniques. Solution scattering data are of
particular interest for understanding the structure,
association and aggregation of proteins, which are
difficult or cannot be crystallised (Svergun, 2000 and
2003). This applies, for example, to the formation of
many fibrillar proteins such as amyloidic fibrils
(Thiyagarajan et al., 2000). 

Soft Condensed Matter and Functional Biology:
heavy over booking of public soft condensed matter
beamlines with proposals requiring the highest
possible brilliance does mean that novel science and
user groups are often lost to the ESRF. In addition,
novel techniques, such as microfluidics, require
considerable test beam time, which is difficult to
schedule at the highly demanded undulator
beamlines. A core bending magnet SAXS/WAXS
beamline would provide more flexibility in beam time
allocation, which is of particular interest for soft
condensed matter beamlines such as ID02 and ID13.

Chemistry and Materials: a beamline optimised for
solution scattering would be the ideal place for a
strong research and development programme on
microfluidic reactors. One application, as an example,
would be the high temperature synthesis of CdSe
nanocrystals (Chan et al., 2003 and 2005). Such topics
could be best developed in the context of a long term
project if enough test beam time were available. The
beamline would also be of interest for scanning high-
throughput catalyst libraries in order to systematically
check for parameters such as porosity (Kaneko et al.,
2003).

Organisation:
We propose to reduce the fraction of scheduled user
beamtime to about one-third and to increase
correspondingly several other modes of access:
• proprietary research: an attractive price per shift
should be offered in case the bending magnet beam
time is coupled with beam time on one of the
undulator beamlines. This could attract companies
interested in screening experiments prior to using a
high brilliance beamline. A mail-in data collection
service should be available for these applications.
• partnerships with external groups and on-site
institutes such as the Partnership for Structural
Biology, the Grenoble Outstation of the European
Molecular Biology Laboratory, the Institut Laue
Langevin and the Institut de Biologie Structurale.
test beam time for long term proposals
• in-house research and development.

Techniques

The aim is to develop a highly automated bending
magnet beamline with turn key operation capability,
optimised for high quality SAXS/WAXS experiments
and, in particular, high throughput solution scattering.
A sample changer with an integrated scanner would
allow the mapping of pellet libraries for combinatorial
chemistry (Senkan and Ozturk., 1999), microfluidic
chips and chip arrays (Pfohl et al., 2003) and online
chromatography for protein fractionation (Mathew
et al., 2004). 

The ESRF is well prepared for these developments as
several work packages by a consortium of European
third-generation SAXS beamlines including the ESRF

Figure 1: Possible layout of HISAXS bending magnet
beamline with optics hutch (OH1), spacious SAXS hutch

(EH1), annex control cabin and sample preparation
laboratory. The distances are relative to the exit of the

shielding wall (~22 m from the X-ray source).
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within the FP6 SAXIER grant (www.saxier.org) are
directly related to the HISAXS proposal. Thus an
integrated software system for solution scattering
allowing automated data analysis is being developed
at EMBL Hamburg. Online gel filtration techniques
for macromolecular solutions are being developed at
SOLEIL (the SWING beamline). Microfluidic systems
are being developed at IBR-Graz/ELETTRA (the
Austrian SAXS beamline) and at ESRF ID13/ID10B.
High-throughput data reduction routines for solution
scattering are available at ID02 (www.esrf.eu/
UsersAndScience/Experiments/SCMatter/ID02/
BeamlineDescription/DataReduction) and for solid
polymers/biopolymers at ID13 (Davies, 2006).

A possible layout of the beamline is shown in
Figure 1. The beamline would be equipped with a
tuneable channel cut monochromator and a
complimentary double multilayer monochromator.
The aim will not be to reach the smallest Q-values
but to find a compromise between flux density and
Q-range using 1:2 demagnifying optics. Focusing
could be based either on mirror optics or on
beryllium refractive lens optics or a combination of
both providing the highest possible stability and the
lowest background. A particularly interesting focusing
optics combining stability and focal spot tunability
could be crossed refractive beryllium lenses in
combination with a planar mirror for energy cut off. 

In view of the low background requirements, 2D gas
filled detectors (e.g. Bruker) are currently the best
choice. This might evolve as pixel detectors become
available. Separate detectors for SAXS and WAXS
would be available. The vacuum tube between sample
and detector would be up to 10 m long in order to
provide a range of Q-values.

Context with new sources and user
community

Bending magnet SAXS/WAXS beamlines are installed
at all European synchrotron radiation sources. The
availability of new sources such as PETRA-III and
DIAMOND does not make these beamlines obsolete.
A highly automated and high throughput
SAXS/WAXS beamline will even be constructed at
DIAMOND. This shows that undulator SAXS/WAXS
beamlines cannot cover the full range of SAXS/WAXS
applications. 

Technical considerations

Most technical solutions have already been developed
on ESRF undulator beamlines. The development of
linear refractive beryllium lenses could be handled
within the ESRF nanotechnology platform.

Support facilities

The beamline will require an integrated laboratory for
the testing of sample environments and standard
sample preparation facilities. Access to ancillary
laboratories specialising in rheology, spectroscopy
(light scattering, IR, Raman…), microfluidics and
biology will be required. These could be located in a
Soft Condensed Matter Partnership structure, for
example jointly with the Institut Laue Langevin.
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MINADIF: Micro- and Nano-
Diffraction

Summary

The proposed project aims at the provision of two
independently operating branches for micrometre and

www.esrf.eu/ UsersAndScience/Experiments/SCMatter/ID02/
www.esrf.eu/ UsersAndScience/Experiments/SCMatter/ID02/
www.esrf.eu/ UsersAndScience/Experiments/SCMatter/ID02/
www.saxier.org


Soft Condensed Matter

A56 ESRF Science and Technology Programme 2008-2017

nanometre sized beams for SAXS/WAXS and
complimentary techniques such as µRaman, µX-ray
fluorescence (µXRF). With the proposed project new
research opportunities spanning the range from
micrometre to nanometres sized beams will be
established from which a wide user community, in
particular soft condensed matter (SCM), functional
and structural biology (MX), will benefit.

Microbranch
• A highly flexible branch for µSAXS/WAXS; 
• Single crystal and scanning techniques down to
about 0.5 µm beam size;
• Automation of scanning techniques including online
data analysis tools;
• Rapid turnover of special equipment such as optical
tweezers, stretching cells, etc.;
• Integrated µRaman setup with short and medium
focal distance optical heads; 
• Online µXRF setup;
• Integrated laboratory with confocal Raman
microscope.

Nanobranch
• A research and development branch for
nanodiffraction and complimentary techniques;
• Single crystal and scanning techniques down to
50 nm and less;
• Use of coherent, divergent nanometre sized beams
• nanotomographies: e.g. SAXS tomography, XRF
tomography;
• Integrated nanoimaging and nanomanipulation:
AFM, near-field optics, nanofluidics;
• Integrated laboratory with nanoimaging and
nanomanipulation tools.

Scientific case

Overview

History: small and wide angle X-ray scattering
(SAXS/WAXS) techniques with micro and nanobeams
have been developed at the microfocus (ID13)
beamline (Riekel, 2000). Beam sizes proposed for user
experiments currently span the range from 5 µm to
300 nm and 50 nm spot sizes have been demonstrated
(Schroer, 2005). 

Applications: scientific applications cover a wide
range of hierarchically organised materials with an
emphasis on polymers and biopolymers. Techniques
used allow both top-down analysis (scanning
µSAXS/WAXS) as well as bottom-up analysis (single
crystal µdiffraction). Micro- and nano-beams are used
in polymer science (e.g. scanning µSAXS/WAXS on
bulk polymers - Zafeiropoulos et al., 2005), functional
biopolymers (e.g. in vivo silk extrusion from spiders -
Riekel and Vollrath, 2001), single crystal
microdiffraction on proteins (e.g. amyloid fibres -

Nelson et al., 2005) and small unit cell compounds
(e.g. kaolinite - Neder et al., 1996). Complimentary
techniques, such a µXRF (Flynn et al., 2006) or
µRaman (Davies et al., 2005), are available to users.
ID13 has also been involved in research and
development on many X-ray focusing devices (e.g.
waveguides - Jark et al., 1996). The interest of the
community in these techniques has led to the
installation of microdiffraction beamlines or end-
stations at several European third-generation
synchrotron radiation sources for soft condensed
matter (SCM), functional biopolymers or
macromolecular crystallography (MX).

Beamline characteristics: a characteristic feature of
the ID13 beamline is its high flexibility allowing
experiments with complex sample environments such
as: stretching, indentation, microfluidics etc. New
sample environments, such as optical tweezers
(Amenitsch et al., 2006), are constantly being
commissioned. In addition, complimentary tools for
microfluorescence (µXRF) and µRaman are proposed
for user experiments.

During the first part of 2007 the new ID13 nanofocus
end-station has started developing science and
instrumentation for beams of 50 nm and smaller,
which will have a high degree of coherence. The end-
station has been optimised for stability and precise
movements, which implies highly specialised sample
environments.

Many user experiments will, however, continue to
require an end-station with a 0.5 to 1 µm beam and a
flexible sample stage. A highly automated beamline
control and online data collection routines are
recurrent requirements from user groups, which are
not specialised in synchrotron radiation experiments.
This is typical for cultural heritage applications such
as archeological/historical Chinese silk gowns
(Hermes et al., 2006). 

Microbeams also provide, in general, access to smaller
q-values than nanobeams, which can be important for
the study of hierarchical materials. 

Proposal: it is proposed to split the ID13 beamline
into two independently operating branches thus
providing the possibility of a better adaptation to the
specific user requirement. A close collaboration
between both branches should, however, be
maintained. Research and development on both
branches can be defined as follows:

- Microbranch (0.5 to 1 µm beams): for complex
sample environments with optimum optical sample
observation tools. This applies, for example, to the
field of microfluidics, which is closely linked to
microrheology (Waigh, 2005) The development of
microfluidic technologies will allow development of
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new approaches in biomimetics (artificial silks -Vollrath
and Knight, 2001, artificial muscles - Geoghegan et al.,
2006). µSAXS/WAXS data collection should be highly
automated including online “image” generation from
which microscopic information can be extracted
(Riekel and Davies, 2005; Davies, 2006; Gourrier et al.,
2006). Rapid information on local structures is of
interest for polymeric materials (e.g. composites) and
biomaterials (e.g. bones, biomineralisation). Research
and development will develop more and more towards
in situ techniques, which require special setups (e.g.
microindentation - Gourrier et al., 2005)-, microdrop -
Rössle, et al., 2003). Complimentary online techniques,
such as X-ray fluorescence (Berlund et al., 1999) and
µRaman (Davies et al., 2005) will be available. µRaman
can provide local molecular information in
combination with µSAXS/WAXS experiments (Davies et
al., 2006). Single crystal µdiffraction will be an integral
part of the microbranch. ID13 has thus recently
demonstrated single crystal protein µdiffraction with an
about 1 x 1 µm2 beam (Moukhametzianov, to be
published). This will allow systematic exploration of the
Henderson limit for proteins and biopolymers
(Henderson, 1990) ID13 is ideally placed for exploring
the limits of single crystal microdiffraction, which
requires a different approach than high throughput
crystallography performed on the MX beamlines. It is,
however, evident that such topics will increase the
potential for collaboration between ESRF groups but
will also require long term external collaborations.

- Nanobranch (50 to 500 nm beams): As for
µSAXS/WAXS in the past, one can expect that
completely new fields of applications will develop
with nanobeams. Many current µSAXS/WAXS
experiments will, however, also profit from the higher
positional resolution of nanobeams. This has already
been shown by the use of 300 nm beams on ID13 for
the study of hierarchical materials such as bones or the
interfaces between spherulitic materials. Nano-
SAXS/WAXS will require the implementation of
specialised nanotools such as nanoindentation. This
will allow, for example, studies of local strain fields in
biominerals. Nano-GISAXS has already been
performed at ID13 with a 300 nm beam (Roth, to be
published). It is tempting to speculate that this
technique could be applied to cell membranes.
Nanobeam experiments will, however, also develop
towards 3D imaging via nano-XRF techniques or
nano-SAXS tomography (Schroer et al., 2006).
Research and development in this area will extend our
know-how on skin core layers in synthetic polymers
and the complex morphologies of biopolymers.
Finally, the use of coherence will become an important
aspect for applications such as magnifying diffraction
imaging (DiFonzo et al., 2000) or phase projection
microscopy (Pfeiffer et al., 2003). The aim should be to
visualise domains of a few tens of nanometres size,
which are common to many polymer and biopolymer
architectures.

Techniques

Nanobeams will be generated by various
nanofocusing optics such as KB mirrors, KB refractive
lenses, Fresnel lens systems, waveguides etc. Each
focusing system to be installed at the nanofocus end-
station will be integrated into an “optics package”
including alignment and beam defining elements.
“Optics packages” can be exchanged via a common
interface structure located together with the sample
goniometer on a common granite support structure.
The sample goniometer is composed of a horizontal
air bearing x/y scanning system, an air bearing
rotation axis and a mini-hexapod with nanometre
positional accuracy. The mini-hexapod will serve for
scanning and alignment purposes including nano-
GISAXS. Microscopy and AFM tools will be
integrated into the setup. The detection system will
be positioned via a robotic arm (or equivalent)
allowing large amplitude (≤ 2.5 m) linear movements
(SAXS/WAXS) and angular movements (single crystal
or GISAXS). Complimentary XRF detection and
possibly a near-field Raman will be available. The
number of vacuum windows in the beamline will be
minimised in order to optimise coherent scattering.
The high flux density of nanobeams will induce
extreme radiation damage problems, which will
require optimising signal to noise ratios as far as
possible, the use of “stitching” techniques and to
speed up data collection in order to minimise
secondary radiation damage. This will also require the
use of a vacuum chamber with a cryo-stage.

Microbeams will be generated by KB mirror optics
and/or parabolic refractive beryllium lenses.
A combination of both is currently in use at ID13.
The sample stage will be highly modular and
comprise an x/y/z module with optional air bearing
rotation stage. SAXS/WAXS experiments will be
performed in scanning mode with integrated optical
alignment and sample positioning stages. A large area
2D detector (e.g. CCD or equivalent) will be installed
on a linear translation stage with 2.5 m stroke.
Automated data reduction routines will allow the
generation of online “images” based on specific
parameters (WAXS intensities, Invariant…) from mesh
scans using peak fitting routines. An online µRaman
system and an XRF detector will be integrated into
the setup.

Context with new sources and user
community

Several µSAXS/WAXS beamlines, end-stations or µMX
beamlines are to be installed or operational at European
third-generation synchrotron radiation sources: 
• DIAMOND: µSAXS/WAXS end-station; µMX
beamline; 
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• SOLEIL: µSAXS/WAXS beamline and
µSAXS/WAXS end-station; 
• PETRA-III: µ/nanoSAXS/WAXS-beamline and µMX
beamline; 
• BESSSY-II: µSAXS/WAXS end-station; 
• ALBA: µSAXS/WAXS end-station.

The micro- and nano-branch of the MINADIF
proposal puts forward a range of beam sizes and
experimental possibilities not available in this
combination at national facilities. The close
association of both branches would provide a high
flexibility in user operation. An increase of beamtime
for long term proposals and partnership
collaborations could be envisaged in view of complex
research and development projects in functional
biology and soft condensed matter requiring extended
preparation and testing periods and the interaction of
several groups. The proposed SAXS bending magnet
beamline (CDR HISAXS) will also be an important
asset for ESRF with respect to such projects. 

Technical considerations

There are no particular new technical challenges for
the proposed project. The ID13 beamline nanofocus
end-station started its commissioning period at the
beginning of 2007. Setting aside the splitting up of
the beamline into two branches by using canted
undulators, the main modification will be an increase
of the distance of the nanofocus extension hutch from
currently about 100 m (optics position) to about
140 m at the (for example) ID31 location (Figure 1).
This will provide more flexibility in reaching the
smallest spot sizes but also in increasing the optics to
sample distance for complex sample environments
requiring space. The ID13 nanofocus goniometer (to
be commissioned from September 2007) will be the
most advanced scanning diffractometer ever installed
at the ESRF and will allow new concepts of sample
positioning and manipulation to be tested.

The nanobranch will be equipped with a channel-cut
monochromator providing the possibility for energy
tuning and a multilayer monochromator for pink
beam applications. Whether the microbranch will be
operated at a fixed energy or with a variable energy is
open for discussion. A fixed energy of about 13 keV
would be sufficient for most SCM-applications and
provide the highest beam stability. A double crystal
setup would provide tunability for µXRF and
anomalous dispersion applications. It would, however,
require an extended travelling range of the second
crystal. Thus for a Si(111) crystal placed at 1 m
laterally from the nanobranch beam, the travelling
range would be 2.4 m for 8 to 17keV.

The availability of nanofocusing optics has to be
assured. At the current stage, the ESRF has a

competitive KB mirror technology for nanofocus
applications and nanofocus refractive lenses are at an
advanced commissioning stage. Other optical systems
(e.g. Fresnel, waveguides, capillaries) should, however,
also become available as standard beamline
components through international collaborations. 

Support facilities

Microbranch
Support laboratory: sample manipulation, preparation
and visualising tools: optical microscopy,
micromanipulators etc. The laboratory will also house
a confocal Raman setup.

Nanobranch
Support laboratory: sample manipulation, preparation
and visualising tools: optical microscopy, AFM, near-
field techniques etc.
On-site nanotechnology laboratory: electron microscopy
(SEM, TEM), focused ion beam (FIB), laser cutting;
sample manipulation: microlithography and sputtering
techniques; support facilities for testing and
integration of nanotools (e.g. nanoindenter).

Both branches
Ancillary laboratories: for advanced sample
environments: optical tweezers, microfluidics, inkjet
systems, mechanical testing, rheology, indentation.
These laboratories would principally serve the SCM
Group but would also be accessible to other
beamlines and groups. The labs should be close to the
SCM Group beamlines and could be an integral part
of a SCM partnership structure.
Biology laboratories: access to standard analytical
biology techniques available in the Partnership for
Structural Biology.
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Figure 1: Possible location of the microbranch (EH1) at 60 m
and the nanobranch (EH2) at 140 m from the low-β
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SAXS: Small Angle X-ray
Scattering

Summary

The possible evolution of the small-angle scattering
beamline (ID02) is described. The new beamline not
only enhances the performance of conventional
techniques such as small-angle X-ray scattering
(SAXS), wide-angle X-ray scattering (WAXS) and
ultra small-angle X-ray scattering (USAXS) but also
introduces non-traditional scattering and imaging
methods. The emphasis will be on quantitative
scattering experiments which together with advanced
sample environments and data analysis methods could
open new avenues in soft matter, non-crystalline
structural biology, material and environmental
sciences. 

Scientific case

Overview

Soft matter and many biological materials possess a
microstructure that responds easily to an external
deformation (Lubensky, 1997). Scattering techniques
are ideally suited for probing these structures which
often extend to multiple levels. Developments over
the last decade have promoted applications of SAXS
and related techniques such as WAXS and USAXS in
soft matter and non-crystalline structural biology
(Narayanan, 2007). Scattering experiments are often
combined with a variety of thermophysical and
rheological techniques. As a result, not only are
equilibrium structures revealed but also non-
equilibrium dynamics can be studied down to the sub-
millisecond range. For instance, quantitative
scattering experiments have allowed probing rapid
growth kinetics in very dilute systems (volume
fraction < 10-6) (Beaucage et al., 2004) and low
contrast samples (Weiss et al., 2005). 

Despite the significant progress over the last decade,
scattering methods are somewhat overshadowed by
the parallel advancements in real space (e.g. confocal
microscopy) (Leunissen et al., 2005) and manipulation
techniques (e.g. optical tweezers) (Grier, 2003). The
success of these techniques can be largely attributed
to the ability to design appropriate model systems
and data analysis based on advanced computer
simulations. Nevertheless, real space methods are
susceptible to various artefacts and have limitations
when quantitative structural or kinetic information is
desired. As a result, scattering techniques remain
essential for quantitative studies. The most powerful
approach is to combine scattering and real space
methods in a complementary fashion. 

In order to make scattering techniques more
attractive, not only are instrumental developments
desired but a major emphasis on designing model
systems and formulating advanced data analysis
methods based on analytical theories and computer
simulations are also required. The latter aspects
necessitate much broader and interactive
collaboration between the user community and large
facilities. 

In the following, representative fields are outlined, in
which scattering techniques are likely to remain
dominant in the coming decades. 

Soft matter: microstructure and non-equilibrium
dynamics 
Soft matter physics continues to pose new
experimental and theoretical challenges.
Understanding the complex phase behaviour and
underlying microstructures is crucial in resolving
these issues. Many soft matter systems are composed
of highly self-organised complex macromolecules.
Although the equilibrium structure of a large variety
of such systems has been widely investigated, the
kinetic pathways of self-assembly remain largely
unexplored (Robinson, 2003). Examples include
surfactants, block copolymers, and lipid-
biopolyelectrolytes (e.g. DNA, actin, etc.) complexes.
In addition, a comprehensive understanding of soft
matter self-assembly is primordial in many
nano/biotechnological applications. The true
character of soft matter is best demonstrated when
driven out of equilibrium (e.g. in shear flows). The
relationship between macroscopic rheology and
microscopic structure and dynamics is reasonably well
understood in homopolymer and model colloidal
systems (Larson, 1999). However, self-assembled
block copolymer or amphiphilic systems and
anisotropic colloids impose fresh questions some of
which can be readily addressed using combined shear
flow and scattering experiments. Soft matter in
complex flows (e.g. in a microfluidic environment) has
been little explored by synchrotron scattering
methods. Recently, the different kinetically arrested
states in systems dominated by competing repulsive
and attractive interactions (e.g. globular proteins) have
received considerable attention (Sciortino and
Tartaglia, 2005). In this case, scattering experiments
together with appropriate theoretical modelling can
provide new insights (e.g. the enigma of long-ranged
forces in globular protein solutions). 

Non-crystalline structural biology: structure-
function relationships
The key advantage of SAXS for studying biological
systems is that it can provide physiologically relevant
structural information. The widely studied system is
muscle where a molecular level understanding of the
structure and mechanical function can be reached
(Piazzesi et al., 2002). Similar investigations are being
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extended to excitable membranes (e.g. axonal
membranes in nerve) and many other soft tissues.
The success of these studies critically depends on the
improvement in scattering detection, since the
structural changes are rapid and at the same time
samples are very susceptible to radiation damage.
Other topics include protein-protein interactions,
folding and conditions for protein crystallisation and
self-assembly. 

Biomimetic and bio-inspired self-assembled
systems: structure and kinetics 
This is an interdisciplinary area between soft matter
and biology and involves extremely complex systems
(Bar-Cohen, 2005). One of the less understood
questions is how self-assembly brings unique
structural and dynamical features which are different
from their building blocks. Time-resolved scattering
allows one to learn about the recipes optimised by
Mother Nature over millions of years. The underlying
problems (e.g. biomineralisation) involve multiple
length and timescales. A combination of USAXS,
SAXS and WAXS techniques reveals a wealth of
structural information in biomimetic systems (Valery
et al., 2003). These studies can address questions such
as how the kinetic competition in the self-assembly
process leads to structures with unique mechanical
properties (e.g. biological tissues, bones, etc.). 

Green chemistry and environmental sciences:
chemical reactions and open non-equilibrium
systems
New material synthesis largely depends on novel
synthetic routes which are often constrained by
increased environmental concerns. A way to
overcome this issue is to perform the reactions in
miniature volumes (e.g. microfluidic devices) (Chan
et al., 2005). Scattering techniques offer interesting
possibilities in monitoring such reactions in nanoscale
and thereby allowing conditions to be optimised. In
environmental sciences, the control of aerosols
resulting from the combustion of fossil fuels is a major
issue. Recently, synchrotron scattering experiments
have been used to elucidate the mechanism of particle
nucleation and the formation of multiscale structures
in open non-equilibrium conditions (e.g. spray
pyrolysis, exhaust of a diesel engine, etc.) (Beaucage
et al., 2004). In this case, an appropriate combination
of SAXS and USAXS provides insight to structural
development from a few nanometres to micron scale. 

Techniques

Combined SAXS and WAXS
The aim is to improve the detection limit of these
techniques to unprecedented levels. In the SAXS
range, the present limit is of the order of 0.1% of
water scattering (10-6 mm-1) (Narayanan, 2007). An
improvement by an order of magnitude would allow
more quantitative investigations of dilute and

radiation sensitive samples, increase the time
resolution in kinetic studies and the recording of weak
scattering features of low contrast samples. Advanced
data analysis methods will be crucial for exploiting
these technical developments. These improvements
would also benefit anomalous scattering methods
applied to soft matter systems. 

USAXS
Bonse-Hart USAXS has now emerged as a matured
technique providing a high intensity dynamic range
(> 108), low background, absolute intensity scales and
high scattering vector (q) resolution (∆q ~ 10-3 nm-1)
(Narayanan, 2007). It is important to maintain this
technique as complimentary to SAXS and light
scattering. However, this is a scanning method which
provides only one dimensional scattering profile.
Therefore, it is desirable to have a long pinhole
USAXS instrument with similar q resolution and
intensity dynamic range of a Bonse-Hart camera. This
instrument will be suitable for investigating ordered
samples with lattice spacing in the micron range (e.g.
photonic crystals), self-organised growth kinetics in
non-equilibrium systems (e.g. spray pyrolysis) and
radiation sensitive biological specimens (e.g. protein
complexes, tissues, etc.). The long pinhole camera
will also be useful for performing SAXS at high
energies and extending ASAXS to small q values. In
addition, the combination of USAXS and imaging
will be a powerful approach to study hierarchically
ordered systems in medical applications (Levine and
Long, 2004). 

Near-field X-ray scattering (NFXS)
In the optical region, near-field scattering has been
demonstrated as a viable alternative to conventional
scattering methods (Ferri et al., 2004). This technique
is based on the analysis of heterodyne speckle formed
by the mixing of strong transmitted and scattered
beams. The scattered intensity is given by the power
spectrum of the fluctuating component of the
recorded signal (Ferri et al., 2004). A key advantage of
this approach is that it provides direct access to the
scattering amplitude as opposed to intensity in
conventional scattering methods. This technique is
complimentary to USAXS and extends the q range to
an order of magnitude lower (10-4 nm-1). 

Context with new sources and user
community

Upcoming sources such as DIAMOND, PETRA-III,
SOLEIL, etc. have dedicated SAXS/WAXS beamlines.
Whilst these new beamlines attempt to incorporate
advanced technology, there is less emphasis on the
quantitative aspects of SAXS techniques. In this
respect, ID02 is unique in Europe for highly
quantitative synchrotron SAXS/WAXS/USAXS
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experiments. In addition, USAXS is a specialised
technique which requires some experience to reach the
same data quality as that currently obtained at ID02. 

The present user community is very diverse and
during the last several years, more than sixty
proposals were received per allocation period. Only
about 30 to 35% of these proposals were awarded
beamtime and in some cases with a significantly
reduced number of shifts than those requested. With
the introduction of new methods such as NFXS, the
diversity of the user community is likely to broaden.
The number of proposals from existing users is also
likely to increase if there is more beamtime available
and advanced data analysis tools are provided. 

Technical considerations

At present, the main limiting factor for SAXS
techniques is the detector. A two dimensional
detector with adequate sensitivity, spatial and time
resolution, and dynamic range is not yet available.
The scientific exploitation of the existing and future
beamlines largely depends on the availability of a
suitable detector. To overcome this bottleneck, a
significant investment will be required. Pixel array
detectors seems to offer a promising future scenario
but to fulfil the SAXS requirements, the detector
should have a defect free detecting area and read out
structure, fast read out and stable continuous
operation at high count rates. Direct coupled CCD
based detectors have the advantage of higher spatial
resolution and maintenance free operation for a
longer period, which make them a workhorse
detector for SAXS. However, to realise adequate
sensitivity and detection area, a system based on the
tiling of four or more large CCDs (fibre optic coupled
or three side buttable) will be required. This could be
realised as a continuation of the ongoing CCD
detector developments at the ESRF. High count rate

gas detectors still remain as an option for time-
resolved SAXS experiments. For the NFXS, high
spatial resolution (1 µm) and dynamic range (> 105)
are essential but the high signal level (transmitted
beam) makes it possible to compromise on efficiency.

Focusing optics capable of fully maintaining the low
emittence and the stability of the source is critical for
USAXS and high resolution SAXS. This is another
aspect requiring more efforts since the currently
attainable figure errors and mechanical stability of
focusing mirrors do not permit reaching close to the
ideal source divergence and size. Refractive optics has
the disadvantage of higher background, absorption
and dispersion. As a result, the reflective optics is still
preferred for SAXS and USAXS applications. 

The potential applications of long pinhole USAXS
instrument include probing transient processes in
dilute systems, long-range correlations in plasmas,
metastable emulsions, large biological complexes, etc.
As a result, the parasitic background of the instrument
needs special consideration. In order to gain
significant improvements over the existing pinhole
instrumentation (∆q ~ 3 x 10-3 nm-1 and 
qMin ~ 6 x 10-3 nm-1 in the vertical direction), for
the given source size and divergence, the sample
to detector distance has to be increased to 40 to
50 m. This means that to curtail the parasitic
background and thereby allowing a reasonable
beamstop size (~ 3 mm; qMin ~ 2 x 10-3 nm-1), the
optical elements have to be placed at 40 to 50 m
distance before the sample (Narayanan, 2007). As a
result, the length of the beamline will have to be
more than 110 m. The pinhole USAXS setup would
use a magnifying focusing optics (1:2) which
demagnifies the beam divergence and allows to obtain
∆q ~ 1.5 x 10-3 nm-1 with low background. A high
intensity dynamic range (> 218) two dimensional
detector will be essential for covering a wide q range.
In addition, the beam centre should be stable to

Figure 1: Schematic layout of the proposed beamline for SAXS/WAXS and USAXS applications. Scattering setups NFXS, Bonse-
Hart and combined SAXS/WAXS are located in EH1, EH2 and EH3, respectively. The long pinhole USAXS instrument extends

from EH4 (sample) to EH5 (detector).
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within 0.5 mm at the beamstop position. For strongly
scattering colloidal crystalline systems, there is an
alternative scheme for high angular resolution studies
(Petukhov et al., 2006). This method would also gain
by having a longer sample to detector distance. 

Figure 1 presents the schematic layout depicting the
experimental stations for NFXS, Bonse-Hart USAXS,
SAXS/WAXS and long pinhole USAXS instruments.
Experimental hutches (EH) 2 and 3 (Bonse-Hart and
SAXS/WAXS instruments, respectively) are similar to
the existing beamline. To preserve the coherence for
NFXS in EH1, it is proposed to use an unfocused
monochromatic beam. The channel cut crystals of the
Bonse-Hart setup (EH2) could be used to condition
the beam for the long pinhole USAXS instrument
located in EH4 and EH5. In the USAXS q-range, it is
important to discriminate the contributions to
scattering and diffraction from reflection and
refraction (crossover region). For this purpose, the
Bonse-Hart instrument will be a good diagnostic tool. 

Finally, it should be recognised that the high quality
data produced by these SAXS instruments can be
quantitatively exploited only if there are appropriate
data analysis tools.

Support facilities

Advanced laboratories for sample environments,
sample preparation and pre-characterisation are
required. The sample environment and preparation
laboratories need to be attached to the beamline.
The laboratory for sample characterisation could be
within the soft matter infrastructure on-site.
Required facilities include static and dynamic light
scattering, high precision rheology, confocal
microscopy, etc. Development of data analysis will
rely on a dedicated computing environment located
close to instruments.
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XPCS-CXS: X-ray Photon
Correlation Spectroscopy and
Coherent X-ray Scattering 

Summary

The ID10A and ID10C stations specialise in
applications of coherent X-ray scattering and X-ray
photon correlation spectroscopy (XPCS), including
coherent SAXS and coherent diffraction imaging
(CDI). As the coherent properties of the beam are
degraded by the multiplexed ID10B side station, we
propose to separate these branches into two
independent beamlines and to reconstruct them on a
sector (e.g. ID28) where sufficient floor space (width
and length) is available. The coherence beamline
described here will use in-vacuum undulator
technology on a canted branch (e.g. ID28A) and host
two experimental stations.
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Scientific case

Overview

Soft Condensed Matter is a scientific field
characterised by its extremely diverse character and
crosses borders between the classical disciplines such
as physics, chemistry and biology. Typically, the
length scales of interest in soft matter range from
~1 nm to 10 µm and hard X-ray scattering
experiments are performed in the small angle regime.
X-ray, (visible) light and neutron scattering have
contributed with pioneer work in soft condensed
matter, e.g. colloidal, polymer and liquid crystal
sciences. In addition, scattering experiments continue
to provide new insights into liquid surfaces/interfaces
and thin film studies. The dynamics of soft matter can
be relatively slow (~1 ns to 1000 s) due to its
hydrodynamic character and the mesoscopic length
scales involved. Topics such as gelation, jamming and
the glass transition continue to receive considerable
amounts of interest beyond the usual soft matter
community.

Scattering Experiments with Coherent Light enable
the dynamics on distinct length scales to be followed
by characterising the temporal evolution of the
speckle pattern at various momentum transfers, Q.
For length scales above 1 µm this can be achieved by
dynamic light scattering (DLS) of visible laser light, a
standard technique in soft matter science. Since 1994
the ID10A team has pioneered the use of coherent
X-rays to perform dynamics measurements by X-ray
photon correlation spectroscopy (XPCS) (Grübel et
al., 2007), the X-ray counterpart to DLS. XPCS has
the obvious advantages of smaller wavelength (larger
possible Q), no multiple scattering, penetration
power, surface sensitivity, etc. The drawbacks are the
limited coherent flux compared to optical lasers and
the difficulty of having an efficient and fast XPCS
detector. Over the years, the efficiency of XPCS
experiments on ID10A has increased by almost two
orders of magnitude due to reduced machine
emittance and improved beamline optics. Soft matter
is often subject to beam induced damage and
therefore the high flux imposes new experimental
challenges in reducing the dose received by the
sample without compromising the quality of the
acquired data.

X-ray Photon Correlation Spectroscopy (XPCS)
highlights from ID10A constitute the foundation for
the scientific case of the new beamline. Recently,
several experiments have addressed non-equilibrium
dynamics, which is only possible by multi-speckle
XPCS using a fast, high resolution and high
sensitivity 2D detector (Caronna et al., 2006).
Interestingly, common dynamic phenomena known as
jamming and aging are observed in fundamentally
different systems such as colloidal glasses (Robert et al.,

2006) and gels (Fluerasu et al., 2007). The study of
interactions and dynamics in colloidal systems was,
from the very beginning, an active research field at
the beamline and here XPCS continues to provide
new insights. Recent highlight examples include
studies of magneto-hydrodynamics in ferrofluids
(Robert et al., 2006), many-body interactions in charge
stabilised suspensions (Banchio et al., 2006) and
microrheology by nanoparticle tracer diffusion in
complex fluids (Papagiannopoulos et al., 2005).
Recently, XPCS was used to study equilibrium bulk
fluctuations in a lyotropic lamellar phase (Constantin et al.,
2006). Surface dynamics is another topic where XPCS
was successfully applied with the beam impinging at
the surface under grazing angles to study capillary
waves and surface diffusion (Madsen et al., 2005; Streit
et al., 2007). XPCS has also been used in grazing
incidence geometry to characterise the dynamic
modes of smectic liquid crystal membranes (Sikharulidze et
al., 2005) and references therein for a complete
overview). In parallel with the ongoing soft matter
applications, there have also been many successful
XPCS experiments in hard condensed matter. Recent
examples comprise the study of mixing and unmixing
kinetics and diffusion in alloys (Pfau et al., 2006) and
critical dynamics related to ordering (Ludwig et al.,
2005) and displacive transitions (Ravy et al., 2007).

Coherent Diffraction Imaging (CDI), also denoted
X-ray diffraction microscopy, was initiated during
2006. Working with XPCS, the ID10A team has
gained considerable experience in tailoring coherent
X-ray beams and using them for CDI experiments. Up
to now, three user experiments have been successfully
conducted in close collaboration with the ID10A
team. Here, the high degree of coherence in the setup
is used to record static speckle patterns, which, if
taken under the right conditions, can be inverted by a
phase retrieval algorithm to obtain the real space
structure. Recently, 17 nm resolution was
demonstrated in CDI experiments with 5 keV X-rays
at SPRING-8 (Miao et al., 2006). The scientific case
for CDI in the SAXS regime includes problems of
border line feasibility for electron diffraction and
optical microscopy (for example 3D nanoimaging of
single cells and bacteria (Shapiro et al., 2005) and
hierarchical structures such as collagen and cellulose).
CDI has also been applied to map out strain fields
inside nanocrystals by recording speckles around the
Bragg reflections (Pfeifer et al., 2006). The
applications of anomalous and polarisation effects still
need to be developed for CDI and XPCS, for instance
to study magnetic structures in the future.

There is still a large unexplored potential for XPCS,
both when it comes to attracting new user groups and
concerning the possible site developments (for
example the Soft Matter Partnership with ILL). With
the forthcoming machine and detector upgrades it is
believed that XPCS will expand its capabilities to
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even weaker scattering objects, for instance enabling
the study of biological samples which, nowadays, is at
the borderline of feasibility. Beam damage will
become an increasing problem and it is important that
the new beamline has a better performance at 12 to
18 keV than it does presently. CDI is still largely
unexplored in the soft-matter and bio-domains where
there is a huge development potential, as well as in
the study of (buried) interfacial structures.

Techniques

X-ray Photon Correlation Spectroscopy (XPCS)
will remain a key activity at the proposed new
beamline. Since it is not restricted to any particular
scattering geometry it is important that the upgraded
beamline remains very versatile with SAXS, WAXS
and GID capabilities. This is best accomplished by
having two experimental hutches. At present XPCS is
detector limited, especially for SAXS and GID
applications: the available, CCD-based area detectors
have insufficient frame rates. We anticipate that, in
the future, pixel detectors will become the standard
detector for XPCS. Their larger pixel size must be
taken into account in the beamline design, as it puts
requirements on the minimum sample to detector
distance. For the fastest timescales, APD detectors
with 1 ns dead time are required and the storage ring
must operate in uniform filling mode.

Coherent Diffraction Imaging (CDI) experiments
have, in general, quite different requirements to
coherence and flux than XPCS. It is essential to fine
tune the Q-resolution and the field of view in a CDI
experiment to fulfil the over sampling criterion. This
requires a large, movable area detector at a distance
up to ~7 m from the sample. Optimum focusing and
beam tailoring is crucial for CDI, and an increased
source to sample distance would increase the
exploitable Q-range of the beamline towards smaller
Q, allowing studies of micrometre sized structures. 

In summary, we propose to reconstruct the ID10A/C
stations with a larger source to sample distance, larger
experimental hutches on an independent beamline
without the upstream semi-transparent ID10B
diamond monochromator (which distorts the
wavefront).

Context with new sources and user
community

Several coherent scattering beamlines will become
operational in Europe within the next five years.
There are detailed plans at SLS (under
commissioning), PETRA III (beamline approved),
DIAMOND (beamline approved) and SOLEIL
(several beamlines planning to include coherence

techniques). This will certainly boost the field as
such, but also significantly sharpen the competition
within Europe. In the 7 to 12 keV range, the coherent
flux of the new sources will be comparable to that of
the ESRF. 

The ESRF will retain its competitive advantage if it
capitalises on the following points:
• The ESRF already has extensive know how in all the
technical fields related to coherent X-rays, in
particular optics, detection and vibration control.
• The ID10A team pursues an in house research
programme 100% devoted to the applications of X-ray
coherence in condensed matter science (dynamics and
more recently imaging) in close collaboration with
leading European institutes and universities. 
• The ESRF caters to a very diverse user community
and covers many different scientific fields. Cross
fertilisation between them has led to the emergence
of new applications for XPCS and CDI (for example
in biophysics, chemistry and biology).
• The different soft condensed matter activities at the
ESRF could be grouped sensibly in terms of space and
co-ordination in order to profit from shared
laboratory facilities, preparation areas, etc and from
idea and development sharing. Transverse links
between groups have already started, particularly
between this proposal and the Macromolecular
Crystallography Group proposal MX-BIB for a
biology imaging beamline based on coherent
diffraction imaging. 
• A fast track beam time application could be useful
to promote activities during the critical start-up phase
of a serious ESRF push on coherent diffraction
techniques. This could allow rapid testing of
foundation technology.
• The idea of a Soft Condensed Matter Partnership
including the ILL should be strongly supported. 

Technical considerations

Significant advances in coherence techniques for soft
matter applications will require the building of a new
dedicated beamline. The multiplexing of a side
branch onto the XPCS beamline should be avoided
for the following reasons:
• The upstream, semi-transparent monochromator
degrades the X-ray wave front and thus decreases the
coherence of the beam.
• The type and operational settings of insertion
devices, ring-side optics, primary slits, etc, can be
optimised, whereas on a multiplexed beamline a
compromise has to be found for all optical elements
up to the beam splitter.

These advantages could be realised if the two Troika
branches, ID10A/C and ID10B were to share a sector
as canted beamlines. The downside of this
arrangement is a reduction in (coherent) flux. 
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Nowadays, the limiting factor for XPCS on ID10 is
mostly the detector (size, speed, efficiency). The
rapid development of a new generation of pixel
detectors is therefore the most urgent need.

Further problems may arise from beam induced
sample damage. This effect can be minimised by a
judicious choice of the photon energy. We envisage
to extend the energy range over which an intense,
coherent beam can be delivered to 7 to 18 keV. This
requires a redesign of the beamline optical scheme,
which today is optimised for ~8keV. An end-station
should be constructed in the proposed new
experimental hall extension, at a distance of
approximately 110 m from the source. In this hutch
up to 7 m detector-sample distance must be foreseen.
A submicron precision positioning system with sphere
of confusion to the order of 100 nm is required for
manipulation of micron sized samples, as well as an
on-axis sample viewing system with high resolution. 

An upstream hutch (~55 m from the source) should
house a six circle diffractometer with heavy load
capacity for coherent WAXS and GID purposes.
Keeping a layout with two hutches will provide the
maximum flexibility in choosing energy, beam size,
and scattering geometry for every XPCS and CDI
experiment. Both stations will have extended focusing
capabilities (7 to 16 keV), including the possibility to
define a secondary “coherent” source by double
focusing in a so-called eye-piece geometry that
exploits the chromaticity of compound refractive
lenses. Such operation is clearly favourable at an
extended beamline providing the optimum of
flexibility and source-sample distance. All optical
components must be of the highest possible quality in
order to control and tailor the wave front from source
to sample. Windowless operation should be an
option.

Specialised online data visualisation and data
reduction tools need to be integrated into the
beamline operation system. In designing optics,
instrumentation and the two hutches, special care
must be taken to eliminate vibrations and electrical
noise which are the worst enemies of XPCS and CDI.
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Introduction to the Conceptual Design Reports of the
Surface and Interface Science Group

CDI Coherent X-ray Diffraction Imaging and Microdiffraction: page 68
Extending lensless coherent X-ray diffraction imaging to the nanoscale. 

HXPM Hard X-ray Photoelectron Microscopy: Chemical and electronic page 72
characterisation by hard X-ray photoelectron spectroscopy on the nanoscale.

SURF Surface Diffraction: Extending surface X-ray diffraction into the page 74
time domain and to micron sized objects.

The three Conceptual Design Reports of the Surface
and Interface Science (SIS) Group build upon the
present strengths and capabilities of the three
beamlines ID01, ID03 and ID32, which will be very
strongly enhanced. Surface Science has always been
nanoscience by definition, with one relevant
dimension being on the nanometre scale.
The consequent upgrade of the three beamlines
proposed here will allow routine sample
characterisation with resolution in all three
dimensions on the nanometre scale.

Surface science is traditionally multidisciplinary.
The three CDRs are relevant for soft matter and
biology (e.g. in view of hard matter/soft matter
interfaces and functionalisation of surfaces). An
important issue will be the investigation of structure
and chemistry in view of catalysis. Self-organisation
and/or band structure tailoring via surface stress can
be studied, as well as dynamic and electronic
properties induced or modified by nanostructuring.
The CDRs will have a strong bearing on fundamental
(e.g. self organisation) and applied science (e.g.
microelectronic devices).

The SURF CDR represents a strongly accelerated
evolution of the capabilities of the surface diffraction
beamline ID03, which has just recently been
completely refurbished and newly commissioned.
Accessing the time dependence of catalytic reactions
and micrometre sized surface features are the key
aspects of this CDR.

The CDI CDR represents an important and
consequent upgrade of the scientific potential of
beamline ID01 allowing the (lensless) diffraction

imaging of nanometre scale objects, based on
coherent microdiffraction, phase retrieval and
oversampling.

The HXPM CDR demands a complete rebuild of
ID32. Whilst retaining the present X-ray standing
wave (XSW), X-ray photoelectron spectroscopy
(XPS) and surface X-ray diffraction (SXRD)
capabilities, the realisation of this CDR will allow
hard X-ray photoelectron spectroscopy (HAXPES)
on the nanometre scale. This requires a significant
increase of the length of the beamline in order to
obtain chemical and electronic information with ~30
nanometre resolution, complementary to absorption
or fluorescence spectroscopy.

The three CDRs will lead to a highly attractive
European synchrotron (hard) X-ray centre in surface
and interface science, with the ability to routinely
tackle problems in nanoscience and nanotechnology.
This centre would be unique in Europe, since a
concerted effort in surface and interface science is not
foreseen at the upcoming second European third-
generation hard X-ray machine (PETRA-III).

The extended buildings and renewed infrastructure
created as the consequence of the ESRF Upgrade
Programme will allow the synergy of existing surface
science equipment to be enhanced and the present
equipment to be extended to prepare, handle and use
complementary techniques to characterise nanometre
sized samples. The CDRs can only be successfully put
into practice with the accompanying advancements in
X-ray optics, mechanical stability and detector
technology, as well as the envisaged improvement in
machine performance.

Summary of individual CDRs
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CDI: Coherent Diffraction
Imaging and Microdiffraction

Summary

The proposed project will establish new research
opportunities on ID01, from which a wide user
community will benefit:
• Provide an upgraded instrument with a stable beam
for µ-X-ray diffraction (µ-XRD) and to use the
coherence of the beam;
• Provide trained staff and modular setups to support
user demands with sub-µm and coherent diffraction
experiments (static and dynamic speckle analysis);
• Provide sample positioning routines with nm
resolution;
• Develop analysis routines for µ-XRD data from
individual objects;
• Provide a chamber for sputter erosion, thin film
deposition and annealing for in situ studies using the
sub-µm focused beam and surface sensitive X-ray
photon correlation spectroscopy (XPCS) on
nanometre length scales.

The current high flux option for anomalous small
angle X-ray scattering (SAXS) and wide angle X-ray
scattering (WAXS) will remain fully available to ID01
users.

As the characteristic dimensions of semiconductor
devices decrease into the regime of self-organised
nanostructures with sizes of about 100 nm, advanced
characterisation tools are crucial in understanding and
controlling their properties. To this end, several
different routes using synchrotron radiation have been
pursued. X-ray diffraction measurements on large
nanostructure ensembles have been very successful in
determining shape, chemical composition and strain
distribution. On the other hand, the focusing of 
X-rays has now progressed to beam diameters below
the 100 nm range with their partial coherence being
exploited for a model free conversion of reciprocal
space intensity distribution to the real space sample
structure. So far, this has been mainly used in
coherent diffraction imaging of almost strain free
micro- and nano-particles.

This project aims to combine these different
approaches for the characterisation of single
semiconductor nanostructures. We would like to push
the conventional analysis methods into the nanobeam
regime, and expand the capabilities of coherent
diffraction so that it will yield not only shape and
size, but also internal strain and extended defects in
nanostructures, by measuring an individual and
particular object using the focused nanobeam. For this
purpose, ID01 will be significantly upgraded with
new optical elements, and experimental equipment.

The X-ray results can then be correlated with the
results from other techniques on the same object.
The new setup will also open up other possibilities
such as X-ray photon correlation spectroscopy to
study critical fluctuations in confined geometries and
nanostructure evolution at various time and length
scales, making the facility attractive to a large user
community.

Scientific case

Overview

Nanomaterials, i.e. materials being different from
their bulk phase due to the small size, are within the
focus of intense research. The progress in
nanoscience and nanotechnology requires tools to
characterise the structure of objects both on the
mesoscopic and atomic levels. This is especially
relevant in semiconductor devices based on
heterostructures, where the user community together
with ID01 have already developed techniques to
study the average structural properties of large
ensembles of nanostructures (“quantum structures”).
One big challenge in this field is the investigation of
individual nanostructures, which is important in
quantifying differences in self-assembled structures
and to correlate these differences with the particular
nanostructure location on the sample. This will be
increasingly relevant for nanostructures embedded
into electronic devices. 

In order to reach this goal, we propose to refurbish
ID01 to obtain a sub-micron focused beam.
In microfocus experiments, real space mapping
(i.e. some analogy to a scanning point-probe image
of the surface) at a constant scattering vector
(specific for the nanostructure) will be combined
with diffraction experiments in reciprocal space.
This will allow the strain, size and chemical
composition of individual nanostructures to be
measured with the methods developed for large
nanostructure ensembles (Krause. et al., 2006). On
the other hand, the coherence of the beam will be
exploited to study the structure of objects on the
nanometre scale by coherent X-ray diffraction
imaging (CXDI). The potential of using a coherent
source of X-rays in diffraction experiments has
recently been realised in several experiments carried
out on ID01 (Schropp et al., 2006; Chamard et al.,
2006). This novel technique uses over-sampling for
phase retrieval to reconstruct the investigated
objects in real space, without using an elaborate
model of the structure. Both spatially resolved
microdiffraction (µ-XRD) and CXDI from low-
dimensional systems will play an important role in
the understanding of the structure, fabrication and
functionality of many nanomaterials (see for example
Krause et al., 2006).
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The advancement of CXDI will have wide ranging
applications including the investigation of self-
assembled semiconductor nanostructures, surfaces and
interfaces, extended defects, granular materials and
many other systems. In general, CXDI can be
anticipated as a versatile tool to determine the full 3D
spatial arrangement of scattering objects beyond
crystalline unit cells.

Techniques

Microdiffraction on Nanostructures
XRD has proven to be a powerful tool for the
determination of composition and strain distribution
in nanostructures. Several methods have been
established, based on measuring the diffuse intensity
distribution with a high resolution in reciprocal space
(Stangl et al., 2004; Kegel  et al., 2001; Schülli et al.,
2003; Malachias et al., 2005; Metzger et al., 2005;
Malachias et al., 2003). Whilst conventional local
probe techniques such as transmission electron
microscopy (TEM) typically reach lattice parameter
resolutions of about δa/a = 10-2, XRD experiments
easily reach values of δa/a = 10-3 to 10-4. So far, large
ensembles of typically 105 to 106 nanostructures have
been investigated by XRD, providing statistically well
averaged properties with a spatial resolution in the
nanometre range for the average object under
investigation. These XRD techniques consequently
only yield meaningful results for ensembles with low
dispersion in their nanostructure properties. However,
the interest in studying single, individual
nanostructures is increasing.

Considering their typical dimensions, an area with an
extension of not more than about 100 nm has to be
illuminated. In order to achieve detectable scattered
intensities, focusing of the incident beam is required
to concentrate the X-ray flux onto a very small area.
Considerable progress has been made in recent years
with X-ray focusing devices, and several groups have
demonstrated focus sizes around or even below
100 nm (Schroer and Lengeler, 2005; David et al.,
2002; Di Fonzo et al., 2000; Pfeiffer et al., 2001).
We therefore propose to exploit such focused
“nanobeams” and use them for the analysis of
individual nanostructures (Krause et al., 2006).
The same specific nanostructure can then be
investigated with several techniques, i.e. µ-XRD, 
µ-EXAFS, µ-DAFS, µ-photo-luminescence,… or using
microscopy methods.

Coherent X-ray Diffraction Imaging (CXDI)
In order to obtain the real space structure from XRD
experiments, structural models have to be assumed.
The use of the coherence of third-generation
synchrotrons offers a different approach, which
allows a model free reconstruction directly from
reciprocal to real space. If a nanostructure is
illuminated by an X-ray beam with a transverse

coherence length at least of the same size as the
nanostructure, coherent diffraction fringes appear,
which can be over sampled and used to reconstruct a
model free real space image of the nanostructure. The
technique of coherent diffraction imaging has been
applied in the forward direction to determine the 3D
morphology of objects. In case of coherent diffraction
close to Bragg reflections, additional information is
obtained on strain and extended defects. CXDI has so
far mainly been applied to metallic (sub)micron-sized
crystals, which are almost strain free (Williams et al.,
2003). We propose to further develop CXDI on single
islands of semiconductors coherently grown on a
substrate (such as SiGe dots on Si). The main goal is
to be able to determine, model free, the anisotropic
strain distribution in a single island and the substrate.

X-ray Photon Correlation Spectroscopy (XPCS)
With the nanobeam setup, not only will the
techniques mentioned above become feasible but
other applications will also benefit. One example is
X-ray photon correlation spectroscopy (XPCS) which
requires a coherent beam. XPCS allows the study of
dynamics as the speckle pattern is related to the exact
positions of the scatterers relative to each other. So
far, it has been used principally to study bulk systems,
for instance order-disorder phase transitions (Fluerasu
et al., 2005) and the surface structure of liquids (Gutt et
al., 2003). We intend to study the nanostructure
formation and dynamics during ion-beam erosion of
surfaces as function of time, substrate temperature and
ion energy. The combination of XPCS with grazing
incidence techniques (GISAXS and GID) will reveal
the dynamics of nanostructure formation from the
morphological density fluctuations to the crystalline
core, respectively.

Context with new sources and user
community

Beamlines for the use of microfocus and/or coherence
are planned or are in construction at DIAMOND
(I. Robinson), PETRA-III (O. Leupold), the Swiss
Light Source (F. Pfeiffer), SOLEIL (S. Ravy) and
ALBA (M. Capitane). 

DIAMOND: The techniques that will be used at the
Coherent X-ray Diffraction and XPCS Beamline at
the DIAMOND are similar to those of the ID01
project. On ID01, CDI in the forward direction can
be performed with much higher resolution, due to the
long SAXS channel. Beamline ID01 will be optimised
for semiconductor nanostructures, whilst at
DIAMOND the scientific areas will cover also soft
condensed matter issues.

PETRA-III: Due to the outstanding brilliance of the
storage ring, conditions for coherence based
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techniques will be superior to any existing source.
A beamline is planned for applications of coherent
synchrotron radiation for studying both the static and
dynamic properties of matter, applying coherent
imaging techniques and XPCS. In spring 2009 the
commissioning phase for the first beamlines will start.
First user operation is foreseen for late summer 2009.

SWISS LIGHT SOURCE: The scientific case of the
cSAXS beamline is focused on conventional small
angle X-ray scattering, lensless imaging/coherent
diffractive imaging, and XPCS. It is thus a perfectly
complementary instrument to our setup, because at
ID01 the diffractometer allows also for CDI at wide
angles. The schedule of cSAXS will be ahead of the
ID01 project with the start of commissioning being
1 February 2007 and the start of user operation
1 August 2007.

SOLEIL: CRISTAL is planned as a versatile
instrument for diffraction on nanostructures, phase
transitions in low dimensional systems, dynamics (e.g.
XPCS) and time-resolved studies. The instrument is
not dedicated to either the use of coherence or
nanofocusing.

ALBA: Proposal WS04 describes a diffraction
beamline for nanostructures, thin films and surfaces
and interfaces very similar to ID01, but not focused
on the use of coherence and microfocusing. The
proposal was submitted to the ALBA SAC in February
2005. The timescale for its realisation is in the order
of five years.

USER SUPPORT: Several user groups have given us
written support for the project, since it offers new
opportunities for science on a nanometre scale, like
CDI on nanocrystals at Bragg peaks and nonperiodic
(buried) objects in the forwards direction, the use of
one dimensional waveguides for imaging and for
spatially resolved strain investigations on device
related structures.

List of interested users: 
• Coherent small angle diffraction (lenseless imaging)
on artificial objects (C. Schroer, Desy)
• Nanofocusing with refractive (planar) lenses
(C. Schroer, Desy)
• Characterisation of the beam coherence and wave
front analysis by state-of-the-art interferometry
(C. David, PSI and ID01)
• Development of highly coherent divergent X-ray
waves based on 2D wave guides for nano imaging:
- Lithographically fabricated wave guides (T. Salditt,
University Goettingen). 
- Waveguides based on rolled up nanotubes
(O. Schmid, MPI Stuttgart) 
• Structure-function relations of organic thin film
transistors (TFTs) (B. Nickel, LMU Munich). 
• Spatially resolved µ-XRD and CXDI on fibres under

in situ tensile stress (J. Keckes, Uni Leoben).
• Dynamics of critical fluctuations in crystalline
materials (Fe3Al) using incoherent microbeams.
Studies in confined geometries (C. Mocuta, ID01,
H. Reichert, MPI Stuttgart).

Technical considerations

So far, most experiments with X-ray nanobeams are
performed for imaging or small angle scattering
purposes, where the focusing element can be placed
very close to the sample and often the experiments
are carried out in transmission mode. The main
complications in these experiments are the
conditioning of the beam and the detector resolution. 

For µ-XRD experiments on single crystal
semiconductor samples, rotations around several axes
over wide angular ranges are required, whilst keeping
a specific nanostructure at the X-ray focus. The
samples are typically several millimetres wide (e.g.
when a whole chip is investigated or for future “in
vivo” experiments on devices), restricting the
minimum distance between focusing element and
sample to several centimetres. With these restrictions
a smallest theoretical focus size results of about
150 nm horizontally and 50 nm vertically.

In preliminary experiments, two main obstacles have
been identified that need to be overcome in order to
actually reach this sub-µm focus size: (i) instabilities
of the monochromator lead to a virtual source size
larger than the actual source size by a factor of two
and six in the horizontal and vertical directions,
respectively. This currently limits the achievable focus
size to about 4 µm for a 1 m focal distance (expected
value ~ 1 µm). Furthermore, the sagital focusing of
the second monochromator crystal reduces the lateral
coherence lengths by the same factor of six, limiting
the coherent diffraction imaging capabilities; (ii)
vibrations of the whole diffractometer setup (~1.5 µm
amplitude) inside the big vacuum vessel, adding to
the apparent focus size; (iii) so far the sample and the
last focusing element have had to be mounted on two
separate bases, giving rise to vibrations between them
with a magnitude of about 1 to 2 µm, which
additionally “smears out” the X-ray spot on the
sample. Hence for a sub-micron diffraction
experiment, the existing focusing schemes have to be
optimised, allowing for the required degrees of
freedom, whilst maintaining a sufficiently small
footprint. 

We will therefore install a new nanobeam setup at
ID01. In order to solve the first obstacle, a new
monochromator is needed to improve the beam
stability and to permit a low divergence beam to
reach large transverse coherence lengths and for sub-
micron focusing. Secondly, a new setup in the
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experimental hutch is proposed, where the focusing
optics and a high precision micro-diffractometer are
placed on the same vibration-damped support to
minimise vibrations. A 2D detector will be decoupled
from this setup and positioned by a heavy-duty robot
arm on a separate support. 

The new setup will fit into the current experimental
hutch without the need to remove existing setups, i.e.
the “old” diffractometer in the big vessel. In particular,
the versatile and highly flexible setup for small and
wide angle scattering experiments will be kept in
combination with anomalous scattering. The small
angle X-ray scattering (SAXS) option at ID01 can be
further used for CXDI in the forwards direction with
detector-to-sample distance up to 7 m. The new
monochromator is sufficiently compact to be placed
in the optics hutch without interfering with the
existing monochromator, so that both setups can be
used alternatively. 

For µ-XRD and CXDI, 2D detectors are needed with
a high spatial resolution, single photon counting
ability and large dynamic range. To this end, direct
illumination CCDs are available. Currently, the CCD
chips are restricted to an area of about 25 x 25 mm2

and 20 µm pixel size and a dynamic range of 16 bits.
Larger, more efficient and faster CCD based or pixel
detectors will become available soon. 

Once a small beam footprint is achieved, it is
important which particular area on the sample is
illuminated. Whilst for many imaging applications it
is not very important which particular area of the
sample is under investigation, for device structures it
is crucial to illuminate, for example, the strained
silicon of a transistor channel, but not the source
region. This requires a sample stage with fine sample
translations and the means to detect the position on
the sample. 

If the structures are in the nanometre range, pre-
alignment with an optical microscope is not possible
and only larger alignment marks can be used.
Within the X-Tip FP6 project (coordinated by the
ESRF), X-ray spectroscopy is combined with local
probe analysis. In collaboration with the project
partners, a new setup is being developed with an
atomic force microscope (AFM) coupled to the
diffractometer. With the AFM tip in the microfocus
beam, the sample surface can be imaged and the
nanostructure positions be determined. Hence any
particular spot of the sample can be translated into
the beam and investigated by µ-XRD/CDXI. This
allows XRD to be performed on one specific
nanostructure.

Support facilities

To carry out the project technical support
(engineering, infrastructure, cabling, computing,
electronic etc.) from the ESRF will be needed.
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• Stangl J., Holý V., and Bauer G. (2004), Structural
properties of self-organized semiconductor nanostructures,
Rev. Mod. Phys., 76, 725-783.
• Williams G.J., Pfeifer M.A., Vartanyants I.A., and Robinson
I.K (2003),Three-Dimensional Imaging of Microstructure in
Au Nanocrystals, Phys. Rev. Lett., 90, 175501.

HXPM: Hard X-ray
Photoelectron Microscopy

Summary

We propose to implement a new long (150 m) X-ray
photo-elelectron spectroscopy nanoprobe beamline at
the ESRF. The beamline will work in the X-ray range
(≥ 1 to 25 keV) and be optimised for investigating, by
electron spectroscopy, the chemical and electronic
properties of bulk, interfaces, buried objects,
nanocrystals and gas exposed surfaces and nano
catalysts. Photoelectrons up to 15 keV will be
detected with down to 10 meV resolution.
Microscopy can be performed by scanning the sample
with nanometre accuracy. Photoelectron imaging can
be combined with the X-ray standing wave (XSW)
technique to simultaneously obtain spatial resolution
on the atomic scale. Spin detection could be a further
option. For efficient use of beamtime and
complementary structural information, a
diffractometer will be installed in the first
experimental hutch.

Scientific case

Overview

This is a proposal for an X-ray photoelelectron
spectroscopy nanoprobe beamline. In order to
achieve sub-micrometre special resolution the
beamline must be long, with the sample position at
least 150 m from the source. The beamline will
operate in the tender and moderately hard X-ray
range (≥ 1 to 25 keV). The photoelectron
spectrometers will allow electrons up to 15 keV
kinetic energy to be analysed down to 10 meV
resolution. The instrument will be optimised for
investigating, by electron spectroscopy, the chemical
and electronic properties of the bulk of small objects,

interfaces, buried objects, and gas exposed surface,
with lateral dimensions down to the 50 nm range
(and below) and with depth information greater than
20 nm. Microscopy can be performed by scanning the
sample with nanometre resolution. Photoelectron
imaging would be a further option and in this case
microscopy can also be utilised in conjunction with
the X-ray standing wave (XSW) technique to gain
atomic resolution. Investigation of magnetism via spin
detection would be a further option. The HXPM
instrument is complementary to nano-XAFS and
nanofluorescence, since XPS allows access to light
elements (C, N, O, etc.), important for soft
condensed matter and environmental science, and has
chemical specificity with (very) high resolution. The
beamline needs an optics concept that allows the
energy resolution to be matched as is necessary for
the experiment from several eV down to about
10 meV (above about 6 keV) with close to 100%
throughput at any resolution. Similarly the focal spot
size should be adjustable to the problem under study
from millimetres down to 50 nm (and below,
depending on the available length for the beamline). 

The first area of application is material science:
The instrument will be able to perform scanning
electron spectroscopy for chemical analysis (ESCA)
with better than 50 nm spatial and 100 meV to few
eV electron energy resolution for analysis of the local
chemical composition (nano-ESCA). This is relevant
for micro-/nano-electronic devices, grains and grain
boundaries, clusters, dots, and domains in thin films,
buried interfaces and more.

The second area of application is physical
science/solid state physics: Valence band and
conduction band spectroscopy with about 20 meV to
500 meV energy resolution can be performed to
determine local electronic properties of (compound)
materials, devices, grains, grain boundaries, interfaces,
nanodots, and exotic (small) crystals with spatial
resolution down to 50 nm from near surface areas
down to depths exceeding 20 nm.

The third area of application is catalysis and
sensor technology: Using hard X-rays, the chemical
(and electronic) specification of gas/solid interface
reactions during gas exposure is possible, thereby
obtaining information on typical nanosized metal
catalysts. The high electron kinetic energy and small
sample size would permit, in conjunction with
suitable differential pumping, the investigation of
catalytic processes at gas pressures up to (and even
above) 10 mbar.

Techniques

First technique in second experimental hutch
In the second experimental hutch will be a UHV
chamber with a photoelectron spectrometer for hard
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X-ray photoelectron spectroscopy (HAXPES)
allowing electrons to be analysed with kinetic
energies up to 15 keV and with an energy resolution
down to 10 meV. The sample will be in UHV on a
three circle manipulator with a high resolution x-y
scanning stage (nm resolution). The electron lens of
the HAXPES instrument will have a focal spot size of
about 20 to 50 µm. The last vertically (horizontally)
focusing element is foreseen to be at a distance of
about 100 mm (50 mm) in front of the sample. With
an effective source size of 20 µm (150 µm, for a high
beta section achieved by a front end aperture) this
would permit a vertical (horizontal) focus of about
20 nm (50 nm). In the selected spot fast data
acquisition with high energy resolution is possible,
but area mapping is time consuming.

Second technique in second experimental hutch
Another UHV chamber with a photoelectron
spectrometer for hard X-ray photoelectron
spectroscopy (HAXPES) will be in the second hutch
and allow the analysis of electrons with kinetic
energies up to 15 keV and with an energy resolution
down to 10 meV. Appropriate differential pumping
stages allow the studied sample to be in up to a
10 mbar gas atmosphere. The X-ray beam will enter
this chamber through a thin window. Sample
manipulator and optics will be similar to as described
above, however, with compromised resolution
because of the high pressure high temperature
requirements.

Third technique in the third experimental hutch
A HAXPES PEEM instrument would allow a
combination of HAXPES microscopy with the X-ray
standing wave (XSW) technique. The spatial
resolution is in this case achieved not with the X-ray
beam, but with the electron optics. A HAXPES PEEM
(without XSW option) is presently commissioned at
SPRING-8. In combination with the XSW technique,
structural studies with atomic resolution and chemical
specificity can than be performed on a (few)
nanometres scale. The advantage is in obtaining the
field of view in one shot with high spatial resolution,
but locally the signal is low, thus resulting in long
counting times and a very moderate energy resolution.

Fourth technique in the first experimental hutch
High resolution X-ray diffraction is proposed to be
performed in the first experimental hutch. A state-of-
the-art six circle diffractometer will be installed for
surface/interface studies in the first experimental
hutch as it is presently the case at ID32. UHV
equipment frequently needs service and bake-out
periods and, in order to utilise the synchrotron X-ray
beam efficiently, a non-UHV instrument positioned
upstream could efficiently use the beam to avoid the
beamline being unnecessarily idle. GIXRD is a useful
complement to HAXPES and XSW for studying
interfaces and thin films.

Context with new sources and user
community

The ESRF will remain the most brilliant European
synchrotron in the hard X-ray regime (with the
possible exception of PETRA-III). A HAXPES station
at PETRA-III is in the planning stage but there are no
plans for a nano focusing HAXPES microscope. Soft
X-ray PEEM instruments with sub-micrometre
resolution are available at other facilities (ELETTRA,
BESSY-II, ALS, etc.) but they lack the necessary
information depth and the energy resolution, that can
be achieved with the proposed HXPM instrument.
This is extremely interesting for the micro-/nano-
electronics industry, with device dimensions reaching
the 20 nm size within a few years. The present XPS
facilities at ID32 are already experiencing a strong
increase in interest from the semiconductor industry
(ST, LETI, Philips, Freescale). Other customers will
come from the materials science community and from
chemistry industry and departments, since the
HAXPES technique is complementary and partially
superior to other chemical specification techniques
such as absorption spectroscopy and X-ray
fluorescence spectroscopy, due to access to low-Z
elements and higher energy resolution. Finally,
environmental scientists and, last but not least, solid
state and surface physicists will be attracted by the
instruments proposed.

Technical considerations

A windowless beamline will be needed to cover the
energy range from about 1.5 to 30 keV, with the peak
performance around 15 keV. The optical design of the
beamline has to allow for a high degree of flexibility.
It should provide:
• Tunability of the photon energy from 1.5 to 30 keV;
• High beam stability;
• Flexible bandpass (several eV down to 10 meV);
• Maximum throughput for a given bandpass;
• Variable focal spot sizes down to < 50 nm. 

The first optical element at a source distance of about
30 m will be a set of compound refractive lenses
(CRLs) with rather long focal distances acting as
collimators. CRLs can be manufactured accepting the
full horizontal beam size (about 1.5 mm) from a high
beta undulator source (at 30 m). The CRLs will only
work efficiently down to about 5 keV. Mirror focusing
might be an option (for low energies), if stability
issues for the about 150 m long beamline can be
solved.

The second optical element at a distance of about
15 m from the first experimental station will be (a) a
high heat load, fixed offset multilayer
monochromator and (b) a high heat load, fixed offset,
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high stability Si(111) double crystal monochromator.
The monochromators are placed relatively close to
the experiment to minimise stability problems.
Otherwise it would be preferable to place the
monochromators closer to the source to shorten the
white beam path.

The third optical element is a two axis, high
resolution post-monochromator, which allows a
variable bandpass down to 10 meV to be selected
with maximum throughput (similar to the one which
exists at ID32).

The fourth optical element is again a set of CRLs at a
distance of about 6 m from the first instrument (the
six circle diffractometer) providing a minimum spot
size of about 20 x 2 µm2 on the diffractometer.

The last optical elements are zone plates (ZPs) and/or
CRLs at short focal distance right before the HXPM
and the high pressure HXPS.

Support facilities

An off-line characterisation laboratory with XPS
would be useful. A laboratory with “standard” surface
analysis tools (STM, LEED, AES, …) and deposition
facilities (MBE, PLD, sputtering,…) would be needed.
Similar to the demand by other nanofocusing
projects, nanocharacterisation facilities with
complementary instruments (electron, STM/AFM,
infrared, confocal microscopes, nanomanipulation,
deposition systems, etc.) are needed. 
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SURF: Surface Diffraction 

Summary

The characterisation of the structure terminating a
solid is fundamental for the understanding of surface
and interface properties. The recent upgrade of the
surface diffraction beamline of the ESRF has been
carried out with this aim in mind and will further
evolve in order to provide the user community with a
state of the art beamline allowing several
experimental techniques. The main technical
objectives of the beamline can be summarised as:
• to provide a high intensity, stable and energy
tuneable X-ray beam with micrometric dimension;
• to offer high quality instrumentation for in situ
surface studies;
• to increase the diffractometer speed in order to
study surface reactions with a finer time resolution;
• to implement new data collection methodologies
giving the possibility of faster data acquisition;
• to adapt the ESRF instrumentation in order to
integrate equipment from users.

The beamline exploits several surface sensitive
techniques applicable to systems under ultra-high
vacuum (UHV) conditions as well as to liquid-solid
and solid-solid interfaces or to systems under “high”
gas pressure (up to several bars) and high
temperature.

Samples are studied in situ and, for this reason, the
ESRF instrumentation must have sufficient flexibility
to adapt to the needs of users. The first hutch is
equipped with a versatile vertical axis diffractometer
able to host user equipment of limited size and weight
(up to 100 kg). The second hutch contains a large
horizontal diffractometer hosting a UHV chamber. In
the framework of the Upgrade Programme we will
develop and improve the existing instrumentation
providing the users with:
• A new experimental flow reactor dedicated to
heterogeneous surface catalysis studies with a
computer controlled gas line and an RGA system;
• An experimental chamber directly connected to the
windowless beamline in order to perform GISAXS
experiment avoiding background scatter from
beryllium windows;
• An upgrade of the existing horizontal
diffractometer to install micropositioning devices to
carry out experiments on micrometric samples such
as whiskers;
• An upgrade of the horizontal diffractometer to
allow the installation of user experimental chambers. 

The techniques available on the beamline will be
surface diffraction, grazing incidence small angle
scattering and coherent imaging and photon
correlation spectroscopy.
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Scientific case

The first surface X-ray diffraction (SXRD)
experiments were carried out in the 1980s with the
aim of solving the three dimensional termination
structure of solids or determining the adsorption
geometry of atoms deposited under UHV conditions.
The technique has made enormous progress with the
development of dedicated X-ray synchrotron sources
and the concomitant increase in the available flux and
improvements in beam collimation, allowing shorter
acquisition times and larger signal to noise ratios.
Further development on the instrumentation, together
with advances in the data analysis, resulted in the
possibility of solving complex systems with a large
number of atoms in each unit cell.

The ID03 beamline optics have been updated
recently, gaining in stability, energy tuning,
focalisation and flux. The scientific fields covered by
the beamline have grown over time and, for the
medium and long term, we intend to further develop
the existing instrumentation in order to cover the
following scientific topics: 

• Surface crystallography under UHV and moderate
pressure conditions (for example high pressure, liquid-
liquid environments). The characterisation of a
crystallographic structure termination or the
adsorption geometry of atoms and molecules is
fundamental for the comprehension of the system
properties. Surface X-ray crystallography is a unique
tool making it possible to determine the structure of
the buried interface non destructively, which is not
achievable with other techniques. The complexity of
the systems being studied is growing with time and it
is now possible to determine the structures of ordered
surfaces involving a large number of atoms, as
demonstrated by the case of fullerene molecules on
noble metal surfaces, where unique information on
the adsorbate-surface bonds and on induced substrate
deformation has been obtained (Felici et al., 2005). In
the future, this technique will be applied principally
to determine the structure of complex molecules
adsorbed onto surfaces and to highlight the role of
the interaction between the substrate and the
adsorbate in the formation of new systems. For this
purpose a specialised chamber is required to handle
organic compounds and to prepare the samples in situ.

• Reactions at surfaces occur at well defined
thermodynamic conditions. Recent technical
developments have made it possible to overcome the
so called pressure gap, allowing surface X-ray
diffraction to be used in understanding the role of the
catalyst. Time dependent SXRD experiments under
realistic operating conditions have shown the crucial
active role of metal oxides in catalytic reactions,
whereas the oxide was previously believed to be a
pollutant and inhibitor of the reaction (Ackermann et

al., 2005). However, the explorable time-frame of the
dynamics of the system is still limited by the large
volume of the existing reactor and many phenomena
occur on a timescale much shorter than presently
accessible. To improve the experimental setup (in the
frame of an existing collaboration with Leiden
University), a new chamber will be designed with a
much smaller volume, thus offering the possibility of
fast computer controlled gas exchange together with
a residual gas analyser connected to the acquisition
electronics. A second class of experiment will concern
looking at surface morphology depends upon the
surrounding atmosphere. These studies will be carried
out on nanoparticles by GISAXS to look at evolution
in shape and on metal whiskers for performing surface
crystallography.

The study of time dependant phenomena at surfaces
is a new class of experiments crucial to measure e.g.
the evolution of surface structure during growth. For
this purpose new data acquisition methodologies will
be developed based on the use of area detectors, in
order to optimise data acquisition and intensity
integration (Schlepütz et al., 2005). This approach is
effective when it is possible to improve the signal to
noise ratio in order to gain time resolution. A new
class of experiments will then be possible such as the
study of phase transition between two surface phases,
characterisation of the friction between two solids
(Rubinstein et al., 2004), initial stages of corrosion
(Renner et al., 2006) and the evolution of surface
nanostructures Molle et al., 2005).

The beamline is equipped with two experimental
hutches arranged in-line. The incident beam energy
ranges between 5 to 30 keV. The beamline must be
windowless to limit the background and to preserve
the coherence of the beam. The typical beam focus
size depends on the experiment and ranges from about
20 microns with a flux of at least 1013 ph/s/100mA in
the case of diffraction experiments, when the
diffractometer sphere of confusion is the limiting
factor, to 1 micron or less in the case of nanoimaging
at surfaces (Robinson et al., 2001). Both hutches will be
equipped with high precision (micron) diffractometers:
the upstream one in a vertical geometry and the
downstream one with a main horizontal axis to be
coupled with UHV systems. Both hutches will be
equipped with 2D detectors for GISAXS experiments.
Since the speciality of the beamline is the in situ
preparation and characterisation of the systems under
study, both experimental apparata must be able to
accept user chambers.

Context with new sources and user
community

Almost every X-ray synchrotron source has at least
one beamline dedicated to surface studies and the



Surface and Interface Science

A76 ESRF Science and Technology Programme 2008-2017

new European synchrotrons also plan to build such
facilities e.g.:
• DIAMOND: beamline I07 dedicated to surface
studies is planned for 2009. The beamline consist of
two experimental stations, one for UHV studies and
one for liquid surfaces.
• SOLEIL: beamline SIXS will be dedicated to
surfaces and interfaces. The beamline will consist of
two experimental stations.
• ALBA: A beamline mainly conceived for surface
magnetism is under consideration.
• ANKA: A beamline for surface diffraction is under
construction.

Similarly to the ESRF, these beamlines will allow the
possibility of interchangeable equipment. They will
offer a comparable flux for beam energies up to only
10 keV, meaning that ESRF has a unique capability at
higher energies, giving the possibility of improved
studies of buried interfaces and access to a wider
region of space (more resolution in the direct space).

Till now, surface diffraction has been a technique used
by physicist or material scientists. However, by
extending the applicability of the techniques closer to
“real” conditions new classes of scientists such as
organic chemists and geologists will be able to gain
from the improvements to the ESRF surface science
beamline.

Technical considerations

The present surface diffraction beamline optics is
based on a liquid nitrogen cooled monolithic channel
cut monochromator and on a cylindrical mirror on a
bender assuring beam focus in both experimental
hutches. This optics design will be maintained
because it has shown remarkable performances in
terms of beam stability, energy tuning, focusing and
heat load dissipation. This optics design can be
coupled with other focusing optics placed just before
the sample to provide a submicron X-ray beam
coupled with a very high flux.

The evolved beamline does not need to be longer
than 77 m, i.e. the limit of the present experimental
hall. It needs, however, the full beam power of a full
straight section. For the future, the use of revolving
undulators is highly recommended. The size of the
experimental hutches, however, should be increased.
This will allow some present limitations for the
installation of user instrumentation to be overcome.
Finally, in order to prevent the source coherence and
to limit the background, the beamline must be
windowless.
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Introduction to the Conceptual Design Reports of the 
Technical Beamline Support Group

OPTICS Facility for Surfacing Mirror Substrates: In situ and real time ion beam surfacing, page 78
thin film growth and temperature annealing in mirror/multilayer structures.

TIBIDI Technical Beamline for Instrumentation Development: A test bench where the page 79
innovative instrumentation required for new science may be tested, improved and assessed.

WIBIDI White Beam Technical Development Beamline: A white beam test beamline as page 81
an inherent part of the ESRF instrumentation development infrastructure open 
to European developers.

The Upgrade Programme of the ESRF relies on the
development of instrumentation, expert technical
support and an adapted infrastructure in order to
provide state-of-the-art experimental setups that will
open up possibilities for a new class of experiments.

The optical elements, detectors, beam conditioners
and sample environments necessary to carry out the
Upgrade projects will require the integration of
hierarchically nested intelligent components rather
than the traditional method of lining up discrete,
independent components.

On the nanofocusing beamlines of the future, the
sample will no longer be a static object. Instead, it
will be a highly dynamic element at the centre of a
complex hierarchy of devices. This will imply the
integration of tools for visualising, handling and
characterising samples that are invisible to the optical
microscope. Remote manipulation will be mandatory
to guarantee the reliability of the setups, the safety of
the installations and the consistency of the
operations. It will also be mandatory to actively
position the beam onto the sample region of interest
under study and to integrate other characterisation
tools that complement the X-ray analysis. The optical
elements, detectors, sample positioning devices and
sample environment will use some of the most
advanced technologies available including embarked
metrology and embedded software.

The multidisciplinary approach to science and the
integration of diverse technologies around the same
sample environment means that developing,
integrating and testing instrumentation is an effort
that will go beyond the capabilities of the ESRF. The
instrumentation will therefore need to be envisaged
within a larger collaborative scheme. Whilst it is
desirable to maintain flexibility in instrumentation, it
is also essential to converge towards a standard way
of using facilities. For the synchrotron radiation
instrumentation of the future a coordination effort

amongst European facilities and an infrastructures
network for the support of development activities are
both necessary. 

As a contribution to this infrastructures network the
ESRF proposes two facilities for testing, assessing and
improving instrumentation: a white beam station
(WIBIDI) for assessing all the variety of white beam
instrumentation (silicon, diamond and multilayer
monochromators, beam position monitors, slits and
attenuators, radiation endurance of components,
cooling and thermal stability issues, etc.) and another
one with monochromatic beam (TIBIDI) for testing
instrumentation in its real conditions.

Since a large part of future science will see the
integration of a variety of techniques on the same
physical sample, these test beamlines should also serve
as test benches for this multimodal approach. The
beamlines should be open on a competitive basis to
challenging and risky projects that would not receive
time allocation through standard proposal paths.

Last but not least, these test beamlines should be used
for training a new generation of engineers and
scientists who, because of the high specialisation of
the beamlines of today, risk being more and more
removed from real hands-on experience in
instrumentation.

The project OPTICS is of different nature: the
difficulties of finding commercially good aspherical
substrates as a basis for advanced optics prompted the
idea of using the know-how accumulated at the ESRF
over the last few years for profiling substrates by ion
beam figuring and selective deposition under in situ
X-ray interferometry. The project cannot be hosted
on an undulator beamline, because it needs the
stability and the angular opening of a bending
magnet. Nevertheless, as a manufacturing plant, it
could be damaging to other activities on a bending
magnet beamline.

Summary of individual CDRs
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OPTICS: Facility for Surfacing
Mirror Substrates

Summary

The ESRF has operated a bending magnet beamline
(BM05) for over ten years that has served as a test
bed for new X-ray characterisation methods and
instrumentation, and particularly for the development
and testing of X-ray optical elements. For these
purposes the lower flux of an ESRF bending magnet
source as compared to the one delivered by an
insertion device is compensated by a greater stability,
which is a key parameter in (X-ray) metrology. 

Meanwhile, the competitiveness present in both the
fields of science and technology calls for an evolution
of the role of synchrotron beamlines in the
development of instrumentation including a greater
specialisation. In this CDR, a project to be
implemented on a bending magnet beamline is
described, which makes use of the experience
acquired on surface characterisation to help
understand processes such as ion beam surfacing, thin
film growth, and temperature annealing in multilayer
structures. The originality of the approach will consist
of performing these studies in situ and in real time,
which implies the development of dedicated
instruments.

Scientific case

Overview

Due to the complexity of any modern synthesis
process, including ion beam surfacing and thin film
growth, it becomes important to implement state-of-
the-art characterisation methods including X-ray
reflectometry, diffuse scattering and X-ray wavefront
analysis directly onto the systems where surface
processes are performed. Thus, the study of the
dependence of any given property of interest
(magnetic, optical, etc) on the surface or the interface
topography of a sample can be made online. This
integrated approach offers several advantages over the
usual development approach consisting of preparing a
series of samples under various conditions in a
laboratory and of characterising their properties a
posteriori. It eliminates side effects such as
contamination and structural and chemical
transformation of the materials that may build up with
time, which create dispersion in the results. The in situ
and real time characterisation provides useful insights
on a process directly, instead of mapping the multi-
parameter space that describes a process. More
generally, the online approach offers a more efficient
way of using the synchrotron light and of

synthesising new materials, thus speeding up the
advent of new devices once the first observation of a
new physical property has been reported.

One major activity proposed will consist of producing
X-ray nanofocusing reflective optics, as many fields
are expected to benefit from such extreme focusing
conditions, including scanning and full field X-ray
imaging and magnified phase imaging in particular.
However, obtaining diffraction limited performance
requires mirror surfaces with figure errors of not more
than a few nanometres over length scales spanning
from a few hundred micrometres up to the mirror
length. To produce mirrors with the adequate
stigmatic shape and surface quality, a mirror surfacing
tool will be combined with an online metrology
instrument. The surfacing method will be either an
ion beam figuring process (Mercier et al., 2001;
Schindler et al., 2003) or the differential deposition of
a coating (Ice et al., 2000). As these methods are non-
contact techniques, it then becomes possible to
integrate an online metrology method to control the
mirror figure and finish levels during the machining
process. With X-rays as the online metrology probe,
the effects of all process parameters on the mirror
performance can be studied by looking at the
outgoing wavefront. The combination of an online,
at-wavelength, monitoring of the mirror figure and
finish with a surfacing tool is essential in realising a
short feedback loop and to progressively reach the
ultimate mirror performance.

Techniques

The experimental setup, installed at BM05, is
presently unique in the world (Ziegler et al., 2006).
It combines an apparatus equipped with an ion-beam
etching device, thin-film sputter sources and an
online metrology tool based on real time
measurements of the X-ray scattered beam for surface
figure (Weitkamp et al., 2005) and surface finish
diagnostics (Peverini et al., 2005). The surface figure is
obtained from the shape of the wavefront downstream
of the sample as measured by an X-ray shearing
interferometer. The finish level can be investigated by
diffuse X-ray scattering measurements. For example,
in the case of X-ray optical surfaces, sub-micrometre
features on the surface would reduce the reflectivity
of the mirror and degrade the image quality.
Therefore, it is important to characterise the surface
at these spatial scales. The passage from one
technique to the other is made without modifying the
environment and geometry at the sample level. With
these two diagnostic methods mentioned above, the
topography of the surface will be accessed within an
extremely wide spatial frequency range, up to nine
orders of magnitude (cm-1 to nm-1).

Methods for measuring accurately an X-ray wavefront
and to detect distortions well below the nanometre
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regime are being developed. Preliminary
measurements with the shearing interferometer
indicate a slope error repeatability of at least 30 prad.
Alternative methods, for example based on speckle
interferometry, could also be developed.

In the case of magnetic films, Kerr effect
measurements can be performed, for example to link
magnetisation properties to surface roughness and
conformity.

Context with new sources and user
community

Since traditional polishing methods are not sufficient
in reaching the specifications required for nanooptics,
several approaches are being investigated throughout
the world for manipulating the surface materials at or
near the atomic level (final figuring): differential
deposition technique at APS, elastic emission
machining (EEM) at Osaka University (collaboration
with SPRING-8), ion beam figuring at Zeiss.
However, none of them have access to online at-
wavelength characterisation as proposed here, which
allows reduced risk for the optics and faster figuring.
For example, it takes one month to produce a mirror
with the present EEM method, an unattractive
proposition for industry. 

In this context, the proposed online mirror surfacing
facility will allow the ESRF to play a key role in the
manufacturing of nano reflective optics, hence
securing the supply of elements that are crucial to the
whole ESRF Upgrade Programme. This will open up
the possibility of collaboration with the European
synchrotron and FEL communities through the
platform, and possibly attract industry (both mature
and start-up) interested in new markets.

Technical considerations

In the long run the present experimental setup will
need to be replaced by a system designed to
accommodate the size of the mirrors required by the
various partners. The adequate synchrotron light
source is a bending magnet both for its beam stability
and for the large beam width it delivers, thus avoiding
any motion of the metrology tool (e.g. interferometer)
during process and allowing a mirror sector size up to
100 mm to be measured in one go.

A robust iterative algorithm needs to be developed
(collaboration with I. Kozhevnikov, Crystallography
Institute, Russia) to realise a feedback loop between
the wavefront information delivered online by the
interferometer and the surfacing tool that guarantees
performance and time effectiveness.

Speckle metrology and near-field scattering using 
X-rays are new fields and will need further
development before they may be used effectively for
X-ray beam diagnostics, directional stability
monitoring and wavefront analysis.
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TIBIDI: Technical Beamline for
Instrumentation Development

Summary

In the framework of the ESRF Upgrade Programme,
unprecedented characteristics in terms of stability and
focal dimensions will be required for many beamlines,
in addtion to a large choice of sample environments
and instrumentation for fast data acquisition and
reduction. On the instrumentation side, this
represents a real challenge for merging, integrating
and validating a large variety of instrument scenarios.
Indeed, the development areas of synchrotron
radiation instrumentation for the future include
optics, nanopositioning, automatic control, on-the-fly
data acquisition and reduction, vibration damping and
temperature control, extreme sample conditions,
visible light spectroscopies and pump-and-probe, to
name just a few. Advancements in these areas and
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especially component integration cannot be made
efficiently without a test bench, whereby the
innovative instrumentation required for new science
may be tested, improved and assessed.

Scientific case

Overview

The TIBIDI project is dedicated to the development
and assessment of innovative instrumentation for
synchrotron radiation and the testing of new
methodologies in science with a special emphasis on
multimodal research based on the combination of
synchrotron light with other characterisation
techniques. The project should be the basis of a wide
collaborative effort with all interested facilities and
research centres.

TIBIDI is intended for the test, assessment and
improvement of the experimental setups resulting
from the integration of various separate synchrotron
radiation related technologies and engineering. Not
only would the line be open instrumentation, but it
would also aim to test new combinations of
techniques aiming to optimise the scientific impact of
synchrotron radiation. Important space should also be
dedicated to the training of young scientists and
engineers on the key present and future technologies
for synchrotron radiation.

The proximity of large facilities for the production of
nanoelectromechanical systems (NEMS) to the ESRF
should encourage the integration of these devices in
all the areas relevant to synchrotron radiation, from
nanooptics to microfluidics, from microreactors to
nanopositioning devices.

Technique 1: Test of integrated systems

The core of the beamline is constituted of modular
instrumentation benches open to all European
facilities for test and assessment purposes.
The structure of the beamline will be flexible enough
to host the variety of technologies that are at the
basis of synchrotron radiation instrumentation.
A non-exhaustive list includes:
• Optical elements for beam conditioning: focusing,
cleaning and shaping;
• Precision mechanics for optical elements;
• Recognition and navigation on samples below the
micron scale;
• Parallel nanorobotics for nanomanipulation;
• A multimodal approach: parallel Local Probe
Microscopy, MicroRaman, IR;
• Extreme sample environments in combination with
the three points above;
• Beam position monitors and beam steerers;
• 2D detector development and test;

• Instrumentation integration;
• Fast data acquisition and online data reduction and
compression.

High heat load instrumentation will be tested on a
separate beamline.

Technique 2: Development of new experimental
methodologies

Instrumental development constitutes a key element
for the development of new science. Nevertheless, the
development of new experimental methodologies, by
integrating novel instrumentation or introducing new
characterisation methods, is equally important.
TIBIDI therefore entails a second hutch where both
in-house and external users could check the
feasibility, the limits and the possibilities offered by
new methodologies that could not be tested in the
frame of the beam time normally allocated to long
term proposals. The architecture of the beamline will
take in account its peculiar exploratory character and
make possible the installation of user defined
equipment for long periods of time.

An example of this could be the possibilities offered
by the combination of high speed reciprocal space
mapping with electron microscope holography and
local probe manipulation or beam manipulation by of
high speed NEMS arrays. This type of feasibility
study require resources that go beyond the
possibilities offered by a single facility, but the
availability of the proper infrastructures should
prompt an aggregation of resources that would be
largely rewarding.

Another example is related to the ever expanding
synchrotron user community: as more and more
scientists adopt synchrotron radiation
characterisation tools it will become increasingly
important to offer easy access to operate beamlines
and run experiments through user friendly software
control. To this end, new software methodologies
for user modifiable software and graphical user
interfaces are to be developed in collaboration with
novice users.

Training

An instrumentation culture cannot be maintained
without a consistent programme of training.
Instrumentation training for scientists and engineers is
increasingly necessary since the configurations of
standard beamlines are kept essentially frozen for
optimising their throughput. To this end, the project
TIBIDI wants to offer a high end “hands-on” training
tool for young engineers and instrument scientists at
European level. In time, TIBIDI could be the core of a
Master training in synchrotron radiation
instrumentation.
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Context with new sources and user
community

ESRF has acquired a leadership in some areas of
synchrotron instrumentation development and testing.
This advantage can be kept only by interpreting the
needs of the new sources and proposing collaborative
efforts for a European growth of instrumental culture.

Technical considerations

The project should be technically associated to
beamlines likely to be affected by instrumental
development, which could offer alternative facilities
for extreme condition testing. (Very long optical
arms, special sample environments, etc).

Support facilities

The area around the selected beamline should not be
remote from the instrumentation and nanotechnology
development areas. Ideally it should be at the heart of
the instrumentation development group.

WIBIDI: White Beam Technical
Development Beamline

Summary

The availability of white beams is essential to the
development of new synchrotron radiation
instrumentation. Future beamlines will need high
precision and stable upstream devices for beam
conditioning (for example: slits, attenuators, filters) and
active devices (such as large bandpass monochromators)
capable of preserving the beam characteristics in terms
of emittance and coherency. These devices should also,
at the same time, reduce the impact of the thermal load
on downstream components. In a global approach to
improve beamlines it is also essential to develop beam
position monitors good enough to feedback information
to the beam steering system of the storage ring.

WIBIDI is a white beam test beamline and an inherent
part of the ESRF instrumentation development
infrastructure open to all European developers in the
field. 

Overview

The development and test of high heat load
components will receive increasing attention in the next
generation of synchrotron radiation installations where

stability of the beams and coherency will be a prime
asset. An optimal layout for the next generation
beamlines will envisage a first optical element capable
of transferring downstream beams characterised by high
geometrical stability and minimum power. Under the
thermal loads typical of the ESRF, silicon
monochromator are almost at their physical limits and
diamonds are still quite unstable in the beam. It is
therefore necessary to explore the concept of
broadband pre-monochromators as archetypes for more
stable beamlines. Research and development will be
necessary for the manufacturing and assessment of the
optical components capable of withstanding the full
power of the X-ray beams, whilst preserving their
brilliance and coherency. The optimisation of stable
slits and coherence preserving attenuators and filters is
still far from being reached, and development is still
necessary for bolometers, beamsplitters and high power
beam position monitors. New mechanics, and in
particular active mechanics, have to be developed and
tested. 

A white beam test line would be also very useful for
testing the radiation endurance of beamline components
as cameras, electronic components and seals, and for
quickly screening diamond and multilayer optics.

Structure

The beamline would serve a variety of European
communities. Availability of space, rail construction and
operational flexibility is of prime importance.
The beamline structure would be essentially based on
benches equipped with appropriate hydraulic manifolds,
thermal control apparatuses, infrared cameras, beam
position monitors, gas lines and detectors. Beam
Position Monitors and cameras will need their
appropriate radiation shielded enclosure.

Context with new sources and user
community

The ESRF is the only operational European high energy
facility. This means that tests and developments on high
energy, high heat load beams can only be carried out at
the ESRF. In this regard, the experience accumulated at
WIBIDI is unique and of exclusive importance for all
European facilities.

Technical considerations

The beamline has to take in account the safety
constraints imposed by the use of white beam in and
out of vacuum. This may have a secondary impact on
the structure of the local shielding for electronics and
microelectronics components in general.
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The Conceptual Design Reports included here reflect
in depth thinking with regards to the evolution of
experimental facilities at the ESRF and how
significant steps in the science that could be
performed in the future could be made. The ideas are
certainly only a subset of what is possible but would
already represent a radical change from what is
available today. All of these projects would require
significant resources, but it should be clear that the
proposal to have very high static magnetic fields
represents a major advancement compared with what
is available today and could only happen within the
context of an Upgrade Programme and in
collaboration with other local and European partners. 

All of the five priority areas highlighted by the ESRF
Scientific Advisory Committee are covered to a
greater or lesser extent. Although Structural and

Functional Biology and Soft Condensed Matter applications
are not those that the emphasis will be put on,
absorption spectroscopy can and will contribute in
the future. X-ray Imaging is also only explicitly dealt
with in the “microprobe” proposal (EDXAS-S).
However, many of the projects fall strongly into the
important areas of Nanoscience and Nanotechnology
(DICHRO, EDXAS-L, EDXAS-S, MAGSCAT, PMF,
RIXS-PES, SMS), Pump-and-Probe and Time-Resolved
Science (DICHRO, EDXAS-L, EDXAS-S, PMF, SMS)
and Science at Extreme Conditions (DICHRO, EDXAS-S,
EXAFS, MAGSCAT, PMF, SMS).

The CDRs presented here are examples of significant
steps that could be made in the development of the
Group beamlines. All of the ideas presented would
open up new possibilities for science in the future. In
particular, the projects requiring very high static

Introduction to the Conceptual Design Reports of the

X-ray Absorption and Magnetic Scattering Group

DICHRO Polarisation Dependent X-ray Spectroscopy: High precision X-ray spectroscopy page 83
beamline using optical activity for the study of magnetic materials. The proposed 
high magnetic field end-station will offer magnetic fields more than two times 
higher than presently available. 

EDXAS-L Energy Dispersive Absorption Spectroscopy (large spot): In operando time page 87
resolved studies of functional materials and processes on the millisecond timescale, 
exploiting the parallel data acquisition inherent to the energy dispersive XAS method.

EDXAS-S Energy Dispersive Absorption Spectroscopy (small spot): Microprobe page 87
applications such as fluorescence mapping and absorption spectroscopy under 
high pressure, exploiting the small focal spot and ultimate stability of the energy 
dispersive XAS method.

EXAFS Extended X-ray Absorption Fine Structure Spectroscopy: High throughput X-ray page 92
absorption spectroscopy up to very high photon energies and under extreme conditions.

MAGSCAT Magnetic Scattering: Resonant scattering using polarised X-rays for the page 96
investigation of correlated electron systems under extreme conditions. 
The proposed high magnetic field end-station will enable diffraction studies 
of quantum criticality.

PMF Pulsed Magnetic Fields: The extrapolation of recent pilot studies based on page 99
optimised magnet and power supply designs with the goal to supply pulsed 
magnetic fields up to 60 T to X-ray diffraction and spectroscopy experiments.

RIXS-PES High Resolution Resonant Inelastic X-ray Scattering and Photoelectron page 103
Spectroscopy: Small spots and very high energy resolution would open up new 
possibilities in studies of the electronic properties of materials based on 3d transition 
metals, lanthanides and technological semiconductors.

SMS Resonant Soft X-ray Magnetic Scattering: Diffraction studies of single crystals, page 106
multilayers and nanostructured materials exploiting the giant magnetic resonances 
occurring in the soft X-ray range.

Summary of individual CDRs
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magnetic fields (DICHRO, MAGSCAT)
are radical steps towards these
possibilities and cannot be envisaged
under current circumstances. Totally new
science would result and would lead to
significant improvements of our
understanding of the dynamical
properties of matter and under extreme
conditions.

These CDRs should not be considered in
isolation, as there are links with other
design reports and the 
microprobe proposal (EDXAS-L) is
proposed jointly with the X-ray Imaging
Group. In addition, there are many
synergies between projects. One example
is absorption spectroscopy where synergy
with other design reports (e.g. SMILE,
XMAN, XAS-XES) could provide a
unique absorption spectroscopy platform.
In general there is synergy across groups
in all the investigations of the electronic,
chemical and magnetic properties of
materials. 

On the one hand the future projects will
require significant improvements to the
detectors, optics and the source and, on
the other hand, infrastructure to enable
and cope with new experiments. X-ray
optics beyond the state-of-the-art optics
currently used and detectors with
unprecedented properties will both be
mandatory. All experiments will gain
from improved source stability, most
from a higher brilliance source and new
long straight sections and the option of
implementing canted undulators with a
brilliance similar to today’s full length
5 m straight sections. In addition, the
experiments of the future will require in
situ nanohandling and characterisation
tools as well as proper off-line support
facilities around the experiment. For
example, if we are to meet the demands
of in operando experiments for academic
and industrial research, such significant
investment in infrastructure is a necessity.
Finally, dedicated power lines, purpose
built buildings and support facilities are
required for the very high static magnetic
field project.

DICHRO: Polarisation Dependent
X-ray Spectroscopy 

Summary

This proposal is for an upgrade of the present ID12
beamline, which is dedicated to polarisation
dependent X-ray spectroscopy in the medium to hard
X-ray region. This upgrade is aimed at the further
development of methods and instrumentation that
have been initiated at the beamline and have already
provided clear evidence of the importance of
polarised X-rays to study fundamental properties of
matter via various order parameters (e.g. spin and
orbital moments, electric dipole moment, orbital
anapole). To deepen our understanding of these order
parameters and to elucidate their role in magnetic
phase transitions, it is highly desirable to perform
dichroism experiments under very high static
magnetic fields of up to 35 Tesla. Dynamic responses
in magnetic systems, with chemical selectivity and
with separate determination of the dynamics of spin
and orbital magnetisations, would be possible with a
completely new technique based on the X-ray
detection of magnetic resonance. 

With the proposed upgrade, new and unique research
opportunities will be open, from which a wide user
community will benefit. This upgrade should allow
the beamline to remain an outstanding facility
devoted to research at the ultimate limits of X-ray
spectroscopy with polarised synchrotron radiation.

Scientific case

With the advent of the third-generation synchrotron
radiation facilities, X-ray spectroscopies have been
undergoing a continuous expansion, as illustrated by
the discovery of a variety of new experimental
techniques associated with the exploitation of the
polarisation properties of synchrotron radiation.
The detection of X-ray magnetic linear and circular
dichroism (XMLD, XMCD) in ferro-, ferri- and
paramagnetic systems (for a recent review, see
Rogalev et al. (2006) and references therein), the
discovery of X-ray natural circular dichroism (XNCD)
in gyrotropic single crystals (Goulon et al., 1998) and,
more recently, the observation of non-reciprocal 
X-ray linear dichroism (XnrLD) (Goulon et al., 2000)
and X-ray magneto-chiral dichroism (XMχD)
(Goulon et al, 2002) in magnetoelectric
antiferromagnets are particularly interesting. 

These new spectroscopies featuring element and
orbital selectivities have proved to be remarkable
tools for the investigation of the electronic and
magnetic structure of various materials: crystals,
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molecules, multilayers, monolayers, nanoparticles etc.
The major strength of XMCD is the capability of this
technique to disentangle orbital and spin
contributions to the total magnetic moment carried
by the absorbing atom (Thole et al., 1992; Carra et al.,
1993) and to measure the anisotropy of the magnetic
moment. Three other techniques are manifestations of
X-ray optical activity (XOA) and are very valuable in
studying systems with broken inversion symmetry.
Such systems play a fascinating role not only in
physics but also in chemistry and in life sciences,
where molecular recognition processes are controlled
by chirality. Moreover, X-ray optical activity appears
as a new, element specific spectroscopy to study
orbital magnetism in parity non-conserving solids and
offers unique experimental access to orbital anapole
moments and to related operators (Goulon et al.,
2003).

External magnetic fields in X-ray dichroism
experiments are mainly used either to align magnetic
domains or to grow preferentially one type of domain
with magneto-electric annealing. The required field is
rather low and the largest part of the H-T phase
diagram of matter remains unexplored. To get new
insights into microscopic origin of magnetic phase
transitions and new magnetic states we propose to
extend XMCD and XMχD experiments to
paramagnetic systems under a static magnetic field of
up to 35 Tesla. The use of high magnetic fields has
already opened new directions in solid state physics
research and its combination with X-ray dichroism
should contribute to the understanding of complex
physical phenomena, such as meta-magnetism,
exchange bias, magneto-electric and magneto-caloric
effects and many others. Studies of paramagnetic
chiral systems under high magnetic field would
provide us with a unique possibility to study space-
time symmetry violations that are of fundamental
interest in atomic, molecular and solid state physics. 

Sub-picosecond magnetism and spin dynamics are
new domains of science and time-resolved XMCD
at this timescale should become a state-of-the-art
technique at the XFEL facilities. At the third-
generation facility, like the ESRF, the use of the
frequency domain is more favourable, whilst the
underlying physics remains the same. It has been
recently illustrated by the first measurements of X-ray
detected magnetic resonance (XDMR) (Goulon et al.,
2005) on a ferri-magnetic thin film of yttrium iron
garnet. This pump-and-probe technique is the only
spectroscopy that allows one to study dynamic
aspects of orbital magnetism and, therefore, could be
seen as the dynamic extension of XMCD. To date,
our XDMR experiments operate at 10 GHz, but, if we
could transpose them to a standard superconducting
6 Tesla magnet, XDMR spectra could be recorded at
100 to 140 GHz using a pulsed gyrotron
synchronised with the X-ray pulses. This would open

new possibilities to study with element and orbital
selectivity of XMCD the ferro-, para- and anti-
ferromagnetic resonances, and perhaps nuclear magnetic
resonances enhanced via dynamic nuclear polarisation.
There is no doubt that extension of XDMR to higher
magnetic fields is extremely attractive. This indeed
will make sense only if high power THz sources are
available.  

Context with new sources and user
community

Polarised X-rays in the soft and intermediate energy
range are and will be used at any medium energy
(3 GeV) third-generation synchrotron facility, so that
one may question the specificity of the ESRF in this
important field of research. The reply to this question
is not new: these new facilities will not be able to
compete with the ESRF in terms of stability which will
be the critical issue for the years to come: they will
not have the capability to offer a beam life time of
60 hours as delivered everyday at the ESRF. Topping
up does not currently look to be a solution to
maintain electron beam stability. Moreover the
sensitivity of the electron beam position to external
perturbations is much higher for low energy
machines. These two issues are of paramount
importance regarding differential techniques requiring
full control of the polarisation by the users.

Time-resolved XMCD experiments with a sub-
picosecond resolution are under way at many third-
generation facilities and are expected to become even
more effective with use of the XFEL facilities. Since at
the moment there is no easy way to generate shorter
X-ray bunches at the ESRF without a significant loss
of flux, we propose to work in the frequency domain
(which is in any case more comfortable for
spectroscopists) rather than in the time domain: the
underlying physics remains the same.

As far as X-ray experiments under high magnetic
fields are concerned, the strongest steady state
magnet (15 T) is installed at SPRING-8. Moreover,
there are active research programmes at both the
ESRF and SPRING-8 concentrated on use of pulsed
magnets producing fields up to 60 T. We have to
mention a proposal from APS to develop and use a
high static magnetic field (30 to 40 T) produced by a
hybrid magnet. All these magnets are used or
intended to be used for hard X-ray scattering studies.
Our proposal concerns the development of a 35 T
magnet dedicated for X-ray spectroscopy in the
intermediate and hard X-ray range. 
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Technical considerations

X-ray source
The originality and the specificity of the beamline
derive from the “exotic” nature of the sources: helical
undulators. Using the full benefit of a long straight
section, four different helical undulators, either of
EMPHU (ElectroMagnet/Permanent magnet Hybrid
Undulator) or of HELIOS type, can be installed. The
undulators will be optimised to complement each
other and would allow users to have full control of
the polarisation state of the X-ray beam over a wide
energy range (1.5 to 20 keV). To provide users with
higher fluxes of polarised X-rays in a given spectral
range, we consider it a possibility to phase two
HELIOS undulator segments which could be
mounted on revolver type mechanics. The 10 mm
vacuum chamber allows one to use a rather short
period helical undulator to generate high flux of
polarised X-rays in the energy range below 4 keV. 

Beamline optics 
The optical layout of the beamline is not going to be
significantly different from the existing one. In order
to preserve its good performance in the soft or
intermediate X-ray ranges, the beamline remains as
windowless with clear implications regarding the
design of UHV compatible components. As the first
optical component of the beamline we propose to
keep a pair of CVD-SiC mirrors set in an antiparallel
(+,-) configuration but to replace the existing four
mirror device with an improved, more efficient two
mirror system. The role of this system becomes even
more important with the prospect of extending the
energy range of the beamline below 2 keV: it will be
essential to reject as much as possible of the
unwanted higher order harmonic emissions with a
pair of SiC mirrors in order to reduce the heat load
on the first crystal of the monochromator and
minimise the eventual radiation damage.

The key component of the beamline is a UHV
compatible double crystal, double cam
monochromator equipped with two pairs of crystals.
In a standard configuration we would use a pair of
Si(111) crystals, whilst for the experiments with
circular polarisation in the intermediate energy range
(1.5 to 4 keV) we envisage using a pair of crystals
with larger 2d spacings, e.g. beryl or KTiOPO4 (KTP).
In order to be able to fully characterise the
polarisation state of the monochromatic beam
downstream of the monochromator a UHV
compatible X-ray phase plate chamber equipped with
a diamond single crystal is permanently installed at
the beamline. 

A pair of focusing mirrors (VF-2M device) is also
installed downstream of the monochromator. The
choice of this configuration was dictated by two
considerations: 

(i) the VF-2M device should not affect the energy
resolution of the monochromator
(ii) large demagnification factors could be obtained
for samples located close enough to the mirrors
assuming that the curvature of the mirrors can be
increased without damaging their figure slope error.
Vertical focus sizes down to 20 micrometres (FWHM)
have to be routinely obtained at the sample location
whilst using the full undulator beam.

Detectors
All standard fluorescence detectors, all beam intensity
monitors or beam position monitors at the beamline
are (single- or multi-anode) ion implanted Si PNN+

photodiodes operated mostly in the photovoltaic
mode. Over the past 15 years, these detectors have
been carefully optimised for our specific applications
(Goulon et al., 2005). Very high efficiency, fast
response time, excellent linearity, full UHV
compatibility and insensitivity to magnetic fields
make photodiodes the most suitable detectors for 
X-ray spectroscopy. Much effort has been invested
over more than ten years by the beamline staff in
order to develop new solid state detectors optimised
for our specific applications. A typical example is
development of fast detectors which should give us
the capability to fully exploit at least the macrobunch
time structure of the X-ray beam. Special photodiodes
featuring a very low capacitance have been produced
in close collaboration with Canberra Semiconductors
and a very fast preamplifier has now been developed
within our team. The data acquisition system exploits
a powerful multi-channel Vector Signal analyser
(AGILENT) equipped with 23 bit, 100 MSa/s
digitisers developed mainly for telecommunication
(and military) applications. This equipment made it
possible to detect the XDMR signals smaller than 10-6

with respect to the edge jump. Moreover it is in use
to analyse the non-statistical noise power spectral
density of the ESRF X-ray source. We hope to equip
the beamline with detectors which could detect
modulated signals of very low intensity at frequency
up to 40 MHz, or even 352 MHz. This is of interest
not only for XDMR but also for the detection of 
X-ray circular dichroism in magnetoelectric (ME)
systems using a high frequency modulation of the
electric field: again we hope to push the sensitivity of
such measurements below the ppm limit.

For experiments requiring energy resolution, a 35
element silicon drift diode (SDD) detector array has
been developed in collaboration with Eurisys-Mesures
(now Canberra Eurisys). This detector consists of an
array of 7 x 5 cylindrical SDDs with an active area of
10 mm2 for each diode. It is operated systematically
windowless: this allowed us to extend the operation
of the detector down to the soft X-ray range where
there is a lack of good energy resolved detectors.
Seen from the users’ side, this development has
opened the possibility to investigate with XMCD the
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magnetic properties of buried submonolayers,
nanoparticles, the paramagnetism of impurities in
diamagnetic matrices, the magnetism of ad-atoms on
surfaces etc.

New experimental end-stations

• X-ray Magnetic Dichroism under High Magnetic
Field 
The key element of this end-station is a
superconducting solenoid producing a static magnetic
field in the horizontal plane and set to be parallel to
the incoming X-ray beam. One can consider at this
point two possible scenarios. A conservative one is
based on the use of a commercial superconducting
solenoid with maximum magnetic field of about
20 Tesla. Another, ambitious scenario consists of
developing a “non-standard” hybrid electromagnet
capable of producing a magnetic field of 35 Tesla or
even higher. This type of device is expensive and
demands considerable infrastructure to bring 10 to
20 MW of electrical power and rectify it as well as a
good and efficient cooling system. This action will
make sense only if the infrastructure is shared
between few magnets installed at different beamlines
and/or shared with the ILL. 

• X-ray Detected Magnetic Resonance
X-ray detected magnetic resonance is a novel
spectroscopy in which X-ray magnetic circular
dichroism is used to probe the resonant precession of
the magnetisation caused by absorption of strong
microwave pump radiation. The frequency range of the
pump waves is huge since it starts from a few MHz
with NMR and extends up to the THz range for
AFMR on superconductors in the far-IR. Based on our
present analyses, we expect XDMR to develop
simultaneously in different directions: 
(i) Regarding ferromagnetic materials and thin films, the
needs will develop principally in the low frequency
domain: i.e. from the RF range (few tens of MHz) up
to the so-called Q-band (40 GHz). These
experiments will require a very high pump power that
could be obtained by using microwave amplifier
modules based on a travelling wave tube. To avoid
thermal drifts caused by the microwave losses in the
sample at resonance, one should use very short
microwave pulses with high peak power but at a
rather low duty cycle. The selection of the pulse
length and of the pulse repetition rate will, however,
strongly depend on the filling pattern of the ESRF
machine.
(ii) Regarding paramagnetic materials, the limitations
have a different origin: the XDMR signal is expected
to be very small unless the experiments can be
performed at very low temperature, high bias
magnetic field and high microwave frequency. Even
though it has not been observed yet, we are quite
confident that the XDMR signal of paramagnetic

samples could be recorded in the longitudinal
geometry using a strong pump power in the mm-wave
range using a high magnetic bias field. For example,
X-ray detected electron spin resonance could be
detected in a standard superconducting magnet at
100 to 140 GHz using a pulsed gyrotron with modest
average power. Besides direct measurements of
relaxation times T1 and T2, one can dream of
accessing to the hyperfine structures of XDMR
spectra. Moreover, this would open as well new
possibilities of studying dynamics of orbital
polarisation in systems with high magneto crystalline
anisotropy and, perhaps, X-ray detected nuclear
polarisation.
(iii) The case of ferrimagnetic or anti-ferromagnetic
materials is most fascinating but, unfortunately, also the
most complicated one. Whereas XMCD cannot be
measured for antiferromagnetic materials, it may look
paradoxical to try to detect XDMR on
antiferromagnets. Nevertheless, this is possible
because the precession angles of the two coupled sub-
lattices are different. Technically, the problem is that
AFMR is usually observed in the THz region where
high power sources of radiation are very few. As far as
XDMR experiments are concerned, a compact “table-
top” THz free-electron laser source delivering
10 – 100 W average power seems to be the most
attractive. However, to perform these experiments, a
rather high external magnetic field is again required.
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a) EDXAS-S: Energy Dispersive
Absorption Spectroscopy
(small spot)
b) EDXAS-L: Energy Dispersive
Absorption Spectroscopy
(large spot)

Summary

We propose to add to the present ESRF capabilities a
new energy dispersive XAS (EDXAS) beamline,
working in the hard X-ray range (5 to 30 keV),
optimised to perform XAS with a sub micron spatial
resolution. The beamline offers opportunities for a
large variety of user communities that require the
combination of an X-ray spectroscopic tool, spatial
mapping and fast timescales. We give here one
example of application in the field of Earth science.

We also propose to optimise the present EDXAS
beamline (ID24) for time-resolved studies of
functional materials and processes and all related
activities not compatible with a small spot due to
intrinsic particle size limitations. For clarity, in the
following we will refer to these two beamlines as
EDXAS-S (small spot: ~ 1 µm full size) and EDXAS-
L (large spot: ~ 50 µm full size). We propose to
implement the two EDXAS beamlines on the same
high-β straight section of the ring, using canted
insertion devices.

A. Scientific case for EDXAS-S

Non-uniform environments where the spatial
inhomogeneity is of the order of one micrometre are
ubiquitous in the three broad categories of
earth/environmental, material/archaeological and
chemical/biological sciences. Until recently, there

have been few tools to investigate such systems, none
of which were regarded as ideal. Sub-micron EXAFS,
combined with fast acquisition, has the potential to
provide previously unattainable insights into the
structure and chemistry of a species, how these are
related to its function and to that of other species that
may coexist in complex systems and how they evolve
with time. The energy dispersive geometry optimised
for sub-micron spots offers a unique combination of
high lateral resolution and millisecond acquisition
times for a whole spectrum. Developments carried out
on ID24 have shown that the dispersive concept is
very powerful not only in its traditional transmission
geometry, but also for fluorescence detection
(Pascarelli et al., 1999; Pascarelli et al., 2006). This
beamline will open the way to completely new
applications that have, up to now, been impossible,
such as two and three (using XAFS tomography)
dimensional mapping of valence state/local structure
at the (sub)micrometre scale in inhomogeneous
systems in static or time evolving conditions.

The availability of a bright X-ray spot of a few
hundred nanometres full width at half maximum
(FWHM), associated with time resolution would open
a wide new window into deep Earth processes. In
particular, this would give the unique opportunity to
probe the chemistry of individual high pressure
phases of the order of one micrometre in diameter at
equilibrium conditions in a complex chemical system
such as that of the Earth. On samples synthesised at
very high pressure and temperature in a diamond
anvil cell (DAC) and subsequently quenched, it would
allow routine measurements on the structure of the
phases produced with the required spatial resolution.
At present, only the composition can be measured by
analytical transmission electron microscopy (ATEM)
after preparing the sample by focused ion beam (FIB)
techniques, or by nano-secondary ion mass
spectrometry (nano-SIMS), which still awaits
validation. Both these methods are destructive and do
not permit in situ studies. 

In situ studies of chemical reactions (Frost et al., 2004;
Dubrovinsky et al., 2003) element partitioning (Wood
et al., 2006; Frost et al., 2003) and kinetics of processes
in internally (laser- or electrically-) heated DACs is
currently impossible. The present spot sizes for XAS
spectroscopy do not allow the different phases and
diffusion process kinetics to be probed with sufficient
lateral resolution within the laser hot spot. A sub-
micron spot would enable a chemical image to be
made of a 10 x 10 µm2 area, with a spatial resolution
better than one micrometre and full EXAFS
information on each pixel. EXAFS (but also XANES)
spectra of solid and liquid phases are easily
distinguishable and chemistry sensitive. Moreover,
XANES spectra could provide direct information on
the oxidation states of elements (iron, for example)
during in situ high pressure and temperature
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experiments. This information can give a fundamental
contribution to model partitioning processes, for
example between liquid and solid phases in Fe-Ni-L
(L=Si, O, S, Al, Mg) alloys and compounds at the
conditions of Earth’s core and answer many enigmatic
questions related to formation and differentiation
processes of Earth and other planets (McCammon,
2005).

The size of the spot combined to the time resolution
would also allow the characterisation of diffusion
processes at conditions of high pressure and
temperature. This is an important issue in Earth
Sciences, since heterogeneous material is permanently
mixed in the mantle due to convection. Amongst
geodynamicists and geochemists, a recurrent concern
is the size and the life time of these heterogeneities.
Depending on the time resolution, it would be
possible to characterise fast phase transitions,
accessing intermediate metastable steps not yet seen,
etc. Processes such as crystallisation, element
fractioning, dissolution and diffusion are not known at
the micrometre scale under extreme conditions. Such
processes are strongly dependent on the
cooling/heating kinetics. For example, the
determination of the ferric:ferrous ratio in magmas is
challenging because these silicate melts crystallise and
lose most of their volatile constituents upon ascent.
Glass/melt inclusions trapped at high temperature in
olivine are generally a few microns in diameter.
Spatial mapping of the Fe3+/∑Fe ratio and speciation
during rapid cooling in such systems is, as of today,
impossible.

Very little information is available on transport
properties of deep Earth minerals, which control
different aspects of globe dynamics and its evolution
with time. Concerning atomic diffusion, there are a
few important examples: 
• The fate of slabs subducted in the deep mantle as a
result of plate tectonics and mantle convection. These
slabs are made of oceanic crust, which has a different
chemical composition compared to the mean lower
mantle. Knowledge of atomic diffusion coefficients is
required to model slab evolution and its eventual
dissolution into the lower mantle. 
• Concerning the Earth’s core, it is known that the
inner core crystallisation induces rejection of various
chemical elements to the liquid outer core. This
produces a very important effect on convection in the
outer core that is an important parameter to maintain
the Earth’s Geodynamo. This effect is limited by the
atomic diffusion into liquid iron which is poorly
constrained. Note that measuring atomic diffusion in
liquid iron at high pressure also gives quantitative
data about iron viscosity. 
• A last example concerns the chemical relationships
at the core-mantle boundary, where there could still
be exchange of material at present, due to remaining
disequilibrium at this chemical boundary, but the

whole problem is poorly constrained. Measuring the
chemical composition and the diffusivity at the
contact between mantle silicates and iron alloys
would be required (Bouhifd et al., 2006).

B. Scientific case for EDXAS-L

The present ID24 is the only energy dispersive XAS
beamline worldwide on a high brilliance undulator
source. This makes it a unique instrument for fast
time-resolved XAS applications, allowing sub-
millisecond time resolution studies of non-reversible
processes. In the past few years, this beamline has
been upgraded to become a unique experimental
platform for synchronous vibrational/electronic
spectroscopies in conjunction with X-ray techniques
for applications in catalysis, chemistry and material
science.

Specifically, time-resolved diffuse reflectance IR/XAFS
(soon also UV-Vis/XAFS) for heterogeneous
catalysis/materials science/solid state chemistry and
stopped flow UV-Vis/XAFS for homogeneous
catalysis/biological catalysis/ion binding/precipitation
chemistry have been implemented to provide the
potential for the in situ determination of structure
function relationships from both structural and
vibrational spectroscopic view points. This
experimental capacity is made mobile and, whilst
centred on the EDXAS beamline, will be available to
ESRF staff on other beamlines.

The uniqueness of this beamline for studies in
chemistry and catalysis is reflected in the growing
interest that the Japanese automotive industry has
shown since 2003 in carrying out proprietary research
on their catalysts. Considering the growing interest in
studies on pollution control, these activities are likely
to continue in the future.

It is from this framework that we propose to dedicate
the present ID24 (future EDXAS-L) completely to
time-resolved studies of functional materials and
processes, to embrace a broad field from chemistry to
catalysis to materials science. This instrument will
therefore finally have the means to fully express its
potential for these user communities (including
industry), remain competitive and at the forefront of
research, without having to undergo compromises in
beam characteristics and sample environment for
orthogonal applications.

The scientific case for such an instrument is very wide
and we list here only some areas where opportunities
can arise:
• Detection of Intermediate species (Newton et al.,
2007; Guilera et al., 2006)
Intermediate reactive species have been studied
mostly to explain the chemistry and reactivity of
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many catalytic systems. However, to date, there are
practically no experiments that allow direct and
simultaneous determination of structure and reactivity.
EDXAS-L will offer the potential for as complete a
description of a wide range of reactive systems as is
currently possible with the internal self consistency
that comes from achieving these aims in a single, in
situ experiment.
• Dynamic High Pressure Chemistry: (Grunwaldt
and Baiker, 2005) pressure jump/modulation
techniques using EDXAS allied to IR/UV-vis (fuels
cells, real industrial chemistry, hydrogen storage,
enantiselective catalysis).
• Photochemistry/catalysis: (Fernández-García et al.,
2004) Fe and W dopants in TiO2 powders and films
for TiO2-based solids with actual or potential
application in innovative photocatalytic
decontamination processes for environmental and
health protection.

One can anticipate that EDXAS-L, combined with an
upgrade of the source and refurbishment with faster
detectors, will remain a reference beamline for at least
the next ten to fifteen years, unique amongst the
world’s existing synchrotrons and will represent a
new, attractive, paradigm for the manner in which
synchrotrons interact with industrial and academic
user bases.

Integration of EDXAS-S and EDXAS-L
into the five scientific highlight areas
and cross-collaboration/complementarity
with other beamlines

Parallel acquisition of the XAS spectrum coupled to
fast time resolution and small focal spots place
EDXAS at high brilliance sources in a central position
with regards to the new and emerging scientific fields.
The areas which provide the most important
opportunities for cutting edge experiments are:

• Science at extreme conditions (EDXAS-S)
Studies at extreme conditions of pressure and
temperature in the diamond anvil cell (DAC)
historically represent one of the main applications of
EDXAS. The availability of a sub-micron stable focal
spot for DAC studies will extend the capabilities in
this field to include, for example, accurate 2D EXAFS
mapping across the in situ laser heated spot (typically
~10 µm in diameter) to deal with the inevitable and
important temperature gradients. Knowledge of the
variations in oxidation state and site partitioning as a
function of temperature at a given pressure will
become accessible, but also the follow up with
millisecond time resolution of chemical reactions at
extreme conditions of temperature and pressure.
Close collaboration with the high pressure beamlines

(at present ID27 and ID09b, CDR HIPRE) is to be
anticipated.

• X-ray imaging (EDXAS-S)
2D mapping of heterogeneous samples with full
EXAFS information on each pixel is a novel
application of EDXAS (Pascarelli et al., 1999;
Munoz et al., 2006; Vidal et al., 2006). This new
instrument will allow rapid acquisition of full 2D
maps with sub-micron spatial resolution, in
fluorescence (100 ms/spectrum) or transmission mode
(ms/spectrum). The rapid acquisition of full EXAFS
spectra with a ~300 nm FWHM spatial resolution will
open new horizons to the present landscape of
EXAFS applications. This represents an improvement
of approximately one order of magnitude to the
present performance. In this field, close collaboration
with the scanning microspectroscopy beamlines (at
present ID21 and ID22, CDRs SMILE and XMAN) is
to be anticipated. The main advantage over classical
scanning XAS microprobe instruments lies in the
absence of movement of the optics during acquisition
(leading to an improved energy scale and focal spot
stability) and speed, which makes these studies
feasible on reasonable timescales. On the other hand,
this instrument will lack the flexibility to perform
quick energy changes to acquire XRD in situ, and will
not be able to compete flux-wise with scanning
instruments for studies on ultra dilute systems. It will
therefore be very complementary to ID22 and the
current ID26 (CDR XAS-XES). 

• Pump-and-probe experiments and time-resolved
absorption (EDXAS-L and EDXAS-S)
The simultaneous acquisition of the whole XAS (or
XMCD) spectrum at each pump-and-probe cycle
represents a real advantage for studies at extreme
conditions that can be produced only for limited
periods of time (i.e. very high magnetic field pulses
(Bonfim et al., 2000) or laser excitation). Picosecond
time resolution can be achieved using specific
detection systems. A combination of temporal and
spatial resolution allows sample probing at a specific
distance from the perturbation (i.e. laser impact), to
see how it propagates in the material and with what
speed. One can anticipate strong complementarities
with pump-and-probe diffraction methods (present
ID09B, CDR TRD) and pump-and-probe single
energy fluorescence XAS (present ID26). 
Differential EXAFS, a novel technique for the study of
small atomic strains, also falls into the pump-and-
probe category, since it relies on examining tiny
differences in X-ray absorption spectra - taken under
high stability, low noise conditions - generated by
unit modulation of some sample bulk parameter (i.e. a
magnetic field (Pettifer et al., 2005) or a temperature
gradient). Information on magnetostriction at the
atomic level at extreme conditions becomes accessible
(Pascarelli et al., 2006). 
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Techniques

• Energy dispersive X-ray absorption spectroscopy
• Sequential acquisition of X-ray absorption using
dispersive optics
• Energy dispersive X-ray magnetic circular dichroism 
• Angle resolved X-ray diffraction

Context with new sources and user
community

The main competing dispersive XAS beamlines will
be:

1. ODE (SOLEIL): a dedicated bending magnet
dispersive XAS beamline that will focus its activities
on studies of magnetism at extreme conditions.
Expected spot size ~20 µm FWHM. Energy range:
3.5 to 25 KeV.
2. MARS (SOLEIL): a multipurpose bending magnet
beamline for XAS, XRD and Dispersive XAS on
radioactive samples.
3. Multipurpose XAS (DIAMOND): a multipurpose
scanning XAS wiggler beamline that will cover X-ray
absorption and emission spectroscopies, XRD and
have an option for dispersive XAS focused on time-
resolved chemistry activities. Expected spot sizes
~ 70 (h) x 25 (v) µm FWHM. Energy range: 6 to
35 KeV. 
4. BL14B1 (SPRING-8): materials science bending
magnet. Dispersive XAS is an option and activities are
focused on time-resolved chemistry.
5. BL28B2 (SPRING-8): white beam X-ray diffraction
bending magnet. Dispersive XAS is an option and
activities are focused on time-resolved chemistry.
6. Other dispersive XAS beamlines are
operational/planned at LNLS (Brazil), PHOTON
FACTORY (Japan) and Indore (India).

In the landscape of EDXAS beamlines worldwide,
EDXAS-L would remain the only energy dispersive
XAS dedicated instrument for time-resolved activities,
and EDXAS-S would have no competition.

Technical considerations

EDXAS-L and EDXAS-S are two specialised
beamlines, matching two different scientific domains.
EDXAS-S is designed to study inhomogeneities at the
level of the micrometre whereas EDXAS-L is
optimised to yield average information on a scale of
several tens of micrometres. Building two specialised
beamlines on a canted sector is meaningful only if the
characteristics of the two X-ray beams perfectly
match the scientific goals. The main difference
between EDXAS-L and EDXAS-S resides in the
size of the X-ray probe: full spots of the order of
25 x 100 µm2 and about 1 x 1 µm2 (H x V)
respectively. The technical options to fulfil these
conditions are also constrained, for both beamlines,
by the requirement of producing a sufficiently large
energy bandpass after diffraction by the
polychromator. This leads to a required incoming
horizontal divergence of about 1 mrad on the
polychromator.

EDXAS-S

The EDXAS-S beamline principle and the technical
options are largely inspired from the present EDXAS
beamline ID24. The optimisation of the positions and
the quality of the optical components are the main
challenges to fulfil the requirements outlined above
for this instrument.
An undulator X-ray source on a high beta straight
section coupled with a horizontally focusing mirror to
enhance the divergence up to the required value is an
adequate choice for this project as (i) the
demagnification factor resulting from the coupling of
the polychromator with the horizontal mirror meets
the focal spot requirements, (ii) the high flux
delivered by the undulator source is necessary to cope
with the scientific goals of the project (two orders of
magnitude higher than an option based on a BM), (iii)
the heat load on optical elements will be minimised,
especially on the polychromator and (iv) the small
vertical divergence allows the size of the vertical
focusing mirror to be minimised. Two revolver
undulators (32 mm and 27 mm period) on a canted
straight section can cover the requirements of EXAFS
measurements in the 5 to 30 keV energy range.

With respect to the optical scheme of the present
ID24, the principal difference will be in the inversion
of the mirrors of the KB system: the vertical focusing

Description Position (m) q (m) θi Slope error (µrad)

M1 horizontal focus and harmonic rejection 31 0.5 3 mrad 1.0

M2 vertical focus and harmonic rejection 66 8 3 mrad 1.0

poly. polychromator and horizontal focus 69 0.7 16.4° 1.0

M3 vertical focus and harmonic rejection 69.35 0.35 3 mrad 0.5
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mirror will be positioned as close as possible to the
sample position, as slope error contribution from this
mirror is presently the limiting factor on the vertical
spot size. 

A long beamline is not necessary for this project as
first design parameters demonstrate that the source
contribution to the final focal spot size becomes
rapidly negligible compared to contributions due to
slope errors on the polychromator and on the vertical
mirrors. The parameters shown in the table, leading
to a focal spot size of 1.5 x 1.3 µm2 (FWHM) with
slope error values available today, represent a possible
good compromise between energy bandpass, size of
optical elements and focal spot requirements.

Anticipating the future trends in optimisation of
surface quality and X-ray metrology, slope errors of
the order of 0.2 µrad (FWHM) will yield a focal spot
of about 0.4 x 0.4 µm2 (FWHM).

The challenging technical difficulties of this project
are:
• The quality of the optical elements (in particular
the slope errors requirements of the polychromator
and of mirror M2);
• The implementation of mirror M2, the
polychromator, mirror M3 and the sample
environment in a reduced space;
• The implementation of mirror M1 close to the first
optical elements of project EDXAS-L;
• The contributions to the focal spot size have to be
estimated in the Bragg and Laue cases for the
dynamical diffraction effects on the polychromator.
• The understanding of the origin of crystal
polychromator degradation, occurring (and visible)
mainly at low energies and apparently catalysed by
interaction with intense photon beams;
• The efficient cooling of all optical elements.

EDXAS-L

An undulator X-ray source both on a high or on a low
beta straight section leads inevitably to a high
demagnification factor since the source must be
coupled to a horizontally focusing mirror to enhance
the horizontal divergence up to 1 mrad. Starting from
an undulator source, it is therefore not possible to
obtain a “large” focal spot for EDXAS-L. Two
solutions can be envisaged: (i) a wiggler with an
intermediate k parameter of about 5.5 or (ii) a
bending magnet. As one of the main scientific goals is
to perform fast time-resolved XAS experiments on
non-reversible processes in the ms range and below,
the flux per energy bandpass unit is a key parameter.
For a given vertical acceptance and 1 mrad of
horizontal acceptance, the ratio in flux between a
bending magnet and a 70 mm period wiggler in a
canted high beta sector is of the order of 1:90. Taking
into account the present performance of ID24, we

estimate that the millisecond regime on non-
reversible phenomena is attainable only with the use
of a wiggler source.

As the natural horizontal divergence of such a source
well matches the requirements of EDXAS, no
additional horizontal mirror is required. Instead a
double vertical mirror system will be installed (i) to
reach the required harmonic rejection level compatible
with EXAFS, (ii) to collimate the vertical divergence of
the beam and (iii) to decrease heat load on the
polychromator. This set of mirrors has to be positioned
as close as possible to the source to optimise the size of
the mirror (transversal and longitudinal) and the
vertical acceptance at the same time. 

For such a project the main technical challenge will
be the heat load problem on the optical elements,
especially on the polychromator. To reduce heat load
on this element, for each absorption edge a specific
energy bandpass will be selected upstream the
polychromator, combining attenuators and choice of
mirror coating and grazing angle. In any case, a
complete redesign of the polychromator and its
cooling system is required.

The EDXAS-L energy dispersive spectrometer with
its sample environment has to be installed either
before or after the EDXAS-S station. With buildings
constraints, two slots are possible with either a
polychromator at 90 m or at 45 m. The principal
interests of the solution at 90 m are the reduction of
the heat load density on the polychromator and a
larger energy bandpass at low energies (1 keV at the
Fe-K edge, instead of 700 eV). A second major
advantage is that a focal distance of 1.5 m is possible
without compromise on the diffracted energy
bandwidth, leaving sufficient space for the installation
of complementary techniques synchronized to the
EXAFS acquisition, such as IR, Raman and UV-Vis
spectrometers. 

The challenging technical difficulties of this project
are:
• The heat load on the double vertical mirrors and on
the polychromator.
• The design and the implementation of the double
vertical mirror as close as possible to the source.
• As above, the understanding of the origin of crystal
polychromator degradation, occurring (and visible)
mainly at low energies and apparently catalysed by
interaction with intense photon beams.
• The development of a suitable and faster detector
for time-resolved EDXAS.

Support facilities

We propose that the activities carried out on EDXAS-L
should continue to profit from the synergy with the
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present ID26 so that these two beamlines would
benefit from common chemistry support facilities and
in situ characterisation methods (UV-Vis, IR, Raman
spectrometers). 

The experimental station on EDXAS-S will include a
laser heating facility for studies in DACs, similar to
that installed on the present ID27. A high pressure
laboratory close to the beamline, gas charging
facilities for DACs as well as access to
micromanipulation equipment, shared eventually with
projects XMAN and SMILE, will be required. Strong
support from the Optics Group is needed for the
different issues detailed in 1.4 above.
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EXAFS: Extended X-ray
Absorption Fine Structure
Spectroscopy

Summary

In the portfolio of the ESRF public beamlines we
propose to maintain a standard bending magnet
EXAFS beamline optimised for transmission EXAFS
and simultaneous angle resolved X-ray diffraction
(XRD), operational in a large energy range covering
the K-absorption edges from calcium (4 keV) to
uranium (115 keV). This instrument aims at meeting
the needs of the member countries in the area of
conventional XAS for experiments which have
requirements that fall beyond the capabilities of
most other similar beamlines at lower energy
synchrotron sources, i.e. photon energies above
~ 40 keV. This beamline would complement the low
energy spectroscopy beamlines ID08 (CDR RIXS-
PES) and ID21 (CDR SMILE), the
microspectroscopy (ID22, CDR XMAN), high
resolution (ID26, CDR XAS-XES) and energy
dispersive (ID24, CDR EDXAS) beamlines and thus
allow the ESRF to offer the complete spectrum of
X-ray absorption spectroscopy techniques, an offer
unequalled throughout Europe.
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The beamline is designed to be general purpose and
open to a very wide community of users in many
different fields. Its assets are an excellent signal-to-
noise ratio, stability, versatility, reliability and high
automation level, coupled with in situ XRD on the
same sample under identical thermodynamic
conditions.

A standard EXAFS beamline on a bending magnet
source is also an indispensable and necessary tool to
complement and to increase the efficiency of cutting
edge experiments scheduled on insertion device (ID)
sources. Beamlines such as the present ID21, ID22,
ID24 and ID26 all benefit from having the possibility
of using the ESRF public bending magnet EXAFS
beamline in rapid access mode for complementary
standard sample measurements that do not require
highly brilliant X-ray beams.

Scientific case

The scientific case for a general purpose EXAFS and
angle resolved X-ray diffraction (AR-XRD) beamline
is very wide, as shown by the varied and high quality
scientific output of BM29. Below, we list a few
selected applications that fall within the emerging
scientific fields highlighted in the ESRF Upgrade
Programme, namely “science at extreme conditions”
(Part A) and that which concerns the investigation of
materials for the future with remarkable properties
(Part B).  

A. Science at extreme conditions

Icosahedral order in liquid metals: Local ordering in
liquid condensed phases can show signatures of five
fold symmetry forbidden in crystals, but current
experimental knowledge of liquids is limited to pair
distribution, leaving considerable uncertainty in the
determination of the local geometrical structure. The
presence of this particular type of local symmetry can
be studied by taking advantage of experimental
techniques like X-ray absorption spectroscopy (XAS)
sensitive to local higher order correlations through
multiple scattering (MS) of the photoexcited electron
from a core level. Novel X-ray absorption
experimental results on liquid and undercooled liquid
copper (Di Cicco et al., 2003) interpreted using an
advanced data analysis method based on multiple
scattering simulations, have been shown to contain
direct information on triplet correlations making
feasible a reliable determination of the bond angle
distribution and fraction of icosahedral configurations
in liquids. 

Aqueous Solutions: The properties of aqueous
solutions under pressure are fundamentally important
for a number of scientific disciplines, including the
study of the physicochemical properties of water in

the Earth’s mantle or icy satellites and the
understanding of the pressure effects in many
chemical and biological processes. The pressure
dependence of the radial distribution function of
water molecules in an aqueous solution of RbBr was
investigated around both Br+ and Rb- ions (Filipponi et
al., 2003). Dramatic effects were observed in the
anion hydration structure around 0.5 to 1 GPa
indicating that, upon increasing pressure, water
undergoes a structural transformation that involves
considerable molecular reorientation. 

Alkali doped fullerenes: Covalent bonding of C60
molecules gives rise to 1D-, 2D- and 3D-
polymerisation at high pressures and high
temperatures, with carbon hybridisation changing
from sp2 to sp3. A number of works report super hard
3D polymerised phases and many fullerene derived
solid phases have been synthesised with novel
properties and potential applications. Alkali metal
intercalation compounds have drawn most of the
attention, mainly because of the occurrence of
superconductivity at relatively high temperatures
(Connétable et al., 2003). Investigation of the
evolution with pressure and temperature of different
alkali doped fullerenes, allowing for the formation of
new metallic polymeric forms with covalent
interlinking between the C60 molecules, is ideally
suited to an instrument combining EXAFS and XRD
in a large energy range. Local electronic and/or
structural modifications around the alkali atom are
readily detected through XANES/EXAFS and
correlated to long range structural rearrangements
through XRD (Poloni, 2007). For such investigations,
it is of utmost importance to be able to record XAS
and XRD in identical thermodynamic conditions.

B. Materials for the future with remarkable
properties

Magnetism of nanoparticles: Metallic nanoparticles
are studied extensively since they exhibit novel
electronic, optical and magnetic properties, mainly
related to the “size effect” which affects the electronic
structure, as well as to the increase of the surface to
volume ratio. In gold nanoparticles, an enhancement
of “d-d” electron interactions and a decrease in the
number of “d” holes with respect to that of bulk have
been observed and are known to be counterbalanced
when the gold nanoparticles are capped with strong
interacting thiols. It is then possible to tune the
number of “d” holes (i.e. the magnetic behaviour) by
combining size-effect and thiol-capping in gold
nanoparticles. These conclusions were reported by a
XAS study on BM29 (Crespo et al., 2004) and
magnetisation measurements also showing that very
small thiol-capped gold nanoparticles exhibit a
localised permanent magnetism in contrast to the
metallic diamagnetic character of gold nanoparticles
covered with surfactant molecules.
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Negative and Zero Thermal Expansion materials:
A detailed understanding of the microscopic
mechanisms responsible for macroscopic negative
thermal expansion (NTE) has not yet been obtained
and represents a challenging topic of basic research. It
is in any case well known that NTE is connected to
vibrations perpendicular to some inter-atomic bonds.
XAS and XRD give different and complementary
information on thermal expansion and atomic
vibrations. In particular, XAS can measure the thermal
expansion of selected bond distances and, by
comparison with XRD, the amplitude of relative
vibrations perpendicular to the bonds. This kind of
information is of particular relevance for clarifying the
mechanism of NTE. The effectiveness of a joint XAS-
XRD approach has been demonstrated by recent work
(Sanson et al., 2006) on the cuprites Cu2O and Ag2O,
where it has been possible to find evidence of a
peculiarly complex local dynamical behaviour. A
recent work on ReO3 has shown that sub-picometre
accuracy is now attainable by XAS on BM29. 

Isotopic effects: Very recently XAS measurements on
the isotopes 70 and 76 of germanium as a function of
temperature on BM29 have shown the possibility of
measuring distance differences of the order of
0.0001 Å in a standard transmission experiment, and
thereby directly monitoring the low temperature
isotopic quantum effect on thermal expansion by
means of XAS.

The results obtained in both NTE and isotopic effect
studies open new research fields for XAS and show
that high quality basic research can still be performed
on standard beamlines. A fundamental question is
whether the same degree of spectral stability and
reproducibility, flexibility of optical settings and
sample conditioning, as well as the possibility of
performing simultaneous XAS and XRD measurements
- required by this kind of studies - can still be
guaranteed by non standard beamlines.

Metal Organic Frameworks (MOFs): The hybrid
architecture of MOFs opens the possibility to design
and synthesise a great variety of new porous
materials, which are in principle able to display novel
functionalities that are potentially exploitable for a
number of applications such as gas storage, nonlinear
optics, ion exchange and catalysis. In this field, the
determination of the coordination and of the
oxidation state of the metal atoms hosted in these
materials is of major importance. For these studies,
the stability of the optics of the present beamline is
mandatory as it makes it possible to collect EXAFS
data with good accuracy in situ and in operando
conditions. The high quality measurements already
collected on BM29 have shown recently that only the
EXAFS could make it possible to give a dynamical
view of the interaction of reagent with the metal sites.
This data has elucidated the coordination variations

around the metal centre induced by interaction with
molecules, and consequently justified the ability of
some materials to act or not for the forecast functions
(Prestipino et al., 2006; Szeto et al., 2007).

Techniques

EXAFS and XANES
X-ray absorption spectroscopy is a unique probe to
determine the local structure, electronic and
vibrational properties of a material. The beamline
would be optimised to record XAS spectra in
transmission geometry using ionisation chambers.
As options, fluorescence detection using germanium
multi-element detectors, photodiodes or crystal
analysers would also be available to give the total
electron yield. 

Angle Resolved X-ray Diffraction
An image plate MAR detector off the main beam axis
would be available allowing the combination of XAS
and AR-XRD information. In addition, a vertical
diffractometer would be available for rapid access
sample characterisation by AR-XRD.

Context with new sources and user
community

Within the European context, we note that every
synchrotron source, operating or under construction,
has or will have at least one beamline dedicated to
hard X-ray absorption spectroscopy (on bending
magnets, wigglers or undulators). In general, the
optical scheme consists of a vertical collimating
mirror, a double crystal monochromator and
refocusing optics. The covered energy range typically
falls within 2 to 25 keV. Only in a few cases it
extends up to 40 keV. 

With a general purpose beamline dedicated to EXAFS
spectroscopy and X-ray diffraction, oriented towards
high quality data collection, automation, online data
analysis and flexible sample environments, the ESRF
would be in the position to propose a coherent
strategy for X-ray absorption spectroscopy in Europe.
In this context, the bending magnet beamline,
optimised for EXAFS in transmission geometry in a
large energy range (4 to 120 keV) and, at the same
time, acting as a user/in-house EXAFS/XRD rapid
access facility for sample characterisation, would be
complemented by a solid platform of specialised
beamlines described elsewhere in the Upgrade
Programme.
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Technical considerations

This beamline would be designed to perform XAS
with an excellent signal-to-noise ratio, stability,
versatility, reliability and high automation level. To
preserve these standards, the optical scheme will
remain relatively simple and similar to the present
BM29, which we briefly describe in the following
paragraph.

The first optical element is a double crystal, fixed
exit, double cam type monochromator manufactured
by Kohzu (Japan). The two crystals are in (+,-)
geometry and diffract in the vertical plane. An angular
range between 4.5 and 45 degrees is accessible.
Crystals typically used on BM29 include Si(111),
Si(311), and Si(511), but higher indexes can be
envisaged to extend the present energy range (4 to
75 keV). We propose to permanently install these
three pairs of crystals inside the monochromator and
couple them with a precise horizontal transverse
translation. Furthermore, we propose an upgrade to
the present monochromator cooling scheme from a
closed loop, cryogenic helium gas circuit to a liquid
nitrogen circulator in order to preserve optimal
operation conditions at high energies.

Downstream of the monochromator a pair of flat
mirrors rejects harmonics. The angle of incidence is
variable between 2 and 5 mrad, and three reflecting
stripes (Si, Pt, Rh) can be selected to cover the large
operational energy range from 4 to 40 keV. The
height of the beam reflected by the double mirror
system is independent of incidence angle. Vertical
focusing is achieved by meridionally cylindrically
bending the second mirror with radius of curvature
continuously variable between 2 km and ∞. A vertical
focal spot size between 40 and 60 µm FWHM is
obtained.

Future upgrades of the optics are envisaged. In
particular we plan to collect a larger horizontal fan of
radiation, now limited to the size of the sample
(about 0.025 mrad for a 1 mm sample). One of the
most attractive solutions would consist of installing as
a final optical element a set of modular graded
multilayers for horizontal focusing, collecting
0.15 mrad and focusing them into a ~ 50 µm spot.
If the beamline is to be rebuilt on a different
synchrotron port, we would furthermore add a
vertical collimating system upstream of the
monochromator.

The experimental station would also remain similar to
the present one, which consists of a single bench,
mounted on a penta-pod, hosting multipurpose
sample environments. Three ionisation chambers (I0,
I1 and I2) are permanently installed as well as two
sample sticks for ambient temperature and reference
sample measurements respectively. The beamline is

equipped with various sample environments:
• A He flow cryostat (1.8 K up to 400 K); 
• Furnaces (up to 3000 K);
• High pressure cells for studies at extreme conditions
(up to 15 GPa and 2300 K). 

Besides the standard transmission mode, EXAFS can
be detected in total fluorescence and/or total electron
yield. The BM29 experimental setup is completed by
the option of collecting complementary X-ray
diffraction patterns through an image plate MAR
detector mounted off the beam axis.

As an upgrade for the future, we propose to
transform the ReflEXAFS station into a high
resolution angle resolved X-ray diffraction (AR-
XRD) rapid access facility for the user community.
The three-circle Huber goniometer already available
on the beamline will be equipped for powder
diffraction (Fitch, 1995).
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MAGSCAT: Magnetic Scattering 

Summary

With this project we propose to upgrade the ID20
magnetic scattering beamline and extend the
experimental conditions in order to provide new
research opportunities for the benefit of a wide user
community. Key objectives of the project are to:
• Provide an upgraded instrument with a stable and
focused photon beam for resonant X-ray scattering
(RXS) and photon polarisation analysis in the energy
range 2.5 to 30 keV.
• Build a dedicated station for very low temperatures
(below 1 K), high magnetic fields (superconducting
split-coil magnets up to 17 T) and high pressure (up
to 5 GPa at 1.5 K).
• Build an extended station for very high DC
magnetic fields, operating a hybrid split-coil magnet
up to 30 T for RXS.

The research field of RXS has experienced
tremendous theoretical and experimental progress
over the last few years and is one of the most
important areas of investigation in modern
synchrotron radiation sources. This method uses the
photon beam as a quantum probe to investigate
structural, magnetic and electronic ordered structures
of condensed matter. It represents a meeting point
between the theoretical understanding of photon
interaction with bound electrons in condensed matter
and the exploitation of the main characteristics of a
third-generation synchrotron beam: light polarisation
control and analysis (linear and circular), fine energy
tuning, focusing, high flux and (not the least) beam
stability. 

The main objective of this project is to develop a new
instrument for studies of electronic and magnetic
quantum phase transitions in condensed matter
physics, by developing the instrumentation in the
domain of low temperatures combined with
experiments under high magnetic field and high
pressure. This is a natural evolution of the present
experimental setup of ID20 and takes into account the
new advances in experimental and theoretical
understanding of the RXS technique, which provides
unique and complementary information compared to
the neutron scattering in the field of the physics of
strongly correlated electron systems. 

Although specialised and optimised for near edge
resonant magnetic diffraction studies of transition
metals (K), lanthanides (L), and actinides (L and M),
ID20 has broad and highly optimised capabilities for
a wide range of different scientific problems related to
the physics of condensed matter, for example, studies
of surface magnetism, of magnetic thin films and

heterostructures, and of local dynamical fluctuations
by photon correlation spectroscopy, which benefit
from the present experimental setup. 

Scientific case

Overview

The fundamental interaction of X-rays with bound
electrons can be due to the electrons charge or by the
coupling between the electric and magnetic field of
the incident photons with the atomic magnetic
moment. Charge scattering is the dominant
mechanism and the basis for crystallographic
investigation of condensed matter. X-ray magnetic
scattering gives rise to two regimes, determined by
the incident photon energy: the non-resonant limit
(NRXMS), in which the incident X-ray energy is well
separated from the excitation energy of any atomic
absorption edge in solids and includes X-ray energies
up to 100 keV and the RXS regime, where the
incident X-ray energy lies near an absorption edge.
The scattering amplitudes between the magnetic and
charge scattering events vary by several orders of
magnitude (about 10-6) and the detection of the weak
magnetic signal requires the high photon flux
delivered by undulator beamlines at third-generation
synchrotron radiation sources. 

RXS combines high-Q resolution X-ray diffraction
with atomic spectroscopy for investigating the
subtleties of microscopic electronic and magnetic
interactions in systems where the ground state
properties reflect a delicate balance between several
different correlated processes. In the resonant regime,
when the incident X-ray energy is tuned across an
absorption edge, there are additional contributions to
the X-ray scattering cross-section which are due to
the injection of a core level electron into a partially
filled valence band shell, which subsequently decays
through the emission of an elastically scattered
photon with particular polarisation dependence. The
special nature of this process is that it is both electron
shell and element specific, and it has introduced
species sensitivity directly into the determination of
magnetic structures (Gibbs, 2001).

Over the last few years, the possibility of singling out
structural, magnetic and anomalous scattering
components through Bragg diffraction, and to study
the polarisation dependence of the diffracted beam as
a function of scattering angle and incident photon
energy, have provided a large amount of experimental
data, that, in turn, have stimulated theoretical
calculations and interpretations. In particular, the
separation of the signal in terms of electromagnetic
multipoles is, at present, one of the most fashionable
ways to classify these experiments and to open new
avenues in this research field (Marri and Carra, 2004;
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Di Matteo et al., 2005). The knowledge of electric and
magnetic multipoles of both parities under space-
inversion and time-reversal can be of great
importance in order to understand the physics of
strongly correlated electron systems. In the light of
this interpretation, the RXS technique can be applied
to the investigation of many complex materials, such
as Mott insulators, colossal magnetoresistive materials,
actinides, high-Tc superconductors, multiferroics,
heavy fermions and other transition metal oxides, in
which orbital or multi-polar hidden order parameters
coexist and influence the phase transitions (Paolasini
et al., 1999; Paixao et al., 2002; Wilkins et al., 2006;
Walker et al., 2006). Strong multipolar interactions
can lead to exotic states such as quadrupole
fluctuations mediated superconductivity, or novel
heavy Fermion states when quadrupolar order is
suppressed by an external magnetic field. Interesting
physics can also be addressed in multi-k
antiferromagnets in which quadrupolar and magneto-
vibrational interactions are far from negligible. More
systematic information is required for a theoretical
understanding of the atomic multiplet configuration
interaction aspects and the band structure like effects,
which play important and often competing roles in
correlated systems. 

Future developments in RXS will provide new
powerful tools for investigating quantum phase
transitions and the peculiar electronic behaviour of
strongly correlated electron systems. In fact, the
fragile equilibrium between competing electronic
interactions in these complex materials can be altered
by applying pressure, or a sufficiently strong external
magnetic field at very low temperature (below 1 K),
where the thermal fluctuations are reduced compared
to the quantum fluctuations. 

The observation and characterisation in terms of the
ordering of discrete multipoles today places ID20 at
the forefront of basic research on magnetism and the
availability of RXS at extreme conditions is important
for progress to be achieved. 

Techniques

RXS and the Full Polarisation Analysis

The core activity of the beamline consists of
measuring in diffraction conditions and close to the
absorption edges forbidden lattice reflections
appearing as a consequence of broken lattice
symmetries (magnetic, charge or multipolar), and
characterise them in terms of light polarisation,
angular dependence about the scattering vector
(azimuthal dependence) and energy dependence
across the absorption edge. The azimuthal
dependence is one method that directly measures the
tensors and involves measuring the diffracted X-ray
linear polarisation upon rotating the sample around

the scattering vector. This technique has been
essential in a number of high profile cases and has
opened a new method of studying the physics of
multipole ordered states (ID20, 2006). The possibility
of controlling the incident beam polarisation by
diamond phase plates and analysing the polarisation
of the scattered photons as a function of the
azimuthal scattering geometry and the incident
energy should play an important role in the future of
this technique, providing a way to obtain information
on the symmetry of the ordered structure (charge,
magnetic or multipolar) (Mazzoli et al., 2006).
Future plans of development concern the design of a
dedicated azimuthal diffractometer with a vertical
scattering geometry for azimuthal scans (open χ-circle),
combined with a 4He flux cryostat and high cooling
power (40 mW at basic temperature of 1.5K).
The diffractometer will be placed in a dedicated
experimental hutch EH1 closest to the focusing optics
and which include the elements for beam
conditioning (diamond phase plates, attenuators,
beam monitoring).

RXS under extreme conditions

Compelling scientific problems in contemporary
condensed matter physics and material science make
the development of combined experiments (under
applied magnetic fields (H), electric fields (E), and
high pressures (P) at lowest temperatures (T)) critical
to enable major scientific breakthroughs. 

The objective of this proposal is to develop two
dedicated stations for RXS under extreme conditions: 
1. an experimental hutch EH2 with a heavy load six-
circle diffractometer holding a superconducting split
coil magnet (10 T magnet already in use at ID20) in
which these combined experiments (H-E-T-P) can be
performed and developed; 
2. a state-of-art, highest steady state magnet (30 T)
built with series connected hybrid technology and
placed downstream the EH2 close to the common
power supply near the ILL site. 

The first station is under development at ID20 and
the optimisation of beam stability and focusing in the
new beamline will allow more systematic studies of
magnetic phase transitions, providing new research
capabilities as well as building up expertise to lead to
further technological advances in this technique.
The second station is one of the most attractive
opportunities to carry out cutting edge high field
science in the 21st century. This project will enable
multidisciplinary activities in condensed matter
research and the application of unprecedented
magnetic field strength with the various powerful
X-ray scattering techniques will lead to new scientific
discoveries. It is important for this purpose to design
a beamline with the largest versatility and flexibility
in term of insertion devices, optic focusing elements
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and energy range (highest energies may be required
to perform non-resonant magnetic X-ray scattering,
powder diffraction or other diffraction studies).

Context with new sources and user
community

Started at Brookhaven in 1988, the subject of RXS is
growing, and work is now in progress at the ESRF (on
a number of beamlines, ID20, XmaS, ID08), KEK-
Tsukuba (Japan), SPRING-8 (Japan), ALS (Berkeley,
US), APS (Argonne, US), BESSY-II (Germany), SLS
(Switzerland), Postech and PAL (Korea), Campinas
(Brazil). Each of these sources features beamlines
specialised for X-ray magnetic scattering studies
(Gibbs , 2001). Beamlines adapted for RMXS are also
in construction at DIAMOND and SOLEIL. The
working energy range for RXS is certainly well
adapted (in term of brilliance) for the new third-
generation national sources (SOLEIL-France, PETRA-
III-Germany, DIAMOND-UK, and ALBA-Spain). In
other words the present Upgrade Programme requires
local support, infrastructures, local scientific and
technical expertise, which are important factors and
strengths of the ESRF.

Technical considerations

The main technical considerations for the realisation
of this project are: 
1. The design of the UHV optics, which allows the
beam to be focused independently into three separate
experimental stations, with an energy range of 2.5 to
30 keV and a possible extension over 50 to 100 keV
for NRXMS studies.
2. The design of two main experimental stations for
RXS similar to the existing ID20 experimental hutches
EH1 (for full polarisation analysis and azimuthal
scattering geometry) and EH2 (for RXS under
extreme conditions).
3. The design of a custom experimental stations EH3
for a dedicated very high DC hybrid connected 30 T
split pair magnet. 

The main project proposed consists of the
construction of two optics hutches, OH1 for the
monochromator and high power white mirror and
OH2 for focusing optics and high harmonic rejection
mirrors. It is possible to build a third optics hutch
OH3 close to the high DC 30 T magnetic station, in
order to improve the necessary stability and focusing
close to the external experimental hutch. The
objectives are the following:
• Front-end upgrade and high power heat load on the
first optical elements;
• Beam stability in term of flux and positioning (low
counting rates);

• Focusing performance (different focal points due to
the three in-line stations); 
• Small spot size (increasing demagnification factors);
• Diagnostics, monitoring and characterisation of
different optic elements;
• UHV optics with removable Be-windows.

Cryogenic devices and superconducting split-pair top-
loading magnets will require a very high experimental
hutch for sample stick insertion and large volumes for
containing the helium and nitrogen gases released
during a possible magnet quenching. Moreover,
lateral large dimensions of the hutch are needed to
prevent the coupling of walls with the magnetic stray
field produced by superconducting magnets (minimal
distance of 3 m). In general the sample environment
for RXS requires demanding technical solutions due
to the strong photon absorption of materials in the
energy range between 2.5 and 10 keV, wide
scattering access for the X-ray beam, and custom
instrumentation. Beryllium windows are today
available and extensively used in all the cryogenic
devices at ID20. 

It is important at this stage to summarise the possible
technical development in the different domains of
interest:

Magnetic fields: The magnet technology based on a
split coil design for vertical field magnets is the most
suitable for diffraction experiments because it offers
the largest optical access for scattering studies and
top loading access for samples. The top-loading
geometry in turn allows diverse variable temperature
insert and sample insert devices (electric field stick,
high pressure stick) and devices to rotate the sample
in different directions with respect to the applied
magnetic field to be used during combined H-E-P-T
experiments.
Today two major developments in magnet technology
are foreseen: 
• Superconducting split-coil magnets (SSCM) are
commonly used in neutron scattering techniques and
they can reach magnetic fields of the order of 15 T.
The SSCM are more versatile, user friendly and are
adapted for routine experiments based on the user
programme. Future possible upgrades of the high
magnetic field station concern the design of a new
SSCM which can reach 17 T with similar
characteristics of the actual 10 T magnet in term of
small absorption and wide scattering angles, but with
a reduced splitting between the coils (X-ray access of
2 mm) and the cold bore diameter down or reduced
to 15 mm. 
• High magnetic fields based on series connected
hybrid magnet (SCHM) technology can deliver
steady magnetic field above 45 T. In the case of split
coil geometries 30 T is today the maximum limit for a
SCHM. The implementation of such devices in the
domain of synchrotron radiation is new and requires a
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synergy between different specialised capabilities.
The SCHM is a large facility, requiring specialised
manpower both for operation and maintenance. The
design study of the power station, the power
connections and the infrastructure building have to be
planned by taking into account the specific
requirements of the beamline station where the
SSCM will be placed.

High Electric Fields: The application to the sample
of an electric field, E, of the order of 20 kV/cm
during a RXS measurement is technically challenging
because of discharge problems. In fact the cooled
samples must be isolated by the helium exchange
gas, extremely ionisable at low pressure. In the near
future we plan to realise a custom sample stick to
exploit the possibility of in situ application of an
electric field to the sample. This will give us the
unique chance of applying both magnetic and
electric fields at the same time, providing us with
the perfect environment to study, for example,
multiferroic materials characterised by a direct
interplay between the electric and magnetic degrees
of freedom. 

Low Temperatures: In the domain of low
temperatures, the design of a custom cryogenic
system capable of reaching temperatures below 1 K is
limited by the incident photon flux on the sample.
The strong absorption of the sample surface around
the characteristic working energies deeply affects the
thermal behaviour of measured materials, and the
attenuation of the beam is often necessary to attain
the transition temperature. The cooling power
required for RXMS at low temperatures is of the order
of 40 mW, and a 3He system is be the most suitable to
reach the desired performances. The exploration of a
possible cryogenic device able to fulfil these
requirements is certainly a technical challenge and an
important issue for RXMS studies.

High Pressure: The application of high pressure at
low temperatures on strongly correlated electron
systems leads to variations manifested in the
electronic structure, because of the change of the
degree of overlap of exchange integrals between
interacting atoms, and therefore the amount of
competing magnetic and electronic interactions
responsible for anomalous low temperature
thermodynamic and transport properties. RXS is an
ideal technique to be combined with hydrostatic
pressure, and being able to determine structural and
electronic order parameters as a function of bonding
lengths. The aim of the project is to develop a
method to probe a phase diagram between 0 to 5 GPa
and 1.5 to 300 K with in situ pressure and temperature
variation and detection for incident X-rays tuned to
the absorption edges of transition metals and
lanthanide elements (Kernavanois et al., 2005). 

Support facilities

• Sample preparation laboratory for single crystal
orientation and cutting. 
• Cryogenic laboratory.
These facilities will be used extensively and are of
vital importance for the beamline operation, in
particular for the new sophisticated sample
environments demanding precise sample orientation.
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PMF: Pulsed Magnetic Fields

Summary

The proposed experimental station will be dedicated
to X-ray diffraction and absorption spectroscopy
under pulsed magnetic fields in the range of 30 to
50 T. It will be an evolution of the transportable
pulsed magnetic field project previously employed on
BM26B (see Frings et al., 2006), ID20 and ID24, and
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which will be exploited on ID06 (currently under
construction).

The beamline will offer a variety of X-ray techniques,
in particular powder diffraction, single crystal
diffraction (including X-ray resonant scattering, XRS)
and absorption spectroscopy (including X-ray
magnetic circular dichroism, XMCD) over a photon
energy range from 5 to 100 keV. While, in principle,
magnetic fields affect all kinds of matter, we here
focus on the field of correlated electron physics, in
particular field induced phase transitions.

An experimental station dedicated to pulsed magnetic
fields could be realised within a relatively short
timescale and with a modest budget. It would thus
help to explore the wider scientific case for steady
(DC) high magnetic fields beyond those currently
realisable with superconducting cryomagnets and seed
the user community for such an installation.

Scientific case

Overview

The magnetic field is a thermodynamic parameter of
fundamental importance, on equal footing with
temperature and hydrostatic pressure. As all electrons
carry a spin, all types of matter can be influenced by
the application of external magnetic fields. Here,
however, we will focus on the field of correlated
electron systems.

One subject of primary interest in fundamental physics
is quantum correlation effects in condensed matter.
Intensive research on advanced materials has led to the
discovery of new compounds with spectacular
properties driven by these correlation effects. High
magnetic fields allow us to finely tune the delicate
balance between different correlation effects. The
ability to measure these materials under such
conditions is therefore of fundamental importance. The
probes available today, however, are mainly limited to
macroscopic properties and do not yield direct
information on the structural properties, or possible
structural changes as function of the applied magnetic
field. Any realistic theoretical model must be based on
the knowledge of the atomic arrangement because the
different interactions strongly depend on it. The
determination of the correct crystal structure is thus a
prerequisite for the validation of any model of the
ordered state and of the underlying interactions. The
importance of such structural studies is further
emphasised by the observation of anomalies in
ultrasound velocity and dilatometry at magnetic field
induced phase transitions. 

Within this project we intend to combine state-of-
the-art methods for the generation of high magnetic

fields with X-ray probes that will allow us to explore
the phase diagrams of correlated electron systems in
high magnetic fields. Within the field of correlated
electron physics, we consider the following to be of
particular interest:

Colossal magnetoresistance (CMR) manganites
The perovskite manganites R1-xAxMnO3 (R: a trivalent
rare earth, A: a divalent alkaline atom) can readily be
tuned between radically different states, including
ferromagnetic metals, charge-ordered insulators and
paramagnetic polaron liquids and show interesting
phenomena, like CMR. The solid solution of two
cations with different valence states leads to a
mixed valence state for the mangenese, namely
Mn3+ (3d4 S=2) and Mn4+ (3d3 S=3/2). The
degeneracy of the t2g and eg crystal field levels is
partially lifted. For the Mn3+ ion, the 3 t2g electrons
are considered as localised with local spin S=3/2. The
eg electron, on the other hand, can either become
itinerant, or it may localise, giving rise to a metal-
insulator transition and a charge order state. The
exact crystal structure has a large influence on this
subtle balance and is not yet clearly understood. 

Magnetisation plateaus in low dimensional S=1/2
systems
The magnetisation processes of low dimensional
quantum spin systems with spatial structures such as
spin ladders, exchange-alternating chains and dimers,
are new problems in magnetism and do not yet have a
theoretical grounding. In most of these systems, it has
been predicted that the magnetisation is not a
uniform function of the applied magnetic field but
rather tends to form plateaus where the magnetisation
is quantised to a fractional number of the total
magnetisation. These plateaus have been observed in
the dimer chain compound NH4CuCl3 and in the 2D
highly frustrated spin-dimer SrCu2(BO3)2. There is
recent evidence for a discontinuous phase transition
in SrCu2(BO3)2 from a uniform magnetisation to a
modulated superstructure near 27 T, with a
magnetisation plateau at 1/8 of the full saturation.
The possibility of a lattice distortion at the plateaus is
strongly supported by ultrasound experiments, in
which sharp softening of the elastic constants is
observed in high fields.
One of the questions that will be addressed in this
project is the nature and magnitude of the atomic
displacements occurring at the magnetisation plateaus
in 2D quantum spin systems such as SrCu2(BO3)2 and
NH4CuCl3 .

Hidden order parameter and metamagnetism in
URu2Si2
One of the intriguing questions that this project will
certainly help to address is the breaking up of the
heavy fermion ground state under high magnetic
fields. Indeed the application of a magnetic field
causes the narrowing of the quasiparticle band at the
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Fermi energy and thus induces a change in the
electronic state of 5f electrons, from itinerant to
localised. The metamagnetic transitions in URu2Si2
constitute a very good example of studies that are to
be carried out in this project. These transitions
occur in the magnetic field range comprised between
32 T and 40 T, and are accompanied by some
defined steps in the magnetisation at 1/3, 3/5 and
finally at 1. This phenomenon bares some
resemblance with analogous plateaus present in
intermetallic compounds (non heavy fermion) and in
2D quantum spin dimers and plaquettes, as we have
shown in the previous paragraph. It has been
theoretically shown that the occurrence of non-
integer magnetisation plateaus straightforwardly
implies the presence of a superstructure as the
number of spins per unit cell has to be integer. This
superstructure has been revealed through NMR
experiments in the 2D quantum anti-ferromagnet
SrCu2(BO3)2. Although the comparison between
URu2Si2 and SrCu2(BO3)2 is merely
phenomenological, it is nevertheless worth pointing
out that the metamagnetic transitions in quantum
compounds occur together with lattice distortions.

Techniques

The experimental station will be dedicated to X-ray
diffraction and spectroscopy under pulsed magnetic
fields in the range of 30 to 50 T. The technical
feasibility of such experiments has recently been
demonstrated by our pilot experiments at the ESRF
(Frings et al., 2006; Mathon et al., 2006) and the work
at SPRING-8 in Japan (Matsuda et al., 2004; Narumi et
al., 2006).

The proposed experimental station will combine the
following X-ray techniques with magnetic field pulses
generated by a capacitive discharge: X-ray powder
diffraction, X-ray single crystal diffraction (including
X-ray resonant scattering) and X-ray absorption
spectroscopy (including XANES, EXAFS and
XMCD). An integrated cryostat system will provide
optimum cooling for the high field coil by immersing
it in a liquid nitrogen bath. Furthermore, it will allow
the user to vary the sample temperature between 4
and 300 K. Prototype systems have been developed at
the LNCMP (Toulouse, France) and at the ESRF (van
der Linden et al., 2006) and have been tested
successfully on beamlines BM26B, ID20 and ID24.

Although it is the dominant method for the
determination of crystal structures, X-ray scattering
has so far only been combined with moderate static
magnetic fields. At present no synchrotron radiation
facility can offer magnetic fields higher than 17 T to
its users. Initiatives are under way both in Japan
(Matsuda et al., 2004; Narumi et al., 2006) and in the
USA to combine X-ray scattering techniques with
magnetic fields of 30 T and above.

X-ray powder diffraction is the method for small
molecule crystal structure determination. Within a
relatively simple setup that does not require
movements of the sample during data acquisition
(except for improving the powder average) it is
possible to determine the space group, lattice
parameters and angles, and to estimate atomic
positions within the unit cell. The initial experimental
results (Narumi et al., 2006; Frings et al., 2006) have
demonstrated that powder spectra can easily be
recorded under pulsed field conditions.

Two disadvantages intrinsic to powder diffraction
prompt us to also develop single crystal diffraction:
(a) the comparatively low signal/noise ratio does not
allow for the detection of magnetic scattering and (b)
in powders the magnetic field is applied along a
random direction, a significant inconvenience for
samples that exhibit strong magneto-crystalline
anisotropy and phase diagrams that depend on the
direction of the applied magnetic field. We expect
that in favourable cases we will be able to directly
study superlattice reflections due to magnetic or
orbital order using X-ray resonant scattering.

As an alternative to diffraction studies we will offer
several X-ray absorption spectroscopy techniques
which directly probe the influence of the external
magnetic field on the local electronic structure (X-ray
absorption near edge structure, XANES) and on
interatomic displacements (extended X-ray absorption
fine structure, EXAFS). By using an X-ray phase plate
to generate a circularly polarised beam we will
furthermore study the spin polarised absorption
spectra (X-ray magnetic circular dichroism, XMCD).
XMCD holds particular promise for high field
applications as magnetic field induced phases are
stabilised through the Zeeman contribution to their
free energy, i.e. they necessarily have a finite
magnetisation. XMCD offers direct, local, and species
sensitive access to the atomic origin of this
magnetisation.

Context with new sources and user
community

Because of short duration of the magnetic field pulse
and the limited number of repetitions (due to the low
duty cycle and the finite, fatigue limited life time of
the high field coil) all X-ray techniques listed above
are flux limited. It is therefore no coincidence that the
existing prototype experiments were carried out at the
ESRF and SPRING-8.

In particular, powder diffraction requires high photon
energies, in the range of 25 to 40 keV due to the
limited access angle due to the presence of the pulsed
field source. The ESRF is clearly the best existing
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source (in Europe) for this application. Amongst the
sources under construction, only PETRA-III presents a
viable alternative for X-ray powder diffraction and
high energy diffraction. The resonant techniques,
X-ray absorption spectroscopy and X-ray resonant
scattering might eventually be implemented at other
European synchrotron radiation sources. Indeed,
PETRA-III and SOLEIL have expressed interest in
pulsed magnet field experiments (SOLEIL: dispersive
EXAFS, PETRA-III: unspecified X-ray technique,
presumably powder diffraction).

The potential user community has expressed their
interest in such an experimental facility in letters of
interest and during the Workshop on Synchrotron
Applications of High Magnetic Fields held in Grenoble,
16 to 17 November 2006.

Finally, pulsed magnetic fields hold great appeal for
X-ray free electron laser sources. However, the
experimental protocols need to be determined.

Technical considerations

Single crystal diffraction: Intensity measurements
would best be performed in Laue mode, i.e. with a
wide bandpass monochromator (such as a multilayer
system).

Powder diffraction, resonant diffraction, and
spectroscopy: These techniques require a narrow
bandpass monochromator, e.g. a Si(111) or Si(311)
double crystal monochromator.

Experiments are flux limited, therefore the
experimental station should benefit from a full length
straight section. The typical time constant of a
magnetic field pulse is in the order of 5 ms for the
LNCMP system (Frings et al., 2006). For diffraction
experiments it would therefore be of great benefit to
have area detectors with a frame rate in excess of
1 kHz: Instead of using only a small time slice of the
magnetic field pulse, selected by a fast X-ray shutter,
one would record the variations of the diffraction
signal as the magnetic field pulse evolves, thus
measuring a full hysteresis curve. Data acquired in this
way would also allow the detection of systematic
errors, e.g. due to sample vibrations. 

Furthermore, high flux and good detection efficiency
are crucial as the life time of the high field magnet is
fatigue limited (approximately 1000 shots with field
strength over 75% of the design value, e.g. 22.5 T for
a 30 T magnet coil).

At present, we expect a demand for beam time from
external users for approximately 30% equivalent of a
full beamline, therefore the experimental station could
operate in time shared mode with another application,

ideally one that requires lower intensity timing modes
so that the beam time is naturally shared.

Support facilities

Users and beamline staff would require access to
sample preparation and characterisation facilities, in
particular:
• Basic characterisation techniques for magnetic
samples such as magnetisation, specific heat, transport
(resistivity) in superconducting magnetic fields up to
15 T, as provided by e.g. PPMS and MPMS by
Quantum Designs.
• Sample preparation facilities for milling, weighing,
compacting and mounting powder samples.
• Sample preparation facilities for orienting, cutting,
polishing and quality testing single crystal samples,
including an X-ray Laue camera, diamond wheel and
wire saw, lapping wheel, and a small four circle
diffractometer on laboratory X-ray source. 

Note that the facilities cited above would also be of
benefit for other projects, in particular MAGSCAT
and DICHRO, SMS and NR-HE.

As magnetic fields above 30 T are not commonly
found in university laboratories, our users would also
profit from the possibility of performing simple
characterisation measurements in pulsed magnetic
fields.
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RIXS-PES: High Resolution
Resonant Inelastic X-ray
Scattering and Photoelectron
Spectroscopy

Summary

In this design report we propose a new soft X-ray
beamline that would extend and optimise the existing
soft X-ray facilities at the ESRF utilising the unique
properties of soft X-ray resonant inelastic scattering
and soft X-ray photoelectron spectroscopy.

The beamline would exploit resonant inelastic X-ray
scattering and photoemission in the 0.4 to 1.9 keV
range. Small spots and very high energy resolution
would open up new possibilities in studies of the
electronic properties of materials based on 3d
transition metals, lanthanides and technological
semiconductors. In particular the extension of the
energy range beyond 1.9 keV would benefit from the
6 GeV energy of the ESRF.

A dedicated straight section would be required to
maximise the flux on the sample in order to increase
the energy resolving power at the expense of the
transmission of the monochromator. A
monochromator optimised for high resolution and
high stability in fixed energy measurements will be
necessary. New instruments for RIXS capable of
> 10000 resolving power below 1 keV and at least
5000 in the upper energy range together with the
possibility of varying the scattering angle would have
to be designed and built. The challenges for the
photoelectron instrument is to have very good
angular resolution, as well as the more easily
attainable, very high energy resolution and giving
better than 10000 combined (monochromator and
analyser) resolving power.

Scientific case

Overview

Resonant inelastic X-ray scattering (RIXS) can be used
effectively to measure the energy and symmetry of
neutral electronic excitations in solids (Ghiringhelli et
al., 2004). In the soft X-ray range it is particularly
useful for strongly correlated electron systems based
on 3d transition metals and on rare earth elements,
because the excitation and de-excitation processes
upon which RIXS is based directly involve 3d and 4f
states respectively. As the RIXS final state is neutral
and has no core holes, the spectra are little limited by
the intrinsic final state lifetime broadening and the
instrumental energy resolution is usually the limiting

factor for the detection of detailed spectral features.
The development of high resolution RIXS in the soft
X-rays has been limited by intensity issues, due to the
intrinsically small cross section and to the small
angular acceptance of spectrometers. Until now
(November 2006) only very few compounds have
been measured at the 2p threshold with a combined
resolution better than 0.8 eV, and those measurements
were made at the beamline ID08 of the ESRF using
the AXES (advanced X-ray emission spectroscopy)
apparatus (Ghiringhelli et al., 2004). This instrument
has achieved < 0.8 eV at the Cu edge, 0.35 eV at the
Mn edge and < 0.3 eV at the Ti edge. Around the
world, there are a limited number of soft X-ray RIXS
projects. Few will give performances clearly superior
to those of ID08 (as it is now) in terms of resolving
power and the energies ~2 keV will be better served
by high energy machines. Thus the project we
propose here is unique and ESRF specific. Note that
the opportunities opened by high energy resolution
are already interesting researchers not normally using
synchrotron radiation spectroscopy, so that the user
community will grow. For example, the high
resolution work looking at the d-d energy losses in
cuprates (Ghiringhelli et al., 2004) has stimulated
groups to combine results from X-rays and optical
techniques to understand the basic electronic
structure of these important superconducting
materials. The possible application of RIXS to rare
earth systems and to technologically interesting
semiconductors (Si, Ge, GaAs, GaAlAs) encourages
the extension of the energy range up to at least
1.9 keV so to reach Yb M4,5, Al and Si K, Ga, Ge and
As L2,3 edges with high flux and good energy
resolution. In the study of heterostructures, having
both fundamental and technological interest, RIXS in
this energy range is particularly promising because it
makes it possible to probe buried objects on a depth
scale interesting for modern nanotechnologies. This is
not true if shallow core level edges are used as it
would be done at lower energy storage rings. With
very high energy resolution and k-resolved
measurements low energy losses in titanate and
vanadate compounds could be studied (although one
covers only a fraction of the Brillouin zone). These
are at the limit or beyond our possibilities today.
The type of problems that can be addressed are low
energy d-d losses and the presence of collective losses
like “orbitons”.

Angle resolved photoemission (ARPES) has been an
important tool in understanding the electronic
structure of materials. Traditionally the work has been
done in the VUV region where the cross sections are
large and high energy- and k-resolution are more
easily achieved. In the last few years it has become
clear that for certain studies the surface sensitivity of
the VUV region is a problem. Typical examples are
correlated materials, like rare earth compounds
(Venturini et al., 2006), the cuprates (Claesson et al.,
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2004) and transition metal oxides. Studies, for
example at SPRING-8 in Japan and the ESRF
(Venturini et al., 2006), and elsewhere, have shown
that band structure information can still be obtained
in the photon energy range 400 to 1500 eV with
better bulk sensitivity but without reaching the XPS
limit where only density of states information is
achieved. In addition important information can be
gained by utilising the absorption resonances in this
energy region - 3d transition metals 400 to 1000 eV
and rare-earths 900 to 1600 eV (Venturini et al., 2006;
Sekiyama et al., 2000). For instance, the use of the
Ce M absorption edges gives a way of studying the 4f
states in Kondo materials which have fascinating
properties of fundamental interest. Having sufficient
signal, k-resolution and/or high energy resolution in
these energy regions, particularly up to 1600 eV, is a
challenge for the future.

Techniques

Soft X-ray resonant inelastic X-ray scattering and
angle resolved photoemission are extremely
demanding techniques because they require at the
same time all the qualities of a modern X-ray
beamline. The two techniques can thus optimally
share the same requests from an advanced beamline:
• Brilliance. The illuminated spot on the sample must
be very small. The flux must be as high as possible
because the cross section of the process is small. State
of the art focusing will be required to get a vertical
spot size of the order of 5 µm.
• Resolving power. To perform a RIXS experiment
with greater than 10000 combined resolving power,
the beam line monochromator must work at least at
20000 resolving power over the whole energy range.
This is also exactly the type of resolving power
needed for ARPES where the beamline is restricting
the performance and not the analyser. Having energy
resolutions of tens of millivolts would be a great step
forward. This is a challenge in the soft X-ray range.
• Stability. RIXS and ARPES experiments are
intrinsically slow and long acquisitions are needed.
The stability needs to be maintained when varying
energy and polarisation. Future gains in the stability
of the machine will be directly reflected in the data
quality.
• Polarisation tunability. The undulator source must
be capable of delivering linearly and circularly
polarised radiation with any orientation over the
whole spectral range. Always being able to work on
the first harmonic is a great advantage at the ESRF.

In addition we can further develop other aspects of
the methods:
• Extended energy range. The 400 to 1000 eV
range covers all of the L2,3 absorption edges of 3d
transition metals, light rare earth M4,5 edges and
oxygen and nitrogen K edges. High resolution RIXS
and ARPES above 1 keV up to 1.9 keV would allow

not only all of the rare earth M4,5 edges to be
covered, but also the K edge of Si (1840 eV) and of
Al (1560 eV) and the L2,3 edges of Ga, Ge and As
1140 to 1530 eV). Such facilities would fully exploit
the advantages of the ESRF in this energy range.
• Polarimetric RIXS measurements. Having the
possibility of analysing the polarisation of the emitted
photon would provide important additional
information. Such measurements are extremely
difficult in the soft X-ray energy range and a
challenge for the future. At higher energies crystal
spectrometers could be employed that give easier
access to polarisation analysis. Polarimetric
measurements in experiments having moderate energy
resolution are much easier and are particularly
appealing in strongly correlated systems, as recently
demonstrated using a polarimeter based on
multilayers (Braicovich et al., 2007). 
Angle dependent RIXS. The photon momentum is
not negligible in the soft X-ray range (compared to
the VUV) and it can be used to complement ARPES
in the exploration of dispersion in excitations of the
system. In RIXS above 1 keV the maximum
momentum transferred from the scattering photon to
the solid is more than 1 Å-1 meaning that the whole
Brillouin zone of most lattices can be explored. Such
measurements are difficult, requiring the spectrometer
to move about the sample but could provide essential
new information. Little has been done to measure the
dispersion in k-space of RIXS spectral features
although it will be a feature of the new beamline at
the SLS. It is also useful to have at least the choice
among some angular positions even if the dispersion
is not studied. In such a case it will be possible to
explore other phenomena e.g. in magnetic systems the
effects of the symmetry breaking with respect to the
traditional RIXS scattering at 90°.

The sum of all those requirements is per se a great
challenge for any modern synchrotron radiation
source. Moreover above ~800 eV the ESRF, working
at 6 GeV, has an intrinsic advantage over most other
European synchrotrons (present and future).

In summary, building an instrument of the future, with
in particular very high energy resolution will allow a
deeper insight into the electronic structure of many
classes materials, both of basic interest, like correlated
electron materials, and of more applied interest like
semiconductors, magnetoresistive materials etc.

Context with new sources and user
community

During the more than ten years of soft X-ray activities
at the ESRF the growth of the scientific applications
using third-generation light sources has been
impressive. Many of these sources have exploited the
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possibilities of polarised X-rays and in particular
circular polarisation, which is difficult to realise by
other means in this energy range. There are currently
(2006) more than ten third-generation soft X-ray
beamlines in Europe. These cover an extremely
diverse range of scientific problems and utilise many
different techniques. In the next five years another
ten beamlines are planned. These are at the demand
of the ever growing scientific communities around
Europe. Soft X-rays at the ESRF is already very
competitive with existing sources, will remain so in
the future and will play an integral part in meeting
this increased demand for soft X-rays. Certainly, the
ESRF will have to adjust to the changing European
scene in order to provide all the European user
community state-of-the-art research possibilities. This
can be done by building on past successful research
programmes, on the synergy with hard X-ray
beamlines at the ESRF and by concentrating on
activities best optimised at the ESRF and demanded
by the user community.

Technical considerations

Technical considerations – source: Based on our
experience with many types of helical undulators at
the ESRF the choice of source for this beamline
would certainly start from the APPLE II type
undulator. With an 88 mm period and utilising a full
7 m straight section and 300 mA ring current gives
approximately three times the flux of today. The
energy range would be ~0.4 keV to more than 2 keV
using the first harmonic. This solution will give
~100% polarisation (vertical and horizontal linear and
circular) over the whole energy range. 

Technical considerations – beamline: In order to
realise the scientific objectives of this project one
needs a soft X-ray beamline that will provide very
high photon flux into a few microns spot with very
high energy resolution. There are several beamline
strategies that can be employed including spherical
grating monochromators, variable line spacing (VLS)
plane grating monochromators or collimated plane
grating monochromators. In principle all of these can
reach > 20000 resolving power at 1 keV. Beyond is a
challenge, but the real challenge is to have sufficient
flux into the spot to allow the measurements to be
made. This requires an optimisation of all optical
elements (gratings can have efficiencies from 1 to
10% only for instance). State-of-the-art optics are
required. Also extreme positional and energy stability
over very long periods is required, since data
acquisition times can be many hours. 

Technical considerations – RIXS spectrometer:
Spectrometers for the soft X-ray range have to be
based on grazing incidence gratings for all energies
below 1 keV and they can provide excellent resolving

power (E/∆E from 8000 to 10000) even up to 1.5 keV
(Ghiringhelli et al., 2006). Their performance has been
evolving in recent years thanks to the improvement of
optical elements and of 2D position sensitive
detectors based on CCDs. Moreover the increased
performance of the synchrotron radiation sources and
beamlines have allowed part of the efficiency to be
sacrificed in order to gain resolving power. State-of-
the-art optical elements as well as the best (smallest
pixel size and > 25 x 25 mm2 area) directly
illuminated CCD detectors are needed.

The AXES spectrometer working at the ESRF since
1994 has demonstrated good performance and has
been upgraded continuously. It has also served as
starting point for the design and construction of the
SAXES instrument of the SLS, capable of 12000
resolving power below 1 keV (Ghiringhelli et al.,
2006). Based on this experience we foresee that a
three to four metre long spectrometer of similar
optical lay out will be perfectly suitable for the next
stage of RIXS at the ESRF. It will also reach 10000
resolving power below 1.2 keV and 7000 to 8000 at
1.5 keV. Air cushions or other technologies can be
used to allow the rotation of the spectrometer around
a vertical axis centred on the sample. Having a
continuously variable scattering angle without
breaking vacuum is a challenge.

For the higher energy range (1.4 to 1.9 keV) a crystal
spectrometer can be envisaged. In fact the Bragg
systems have an intrinsic higher luminosity thanks to
the high efficiency of Bragg reflections and to the big
angular acceptance. The main drawback is the serial
acquisition, requiring a theta/2theta scan for each
RIXS spectrum. ADP(011) or quartz crystals can
provide resolving power of the order of 7000 to 8000
at 1.5 keV, i.e. similar to grating spectrometers, but
examples of much higher resolving power (up to
10000 around 1.7 to 2 keV) exist too. Above 1.5 keV,
Bragg systems could perform better than grating
spectrometers in terms of energy resolution. A more
precise comparison of the efficiencies of the two
systems will have to be done for the whole 1.4 to
1.9 keV range. A crystal spectrometer would provide
an intrinsic sensitivity to the emitted photons
polarisation, useful in exploring the potentialities of
RIXS with complete control of the polarisation. The
Bragg spectrometers can be more compact but they
need to be rotated around the emitted beam to exploit
the polarisation sensitivity. Also for this type of
spectrometer we envisage the possibility of changing
the scattering angle between the incident and
scattered beam from the sample. The challenges are to
realise efficient crystal optics allowing polarisation
dependent measurements. The development of
multilayer optics allowing experiments with moderate
resolving power but with excellent sensitivity to the
polarisation of the beam scattered from the sample
should also be considered. For these optics there is a
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lot to be gained in optimising efficiency and the band
pass, particularly for polarisation dependent
measurements where the efficiency drops rapidly as
optimal polarisation performance is achieved in the
soft X-ray energy range.

Technical considerations – photoemission
spectrometer: Photoelectron spectrometers that can
reach the required energy resolution are available
today (meV energy resolution is routine) and also for
high kinetic energies. However, frequently the count
rates are so low that the ultimate resolution can not in
practice be realised. Optimisation of electron
detection schemes for soft X-ray angle resolved
photoemission potentially can improve the data
efficiency and should be investigated. Coupling this
with efficient high flux optics will make experiments
not feasible today, a possibility. The analysers also
need to be angle resolving and although
spectrometers working up to 1.5 keV are possible, the
angular resolution required in the future will be at the
limit of what is done today. Ideally spectrometers
capable of <0.1 degrees angular resolution are
desirable with a parallel detection window of
± 7 degrees or more. Today 0.3 to 0.5 degrees is
available over such a window and manufactures are
looking at < 0.1 degrees. Improved k-resolution for
the studies of the future is important.

Sample manipulation in UHV with six degrees of
freedom and low temperature at the sample
(preferably <10 K) is required. Sample transfer from
air to UHV is also needed.
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SMS: Resonant Soft X-ray
Magnetic Scattering

Summary

With this project we propose to extend to the soft
X-ray scattering regime the experimental and
theoretical advances of the resonant X-ray magnetic
scattering technique developed in the hard X-ray
range at the ESRF. This will provide new research
opportunities for the benefit of a wide user
community. The key objectives of the project are to:
• Provide a new instrument with a stable, high
intensity and focused photon beam for resonant soft
X-ray scattering (RSXS) and photon polarisation
analysis in the energy range from 500 to 2000 eV.
• Build a dedicated UHV experimental station for
very low temperatures (down to approximately 2 K),
with azimuthal capabilities and linear polarisation
analysis.
• Possible implementation of a second experimental
station for high magnetic field studies in the RSXS
regime.

This beamline will complement the magnetic
scattering beamline operating in the hard X-ray
regime (CDR MAGSCAT) as it gives access to
important absorption edges, such as the L2,3 edges of
the 3d transition metals and the M4,5 edges of the rare
earths. The soft X-ray beamline will have a dedicated
multi-circle UHV diffractometer with liquid helium
sample cooling system, a polarisation analysis stage
and instrumentation for sample orientation and
manipulation. 

The addition of an ESRF soft X-ray magnetic
scattering beamline would permit the cross
fertilisation of the experience with magnetic
diffraction gained in the hard X-ray region on ID20
on one hand, and the experience with magnetic
spectroscopy in the soft X-ray range gathered on
ID08 on the other hand. The possibility of covering
the whole energy range from 0.5 keV to 30 keV for
resonant X-ray scattering (RXS) studies would provide
a unique world class facility.

Over the past years pioneering experiments at the
L-edges of the 3d transition metals (Wilkins et al.,
2003; Wilkins et al., 2003) have demonstrated that
resonant X-ray scattering in the soft X-ray regime can
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yield unique, interesting information, despite the
physical limitation of the available Q range.
Polarisation analysis and the azimuthal dependence,
techniques first developed for the hard X-ray range,
were successfully applied to a wide range of materials,
showing that the physics of multiple ordered states
can also be probed in the soft X-ray regime (Staub et
al., 2005; Mulders et al., 2006; Scagnoli et al., 2006).

Very recently, resonant powder diffraction was
demonstrated to be possible in the soft X-ray regime.
This unexpected capability can certainly contribute to
new areas of research such as, for example,
unexplored fields in the domain of molecular
magnetism (Staub U., private communication). In
other words, the scientific case for a soft branch is not
limited to the physics of strongly correlated electron
systems, but can cover other areas of magnetism and
open new avenues for applied research in
nanostructured materials of technological interest.
Indeed, the Q range and resolution accessible in the
soft X-ray are perfectly matched to the length scales
of interest in the emerging research fields of
nanomagnetics and orbitronic materials (that use the
orbital degrees of freedom within devices) and this
area of research still remains largely unexplored.

Scientific case

Overview

Historically the domain of soft X-ray magnetism
research was addressed by photo-absorption or
photoelectron spectroscopy techniques. These have
often been applied to simple mono-atomic or
nanostructured materials (exchange bias, monoatomic
layered magnetic systems) and studied mostly with
circular polarisation across the absorption edges of
transition metals (L edges) and rare earth elements
(M-edges). The domain of RSXS, as applied to
strongly correlated electron systems, is relatively new
but has nevertheless already attracted significant
attention. The resonant magnetic enhancement at the
L-edges of 3d transition metals and the M-edges of
rare earth elements are very large, allowing excellent
signal-to-noise ratios so that diffraction measurements
are relatively easy, despite the limitation of RSXS due
to the long wavelength available in the soft energy
range. These absorption edges are very important
since resonant dipolar transitions in this energy
regime access electronic states carrying large
magnetic moments: 2p→3d transitions in 3d transition
metals and 3d→4f transitions in rare earths.

A large class of strongly correlated electron systems
can be studied, ranging from high-Tc
superconductors, multi-ferroics, giant magneto-
resistive materials, frustrated low-dimensional
magnetic systems. In principle most of the scientific

cases explored by RXS in the hard X-ray regime can
be relevant in the soft X-ray regime, when the
propagation vectors of the ordered structure are small
compared to the photon wavelength (see the
conceptual design report for project MAGSCAT).
Due to this intrinsic limitation of the available Ewald
sphere, the hard and soft RXS techniques must be
combined in order to extract complementary
information on charge, magnetic and multipole
ordered phenomena associated with electronic
degrees of freedom. These are the key ingredients for
understanding the physics of strongly correlated
electron systems.

Besides this main scientific activity, a larger area of
research can be addressed in the domain of
nanomagnetism and, in particular, nanomaterials of
technological interest, for example for confined
magnetism, cluster magnetism and complex-
oxides/phase separated magnetic systems. The basic
ingredients of nanoscience are the geometric
confinement, the physical proximity and the self-
organisation. This research field is rapidly expanding
and requires the cooperation between chemists for
the challenge of designing and synthesising new
magnetic molecules with tailor made properties and
of the physicist, who can experimentally measure the
properties and work out the theoretical models
required for their interpretation (Gatteschi et al.,
2006).

Finally, surface magnetism, buried interfaces and their
relationship to interfacial roughness can be probed
using diffuse X-ray resonant scattering, a method in
which the average diffusely scattered X-ray intensity
is compared with the component that reflects the
magnetic scattering. Using the element and shell
sensitivity of RXS and the large magnetic
enhancement at the L-edges of transition metals, the
interface morphology and the magnetisation depth
can be measured, opening a wide range of
experiments on thin films and multilayers.

Techniques

Resonant X-ray diffraction and linear polarimetry
The RSXS technique requires a UHV diffractometer
with a horizontal and vertical detector arm and a
four circle geometry with azimuthal scan
capabilities. The detector arm must support a soft
polarisation analyser (typically a multilayer adapted
to the resonant energies used in the experiment)
which can rotate about the scattering vector to
determine the outgoing photon polarisation. A
continuous helium-flow cryostat can be designed to
reach the basic temperature of ~2 K at the sample
position. Due to the restrictions imposed by the
photon wavelengths and the reduced reciprocal
space, an X-ray tube generator can be combined
with the UHV chamber in order to pre-align the
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sample and determine the orientation matrix before
the RSXS experiment. 

Resonant soft X-ray scattering under high
magnetic fields
A second station can be envisaged with a dedicated
high magnetic field split-coil magnet for RSXS
experiments. The UHV magnet will apply a vertical
magnetic field and the split access will allow a large
scattering angle in the horizontal plane. The detector
arm will be equipped with a polarisation analysis stage
and the variable incident linear polarisation can be
used to determine the polarisation and the energy
dependence of the resonant signals. The basic
temperature reached by the magnet will be about 2 K.
Combined experiments using in situ techniques such as
magnetic (H) and electric (E) fields at low
temperature (T) can be easily adapted to investigate
the H-E-T phase diagram of multiferroics, to
determine the effect of magnetic field in frustrated
magnetic systems or to disentangle the multipole
order parameters which occur simultaneously in
electronic and magnetic phase transitions.

Context with new sources and user
community

The scientific possibilities offered by RSXS have
stimulated a very high interest in the synchrotron
radiation community and in recent years soft X-ray
stations adapted for this kind of studies have been
put into operation at different synchrotron radiation
sources. These stations are built on multipurpose
beamlines, and up to now, despite the high user
demand, there are no dedicated beamlines for RSXS,
nor are they in general specialised for linear
polarisation analysis. The existing RSXS station on
ID08 ESRF beamline has received a large user
demand over the last few years, despite it
representing only one activity of the beamline. We
would also like to point out that the RSXS is one of
the main scientific cases for the new European Free
Electron Laser (Hamburg) and that different
specialised beamlines are in conceptual design at
APS, Brookhaven and Japan. Dedicated stations will
be built at ALBA, SOLEIL and DIAMOND.
However, the ESRF is and will remain extremely
competitive in the soft X-ray energy range and the
possibility to complement the RXS in the hard X-ray
regime and to cover the whole energy range
between 0.5 and 30 keV would provide a world class
facility. This would also conserve both the
specialisation of the ESRF beamlines (compared to
multipurpose beamlines) and the multi-technique
character of the ESRF facility.

Technical considerations

Technical considerations – source

At the ESRF there is a lot of experience with many
types of helical undulators. Of these the APPLE II
type undulator has many advantages in the soft X-ray
range, particularly if one wants to be able to rotate
the linear polarisation and also have access to circular
polarised X-rays. The full energy range (0.5 keV to
2 keV) can be accessed using the first harmonic
giving ~100% polarisation for both linear and circular
polarised X-rays. However, there are several
challenges with this project. The need to rotate
continuously the linear polarisation ± 90 degrees will
require a modified version of existing undulator
designs. Also high flux is needed so the use of a full
7 m straight section will be a great advantage. Such
sources also require special considerations for heat
load problems in the front end, as power is generated
in both planes.

Technical considerations – beamline

To reach the scientific aims of this project one needs
a soft X-ray beamline that will provide a very high
photon flux. Given that the energy resolution
requirements and the spot size at the sample are
modest, there are several beamline strategies that can
be employed including spherical gratings
monochromators, variable line spacing (VLS) plane
grating monochromators or collimated plane grating
monochromators. The challenge is the energy range
around 2 keV where grating monochromators have
efficiency problems. Improvements in reflectivity
using multilayer gratings should be explored. 

Technical considerations – UHV diffractometer

Combining UHV capabilities with a high
performance diffractometer (at least a four circle
diffractometer, with azimuthal capabilities) giving
polarisation analysis of the out going beam and low
temperatures (~2 K) at the sample is a challenge.
Although several projects worldwide (ESRF, SLS,
NSLS, ALS, BESSY-II etc.) have made progress in this
direction an instrument giving all the degrees of
freedom does not exist. In particular, very low
temperatures at the sample and full polarisation
analysis are big challenges. Cryogenic shielding of
the sample is very difficult in the soft X-ray range as
there are normally no windows, UHV vacuum is
required and large scattering angles are needed.
Polarisation analysis requires multilayer optics which
typically have very low efficiency in this energy
range. In addition many different multilayers will be
needed to cover a wide energy range. 

Real UHV vacuum conditions (10-10 mbar) will allow
unique samples to be prepared using, for example,
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surface science techniques. However, if the
instrument needs to be baked for UHV operation this
complicates the design considerably. UHV vacuum is
also needed for low temperature operation to prevent
ice formation which affects the reflectivity in this
energy range. Modest magnetic fields might also be
needed in such an instrument. The use of two
dimensional CCD detectors should also be explored. 

Technical considerations – high magnetic fields

Based on the experience at the ESRF of split-coil high
field magnets one can imagine a system optimised for
the soft X-ray range. The challenges are, as always, to
have sufficient angular range for the scattering, high
magnetic fields (as high as possible 7 to 15 T
depending on the solutions that can be found) and
low temperatures (as low as possible, but reaching
~2 K). Cryogenic shielding is a problem due to the
low X-ray energies and the sample also needs to be in
vacuum in this energy range, which complicates the
cryostat design. Two dimensional detectors,
polarisation analysers and the combination of
magnetic fields and electric fields will probably all be
needed.
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Introduction to the Conceptual Design Reports of the

X-ray Imaging Group

CPR Development of Clinical Protocols in Radiotherapy: A programme page 111
to develop clinical protocols on human brain tumours using microbeam 
radiation therapy and stereotactic synchrotron radiation therapy. 

IMPACT Imaging using Parallel Beam and Computed Tomography: page 116
Complementary to the micro-/nano-focus beamlines, providing a high 
quality parallel, homogeneous and coherent beam for computed tomography 
and parallel beam imaging techniques, with spatial resolutions in the micron 
and sub-micron range.

SFINX Scanning Fluorescence and Imaging at the Nanoscale using X-rays: page 119
An intense state-of-the-art nanoprobe providing unique very high resolution 
capabilities for 3D imaging and fluorescence microanalysis.

SMILE and XMAN Specto-Microscopy and Imaging at Low Energies and X-ray Spectroscopy page 121
Multi-Imaging Analysis: A multimodal analysis platform based on the 
use of infrared and X-ray microspectroscopies, microdiffraction and 
X-ray imaging techniques.

Summary of individual CDRs

Synchrotron radiation based X-ray Imaging is one of
the priority areas of scientific development
highlighted by the ESRF Scientific Advisory
Committee and the Council. In addition, X-ray
Imaging is clearly linked to the other priority topics of
Nanoscience and Nanotechnology and Structural and
Functional Biology and Soft Condensed Matter.

The ESRF has a leading position in the development
and application of X-ray imaging techniques. This
results from the continuous improvement of
performance (i.e. spatial and temporal resolution) and
the completeness (i.e. IR end-station complementing
X-ray microanalysis beamlines) of the ESRF
instrument portfolio. It also derives from the fact that
new scientific communities are attracted by the
possibilities of these techniques (palaeontology, for
example, increased from zero to about 20% of the
microtomography proposals over four years). The
present Upgrade Programme is currently aiming at
offering the best conditions for new science by
keeping the X-ray imaging activities at the forefront
and pushing for both qualitative and quantitative
enhancement of the ESRF potential in this fairly
recent competitive discipline. In particular, a major
component of this programme is the integration of
the various beamlines and related new support
laboratories into a unique X-ray Micro-Imaging
Platform.

More precisely, the XRI Group Upgrade Programme
includes 1) An ambitious and challenging
development of the microspectroscopy beamlines
(SMILE and XMAN), in terms of spatial resolution,
detection limits and X-ray spectroscopy capabilities
(EXAFS, FTIR, XEOL), which will provide new
scientific opportunities for emerging synchrotron
radiation scientific applications such as environment,
Earth and planetary sciences, and cultural heritage
topics 2) a completely new nanofocus imaging project
SFINX on a dedicated straight section, with an
emphasis on biological materials, founded on the
experience acquired through the pilot projects that
are being presently developed 3) an optimised
beamline (IMPACT) for all parallel and coherent
beam imaging techniques, and in particular fast
(fraction of second range) and high resolution (sub
micrometre range) microtomography and 4) a
beamline for biomedical imaging and radiotherapy
clinical trials (CPR) aiming at treating brain tumours
that otherwise have no cure. This work could initiate
a European Partnership on Cancer Research. This
platform, complemented by laboratories
(micromanipulation, biomedical facility, open to all
the ESRF and the users community), is of actual
added value, making it possible to work on a wide
variety of scientific topics not accessible today (see
CDRs and science chapter of this report).
Its achievement is critically dependent of the
infrastructure developments foreseen in the Upgrade
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CPR: Development of Clinical
Protocols in Radiotherapy

Summary

The ID17 research programmes will focus on the
development and the exploitation of two radiation
therapy (RT) techniques, namely MRT (microbeam
radiation therapy) and SSRT (stereotactic synchrotron
radiation therapy). Both techniques are currently
being proposed for clinical trials (phase I and phase
II) in brain tumour bearing patients. These trials will
aim (i) to demonstrate the technical and medical
application of these novel RT techniques in safe
conditions for the patients (phase I) and (ii) to show
benefits (in terms of increased life span and/or
reduced side effects) with respect to conventional RT
techniques.

The realisation of the clinical trials will require the
beamline refurbishment for an accurate and precise
control of the dose delivery. In particular, adequate
patient positioning and safety systems, beamline
control software and treatment schedules have to be
developed. 

In addition to the clinical trials project, the proposed
upgrade of the ID17 beamline will permit
development of preclinical research addressing open
questions in biomedicine and radiation oncology,
such as (i) the study of radiation effects on tumoural
and healthy tissues at the microscopic level, (ii)
increasing knowledge on the mechanisms (at the
molecular, cellular and tissue level) involved in the
tissue repair (iii) following up tumour growth (iv) the
study of radiation therapy efficiency associated with
dose-enhancer drugs. 

Scientific case 

Overview
Biomedical applications of synchrotron radiation
have gone through a large increase in impetus and
development in recent years, with very significant
increases in both the user community and in the
number of publications. Part of this drive can be
attributed to the radiation therapy programmes
aiming at studying and treating brain tumours.
This kind of research is motivated by the fact that,
despite considerable efforts in cancer therapies,
brain tumours and, in particular, gliomas, are
extremely resistant to actual clinical treatments.
The incidence of gliomas is about 5 to 11/100,000
people and virtually no patients with high-grade
glioma survive for more than five years after
diagnosis (Behin et al., 2003). 

Programme, which will allow extended or new
beamlines, as well as their associated laboratories, to
be hosted. To a large extent, this programme will
rely upon the development of state-of-the-art X-ray
optics. The detector programme is also of
paramount importance, in particular for the
applications to biological materials, a dose reduction
implying higher efficiency while retaining the same
spatial resolution.

The upgrade programme of the X-ray Imaging
Group is not an isolated one: it has clear links with
other, “companion”, CDRs, which include OPTICS,
the evolution of BM05; the EDXAS project and
complementary to SMILE and 
XMAN, which opens the way to applications such
as “imaging” of valence state/local structure in
inhomogeneous systems, HIENE for high energy
imaging, MATSCI for materials science; MINADIF
for nano-SAXs/WAXs; and CDI for a
complementary use of coherent beam imaging.
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Over the last few years, in collaboration with
different groups of users, the ID17 biomedical
beamline has developed innovative preclinical
research in radiotherapy for targeting brain tumours.
Two different techniques, namely the microbeam
radiation therapy (MRT) and the stereotactic
synchrotron radiation therapy (SSRT) have been
used, aiming at treating infants (MRT) or adults
(SSRT). 

The principle of using microbeams as a potential
alternative to radiotherapy lies, on one hand, in the
destruction of the vascularisation of the tumour and,
on the other hand, in the high normal tissue tolerance
of such microbeams (Dilmanian et al., 2001; Laissue et
al., 2001). MRT preclinical programmes have been
developed in the perspective of the clinical
application at the ESRF. MRT is able to cure a
significant number of aggressive tumours in rodents
(Miura et al., 2006) and the long term survival rate is
even improved when MRT is combined with
immunotherapy (Smilowitz et al., 2006).

SSRT is based on inserting a high Z element (such as
iodine or platinum, associated or not with a
chemotherapeutic drug which is targeting DNA),
either into the cells or in the tumour, and on
irradiating the target with monochromatic X-rays. 
As for MRT, SSRT preclinical programmes have been
clinically oriented, firstly applied to cells (Corde et al.,
2003) and then to living animals. In SSRT treated
highly aggressive tumour bearing rats, a very
significant extension of the life span has been
observed in animals previously inoculated with
iodinated compounds (Adam et al., 2006) whilst an
important fraction of animals has been cured when
SSRT has been performed with high Z elements
associated with chemotherapeutic drugs (Biston et al.,
2004).

Besides the clinically oriented research, the MRT and
SSRT techniques permit the study of fundamental
radiobiology and radio-oncology scientific cases. In
fact, it is possible to investigate the mechanisms
related to the interaction of radiation with cells and
tissues, including apoptosis (programmed cell death),
the bystander effect (indirect communication between
cells), DNA reparation channels following radiation
damage and the synergy of radiotherapy and
chemotherapy. A better understanding of these
processes will bring information of critical importance
not only for MRT and SSRT, but also in clinics (Risser
et al., 2006). Moreover, preclinical experiments are a
major tool for testing new drugs aiming at curing
cancer, prior to human clinical trials (Adam et al.,
2005). Additionally, studies linked to the tumour
vasculature are of general interest in cancer research,
which should open the doors to a larger scientific
community. Several pilot experiments in these fields
have already been performed and the potential

development is enormous (Serduc et al., 2006; Foray et
al., 2005).

Preclinical MRT and SSRT experiments provided
results paving the way to clinical trials at the ESRF.
The ESRF is presently, and will, in the near future, be
the only synchrotron radiation facility in the world
where clinical trials in radiotherapy will be possible.
This reality is related to several factors: the presence,
on the same site, of a beamline with adequate
spectrum and X-ray fluency, the ID17 biomedical
infrastructures, and the strong collaborations with
hospital teams.

In order to reach this goal and to continue preclinical
research in large animals, which are physiologically
close to humans, the ID17 beamline needs to be
refurbished. With regard to MRT, irradiations are
presently performed in a small optics hutch at about
35 m from the source. In order to meet with safety
and ethical constraints, and to have a beam width
adapted to treat large tumours (≥ 5 cm), we propose
to construct a new hutch downstream from the
present one, furnished with instrumentation adapted
for MRT. An additional wiggler X-ray source, which
will also serve for all other imaging and therapy
applications, will have to be installed to compensate
for the reduction of dose rate due to the increased
source to target distance.

With regard to SSRT, a minor refurbishment is also
required, which includes a patient positioning system
and the development of software for controlling the
dose delivery (implementation of the treatment
planning). 

Techniques

Microbeam Radiation Therapy
MRT uses arrays of X-ray microbeams (typically 25 to
50 microns wide) to deposit extraordinarily high
doses (>300 Gy) in the target tissues. The
microbeams, of energies around 50 to 150 keV, are
created by a multislit collimator for hard X-rays and
must be delivered in a fraction of a second to assure
minimal broadening of the microslices of intensely
irradiated tissues attributable to the movement of the
target. For this reason the only suitable source is a
synchrotron. The MRT technique is challenging from
the point of view of quality control, including the
production of identical microbeams, the absolute
microdosimetry and patient safety. A new multislit
collimator will be installed in the new hutch, closer to
the patient, which will assure a reduced penumbra
determined by the X-ray source. Beam monitors,
under development in collaboration with external
institutes, will permit the online control of the
individual microbeams. The patient positioning
system will allow both child and adult patients to be
treated. All of these developments will also guarantee
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a more efficient use of MRT for preclinical and
radiobiology studies. 

Stereotactic Synchrotron Radiation Therapy
SSRT uses monochromatic X-ray beams of 30 to
80 keV for treating tumour targets loaded with high
Z elements. The tumour is placed at the centre of
rotation of a stage and the radiation is distributed
uniformly over 360º. Local dose enhancement results
from both the photoelectric effect of the low-energy
X-rays on high Z atoms and the ballistic effect
induced by the irradiation geometry, which
concentrates the beam on the tumour. High dose
rates of monochromatic beams are presently available
only at synchrotron radiation sources. 

With the patient positioning system proposed here, it
will be possible not only to treat patients during
clinical trials, but also to perform preliminary large
animal studies to prepare and test treatment planning.
By the development of the treatment planning
system, it will be possible to improve dose delivery
control in preclinical research programmes, thereby
permitting the proposed research to continue. 

Context with new sources and user
community

Beamline ID17 is one of the three facilities in the
world dedicated to biomedical applications (together
with BL20XU at SPRING-8 and SYRMA at
ELETTRA) and is presently the only one where

preclinical programmes in both imaging and radiation
therapy are running. In the coming years, no
additional medical beamlines are foreseen at the EU
synchrotrons, but two new beamlines, with
characteristics and capabilities similar to ID17, will
become operational at the Canadian and the
Australian Light Sources.

The biomedical synchrotron community has been
constantly growing in the past years, in particular
thanks to the developments in radiotherapy. The
proposed ID17 refurbishment is solicited by several
user groups, in particular all the teams using the MRT
technique and the INSERM-CHU (Grenoble
Hospital) team for SSRT. When completed, the ID17
beamline will be positioned as the ideal place in the
world for synchrotron radiotherapy research and
clinical trials.

Technical considerations

The implementation of the clinical phases requires a
number of instrumentation tasks as described hereafter.

MRT

The MRT upgrade consists of installing a dedicated
experimental hutch (for white beam) just downstream
of the presently existing optical hutch OH1 of ID17
(actually also used to house the MRT experimental
station). The existing control and access hutches also
have to be rebuilt.

Figure 1: Schematic of the proposed ID17 upgrade showing the section to be housed inside the current experimenal hall (the new
MRT dedicated experimental hutch).
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The new control/access cabins will be constructed
along the existing X-ray transfer tube to the current
ID17 satellite building (outside the experimental hall).
These cabins will be designed to house the instrument
controls, a patient reception and preparation area and a
dedicated access to the MRT station from outside.

MRT uses extremely high dose rates (~ 20000 Gy/s)
and high X-ray energies (mean energy ~100 keV).
The new experimental hutch for MRT will have a size
of 4.5 x 12 x 3.4 m3 (width x length x height) with
shielding appropriate for such high energies. It will
house the optical elements including a multislit
collimator to spatially fractionate the white X-ray
beam, a chopper, the patient positioning system, a
stage for detectors (e.g. for a FReLoN-camera for
imaging target before the treatment) and the safety
shutters to protect the second part of the beamline.
The white beam chopper will be a new development;
it will serve as beam collimator, but also as a first
safety shutter for MRT.

The patient positioning system will be designed to
allow for aligning the target tumour to the beam; its
movement will be interlocked with the patient safety
system, directly acting on the radio frequency
synchronisation signals of the machine.

With the new experimental hutch, the present optical
elements in the optics hutch OH1 will be re-
arranged; the first element will be a newly developed
gas based X-ray filter as an additional passive safety
system for patients, able to eliminate the useless and
potentially dangerous low energies from the white
beam. Most of these elements will have to be re-
evaluated and adapted (or rebuilt) to cope with the
expected increase of heat load (increase of
synchrotron stored current to 300 mA).

SSRT

For the SSRT clinical programme the existing
experimental hutch EH1 in the ID17 satellite building
will have to be upgraded. A suitable patient
positioning system will be developed to accurately
align the target to the beam and to avoid any
movement during the treatment. A system to
modulate the incoming beam in size (to follow the
tumour size from any irradiation port) and intensity
(to compensate for the absorption in the tissues
during the patient movement) will be developed.

The patient safety system (PASS) presently installed
at EH1 and formally used for the angiography
program, will be refurbished to include patient
rotation control. The patient facility (reception,
waiting room), which already exists in the satellite
building will also be refurbished.

Construction of a third experimental hutch and
modification of the satellite building

In the present beamline configuration, a lot of time is
spent by the team installing, aligning and commissioning
the experimental setups before every experiment
performed in the second experimental hutch (in the
satellite building). In fact, given the structure of the
hutch, the setups must be dismounted after almost every
experiment, to leave space for the next one. This
happens in particular for the in vivo and in vitro
microtomography experiments, the diffraction enhanced
imaging (DEI), the cell irradiation and several others.

In addition, the realisation of the clinical trials in the
second experimental hutch (SSRT) will determine a
reduction of the beamtime available for preclinical
research. In fact: 
• Beamtime is needed for the commissioning of the
beamline before every clinical trials session (patient
positioning system, implementation of the treatment
planning, dosimetry) and during the treatment itself
(mainly performed during the week and working time);
• The setup for the patient treatment installed in the
experimental hutch has to stay untouched during the
full commissioning and treatment time. 

A way to increase the efficiency of the use of the
beamtime, and to optimise the work load of the
beamline staff, is to build a third experimental hutch
just after the second one. This will permit:
• The permanent installation of some setups not
related to clinical trials (in particular the DEI setup
but not exclusively); they will be pre-aligned with the
beam and, being permanently installed, can be
continuously optimised;
• The full dedication of the second experimental
hutch to the clinical trials, the furnishing of the hutch
can therefore be optimised for this purpose;
• The temporary installation and commissioning of
additional setups whilst running experimental sessions
in the second experimental hutch;
• A much better temperature stability as well as
appropriate vibration insulation that can be built in
the new hutch, which would have a direct positive
impact on the image quality;
• Realisation of experiments/tests with synchrotron
radiation during the commissioning of the SSRT
clinical trials, and during the dead times of the trials
(overnight, during week-ends) when the setups
installed in the second experimental hutch cannot be
modified.

An appropriate size of the new experimental hutch for
monochromatic beam would be 5 x 4 m2. The X-ray
beam would be transported from the second
experimental hutch within an evacuated (10-3 mbar)
aluminium pipe. The two hutches will be separated by a
beam shutter, which will be closed when the experiment
is running in the second experimental hutch.
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The construction of this third hutch will imply some
additional benefits for the beamline such as the
modification and the displacement of the staircase to
access the beamline hutch from the building gate. 

As a complement to this construction, we propose to
upgrade the present connection between the satellite
building and the animal facility. The present
footbridge at the first floor will be transformed into a
close building for offices. As a consequence, the
offices on the first floor of the second building can be
freed and made available to the bio-medical facility
(BMF). The second building will therefore be fully
dedicated to the BMF laboratories with a clear gain in
term of efficiency and safety (no more laboratories
and offices in the same building). 

Support facilities

History and present status

The ability of the ID17 biomedical beamline to
attract the biomedical community is strongly
dependent on the availability of ancillary laboratories
used for the preparation and analysis of biological
samples after irradiation. For scientific, ethical and
safety reasons, these laboratories have to be close to
the experimental station and they are used not only
during synchrotron radiation experimental sessions,
but also for off-line experiments (cell culture before
and after irradiation, follow up of animals after
treatment etc). Moreover, other beamlines such as
ID02, ID19, ID21 and ID22 require punctual access
to the same kind of infrastructure and support. The
bio-medical facility (BMF) within the X-ray Imaging
Group, has been created for this purpose: it consists
of several laboratory spaces, defined as user
platforms:
• The L2 (biohazard level) cell biology laboratory
(20 m2) is available for the culture of animal and
human cells (i) prior to irradiation with the X-ray
beam (at ID17 and ID21) or with the X-ray generator
for in vitro radiotherapy experiments, (ii) prior to
implantation of these cells in rats (microsurgery) in
order to obtain high grade intracerebral tumours (in
vivo imaging and radiotherapy protocols). 
• The animal facility (150 m2) has developed an
expertise in the field of in vivo brain tumour models
induced in rodents (rats, nude mice). Moreover,
animal models used for functional imaging have been
developed (lung physiology and brain perfusion
studies on rabbits, heart models on pigs, osteoarthritis
models on guinea pigs etc). 
• The histology laboratory (25 m2) is equipped for
paraffin embedded staining of tissues. Very soon,
cryo-conserved tissues will also be processed. Analysis
of histology modifications following various
irradiation modalities after imaging or therapy is
possible on site, due to the availability of an optical

microscope. This laboratory should be completed
with an immuno-fluorescence microscope.
• The L1 molecular biology laboratory (20 m2) is
used for immuno-histo-chemistry procedures or DNA
and protein extraction after irradiation of cells. These
procedures are used to allow understanding of the
biological effects of radiation on cells and on
biochemical compounds at the subcellular level. The
cells can come from in vitro (cell cultures) as well as in
vivo experiments (rodent tissues).
• A sample laboratory (10 m2) is operational very
close to the ID17 imaging hutch in order to allow (i)
the storage and preparation of
formalin/frozen/fresh/dry excised tissues involved in
imaging sessions at the beamline (post mortem
experiments for the purpose of DEI and
paleontology); (ii) the weighing of chemical powders
and the preparation of solutions for experiments. 

Future developments of the animal facility

In parallel to the development of beamlines, the BMF
has to pursue its own development to offer innovative in
vivo models and in vitro techniques to be used in
synchrotron radiation biomedical research. 

• Inmuno-depressed rodents for in vivo tumour model
studies. Immuno-depressed animals are used for the
development of implanted human tumoural cell lines.
Consequently, the BMF will have to manage the
housing of such delicate animal models. Such animals
must be separated from others, for sanitary and safety
reasons and to fulfil legal requirements. 
• Large animals. Preclinical and clinical studies on
large animals are necessary both for the preparation
of clinical trials and for fundamental radiobiology
studies; a room allowing the housing of such animal
models has been foreseen at the BMF. Due to the lack
of space, this room is used both for the occasional
housing of large animals and for the permanent
housing of rodents; this impairs the scientific activity
and the sanitary status of the BMF.
• Imaging models: independently and outside of the
radiotherapy programme, user groups are using in vivo
models for quantitative and functional imaging studies
(i.e. (i) asthma on rabbit lungs (ii) osteoarthritis on
guinea pigs (iii) drug kinetics and (iv)
microvascularisation development in brain models in
rodents).

Expanding the animal facility would allow us to house
and make available new pertinent in vivo models on
site for the beamlines and user communities
concerned, taking into account the variety of the
projects amongst the X-ray Imaging Group and as a
consequence, the housing constraints due to the
various species and models. In particular, the large
animal area should be dedicated to that purpose,
whilst the rooms dedicated to rodents should be
enlarged. In parallel, the extension of the building
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would be an opportunity to establish a redundancy of
the very sophisticated air treatment central unit
controlling the BMF ventilation which would allow
maintenance of animal dedicated spaces (and also in
case of emergency, like contamination, absence of
cooling/heating etc.) with no need to evacuate
animals (thereby increasing effort and animal stress)
to temporary areas.

To conclude, the extension of the animal facility
building would allow: 
• The L2 and L1 activities to be separated, as has
already been done for the cell biology laboratories; 
• The co-existence of several animal species, used in
imaging and therapy protocols at ID17 and on the
other imaging beamlines; 
• Large animals to be housed in a professional manner
in view of trials prior to humans protocols. 

Future developments of the other BMF
laboratories (L1 molecular biology, L2 cellular
biology, histology).

Two projects are currently under investigations by
BMF staff in close collaboration with the user
communities. These projects will be presented later as
a proposal from the support groups.
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IMPACT: Imaging using Parallel
Beam and Computed Tomography

Summary

The IMPACT project, located on the long beamline
ID19, complements the micro-/nano-focus beamlines
by providing a high quality parallel, homogeneous
and coherent beam for computed tomography and
parallel beam imaging techniques, with spatial
resolutions in the micron and sub-micron range.
These techniques, in particular microcomputed
tomography, are being increasingly applied to a wide
range of topics, which include materials science,
biological and biomedical samples, cultural heritage
(for instance palaeontology), environmental sciences
and industrial applications.
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Scientific case

IMPACT within the X-ray imaging upgrade
project
The X-ray Imaging (XRI) Group upgrade programme
includes the enhancement of the possibilities of the
microspectroscopy beamlines ID21 (project SMILE)
and ID22 (project XMAN) and a new ”nanofocus”
imaging project SFINX on a dedicated straight section
(IDxy, to be decided), with an emphasis on biological
materials, resting on the experience acquired through
the pilot projects that are being presently developed.
Within the framework of this programme the role we
wish to assign to ID19 is complementing the micro-
nanofocus beamlines by providing a high quality
parallel, homogeneous, and coherent beam for
computed tomography and parallel beam imaging
techniques with spatial resolutions in the micron and
sub-micron range. Whereas it has been recognised that
the present achievements of ID19 in what concerns
parallel beam imaging are unique in the world, new
technical possibilities and improvements in automation,
detection, software and sample environment are clearly
required to respond to the users demand. This
constitutes the IMPACT project.

IMPACT: the various scientific cases 
There is no single scientific case for the IMPACT
techniques, which, in fact, cover a large variety of
scientific topics from materials science and
engineering to life sciences and cultural heritage. This
does not mean in any way that the techniques are not
science driven: a relevant example here is the success
achieved by the beamline team in identifying,
pursuing and establishing the link with
palaeontological research, and adapting the
techniques to the needs of this community (Chen et
al., 2003; Chaimanee et al., 2003; Tafforeau et al.,
2006). We foresee, with an upgraded beamline, other
such success stories in the future, with other scientific
communities. An effort is being made towards earth
and environmental sciences for the use of in situ and
real time studies. Last but not least, the number of
industrial users can also be increased by retaining the
professional manner in which this activity is managed
by the dedicated industrial engineer.

Three series of proposed, or recently performed,
experiments show the scientific applications of the
techniques and indicate the way we wish to see their
potential evolving. 
1. Materials science and engineering: the use of high
resolution (pixels sizes in the sub-micon range,
0.3 and 0.7 µm) phase contrast computed
microtomography has allowed direct visualisation and
correlation of the interaction between microstructure
and damage mechanisms. A recent proposal, which
was highlighted by the review panel, intends to study
the way a crack propagates in highly heterogeneous
materials such as α + β titanium alloys and reinforced

β titanium alloys under fatigue loading conditions.
This type of experiment requires combining the
highest possible spatial resolution whilst retaining a
representative volume, together with an adapted
sample environment (images recorded during a fatigue
test), as well as sophisticated software allowing
extraction of the relevant data from the images.
2. Biological systems: the investigation of arabidopsis
seeds is a very good example of how holotomography
has made 3D images and renditions of an autonomous
living object at the sub-micron scale and in a non-
destructive manner possible. The visualisation of an
unknown network of air space, not visible by other
means and believed to have an important role in plant
life, is one of the major findings of this investigation
(Cloetens et al., 2006). This type of imaging provides,
in a unique combination, the desired resolution
(0.3 µm pixel size), a relatively large field of view
(0.6 mm) and depth investigation capacity (the whole
sample). The extension of high resolution X-ray
imaging to biological materials is of paramount
importance. It implies an effort towards dose
reduction through an improvement of the detector
capabilities (higher efficiency while retaining the
same spatial resolution).
3. Environment: understanding how snow deforms at
the grain scale in the creep regime implies performing
mechanical tests interpreted in terms of constitutive
behaviour through microscale numerical simulations.
This topic is of high importance to predict snow
mantle behaviour and avalanches. These experiments
require both very short exposure times, to preserve
the snow surface from sublimating, a representative
volume, and the combination of imaging and grain
tracking techniques, this combination being
developed by the beamline team.

IMPACT: future steps
There is no doubt that there are numerous potential
communities that could, in the future, make use of the
capabilities of high resolution synchrotron
microtomography, for example, the chemical
processing industry or the semiconductors devices
industry through applications of laminography, etc.
There is also a demand for high quality
microtomography with a large field of view with high
energies, especially in paleontology and for industrial
applications. However, a realistic programme of
expanding the user base can only be undertaken if
sufficient capacity and opportunities exist for
exploration. The current over subscription rate of 4:1
discourages promoting the technique to new
communities. The ways to provide beamtime to most
of the high quality proposals are: 
(a) To increase the detection efficiency and
automation of tomographic imaging experiments.
(b) To substantially decrease the time of setting up
new experiments (in particular when new techniques
are tested or commissioned, or when a special sample
environment has to be mounted). This can be
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achieved by having permanently aligned setups for
the various needs, and a new experimental hutch
where experiments can be prepared whilst the beam is
used in the previous hutch, increasing the amount of
usable beamtime.
(c) to construct a side branch on ID19 to develop
large field imaging (up to 30 cm wide) using high
energy monochromatic coherent beam (up to
150 keV). It would bring extremely high quality data
on large and absorbing samples. Such an end-station
would allow, for example, to image most of the
complete fossil hominid skulls with a quality
unachievable anywhere else in the world.
(d) To implement more efficient and user friendly
data reduction procedures. Regarding data reduction
and analysis there is room for serious improvement,
most specifically in the area of image reconstruction
and optimisation. One of the aims is to bring the
reconstruction of 3D images to the timescale of data
acquisition because carrying out ground breaking
scientific experiments often requires being able to
evaluate the results of measurements as they come in,
which can only be achieved by near real time data
analysis.
(e) The sample environment is an essential ingredient
of the IMPACT scientific case: often what is
interesting is to perform imaging to follow the
evolution of a system as a function of an external
parameter. The construction, test and installation of
these new devices requires collaboration with the
ESRF Sample Environment Group and expert users’
groups. These devices will, then, be available for the
whole user community.

IMPACT will, in this way, be able to provide a very
interesting combination of spatial resolution, field of
view and acquisition time, allowing the visualisation
of pertinent detail while performing in situ, real time
processes on samples having a volume large enough
to be representative of the actual interesting
phenomena.

Context with new sources and user
community

In spite of the rapid growth of the use of
synchrotron radiation based imaging techniques, and
in particular of absorption and phase contrast
microtomography applications, the number of
foreseen beamlines devoted to parallel beam imaging
in Europe remains substantially below demand.
Presently the only beamline located on a third-
generation machine and devoted to tomography
outside the ESRF is at the SLS, the “super-bending-
magnet” TOMCAT. One of the reasons is that this
type of imaging mostly requires high energy (>15 to
20 keV) photons. No equivalent project for large-
field high-energy extension exists.

Technical considerations

All of these parallel beam imaging techniques require
a wide (going from mm2 to several cm2), coherent and
homogeneous beam. They include two
microtomographic instruments that incorporate all
the advances performed over the last few years at the
ESRF in the use of these techniques (Baruchel et al.,
2006) and a new end-station with a large field
imaging microtomograph directly derived from the
existing ones:
• High resolution microtomography (pixel size in the
0.2 to 2 µm range), increasingly used for several
topics, which include biological, earth science and
materials science samples;
• Medium resolution microtomography (pixel sizes in
the 2 to 20 µm range), very important for
environmental and cultural heritage topics, as well as
various in situ experiments involving the use of special
sample environment (traction, compression, fatigue
machines, cryostats or furnaces, …);
• Laminography (Helfen et al., 2005), for 3D imaging
of flat samples (semiconductor materials, but also flat
fossils, paper, felt, …);
• Diffraction contrast tomography, that
simultaneously provides the orientation of the grains
and the damage in polycrystalline material;
• Diffraction enhanced imaging, with an analyser
crystal after transmission through the sample: this
technique shows very promising capabilities for the
visualisation of damage in cartilages, a very important
biomedical topic;
• Bragg diffraction imaging (X-ray topography and
rocking curve imaging) of crucial importance for the
characterisation of high perfection crystals for
industrial or applied purposes, but also for
fundamental science (phase transitions, defect and
domain movements).

A revolver insertion device and a series of compound
refractive lenses correcting for the angular aperture of
the beam and providing an actual parallel beam when
needed, allow the beam to be tailored to optimise it
for the used parallel beam technique. 

Support facilities

The support facilities are already included in the
other CDRs presented by the XRI Group. Some of
these facilities could be included perfectly into the
new building that is proposed to host the new
experimental hutch of ID19. This building should be
connected to the other facilities (SMILE and XMAN,
as well as SFINX) by easy paths, in order to preserve
the crucial synergy between all these projects.
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SFINX: Scanning Fluorescence and
Imaging at the Nanoscale using
X-rays

Summary

We propose the creation of a long, high brilliance
beamline optimised for ultimate hard X-ray focusing. 
This intense nanoprobe will provide the ESRF
imaging and analysis platform with unique high
resolution capabilities for 3D imaging and
fluorescence microanalysis. These developments will
benefit mainly biomedical research and biomaterials
science and will keep the ESRF at the forefront of 
X-ray imaging technologies.

Scientific case

Overview

Real space imaging is increasingly used as analytical
method in the research fields of biomedicine,
developmental biology, biomaterials science and
functional morphology. While several nanoscale
methods exist and are actively developed including
modern variants of confocal microscopy and cryo-
electron tomography, synchrotron radiation will have

a specific and crucial role to play. The main assets of
hard X-ray imaging in this field are:
• The potential to combine high spatial resolution
and reasonable sample thickness truly in three
dimensions;
• The possibility to combine, on the same specimen,
different imaging modalities such as phase contrast
and fluorescence analysis;
• The feasibility of in situ experiments on specimens
close to their native state and without modifying the
sample nor making cumbersome preparation
procedures;
• The possibility of following evolving biological
systems with fast 2D and 3D imaging techniques.

Recent experiments using a 100 nm probe have
provided the spatial resolution and elemental
sensitivity needed to start original investigations on
the role of trace metals in neurodegenerative diseases
(Ortega et al., 2007). Future directions in
understanding trace elements homeostasis and
interactions in the cells, their influence on protein
structure and function (misfolding diseases) will
require work on a dedicated nanoprobe setup in the
sub 50 nm range with not more than a few thousand
atoms to be detected and chemically identified.

The use of nanoparticles is expected to be the driving
force for the emerging new materials industry and for
novel approaches in health care through
nanomedicine. Understanding the impact of these
particles on human cells and tissues will be crucial for
environmental safety reasons and for the reliable
diagnosis and treatment of diseases.

Microtomography is an attractive and simple tool for
studying the morphology and the function of
complex biological systems (Betz et al, 2007; Cloetens
et al., 2006). Nanoscale tomography will allow
scientists to zoom in on the structure of tissues or
cells close to their native state whilst keeping all the
advantages of tomography data sets. Its impact will be
very broad including applications in biomaterials, the
structure and mineralisation of bone and arthropod
cuticle and plant cell biology. In combination with
fluorescence analysis for trace element
characterisation, it will become possible to map the
3D distribution of specifically labelled molecules. An
emerging area is the use of tomography to provide
experimental data for computational biology. 

Imaging in biology has an important fourth dimension:
time. The observation of a cell or a tissue on a
timescale comparable to the physiological events is a
prerequisite in following biological processes. Fast 2D
and 3D imaging techniques applied today on materials
science problems (metal foams, annealing,…) or model
systems (liquid foams) will become feasible at high
resolution on wet tissues pending significant
improvements in detector technology.
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Techniques

The SFINX project will push existing techniques such
as fluorescence analysis and projection microscopy to
their limits in terms of spatial resolution and
performance, but it will also be the cradle of novel
high resolution X-ray imaging methods. It will be at
the cutting edge in specific scientific domains and, in
this way, complement the end-stations of the imaging
and analysis platform (IMPACT, SMILE and XMAN)
that provide high throughput parallel beam imaging,
microspectroscopy, microdiffraction, etc.

Central to the approach is an intense
(> 1011 photons/s) nanoprobe with modest
monochromaticity (~10-2) in the 15 to 25 keV range.
Based on the ESRF experience in multilayer coated
KB optics (Hignette et al., 2005), a 2D focal spot size
of 20 nm can be anticipated. This requires the
extreme demagnifications and tuneable horizontal
coherence offered by an ultra-long (~200 m)
beamline on a high beta section. Smaller spot sizes
could further be envisaged at a reduced photon flux.

Coherent imaging methods are still rapidly
developing, but a unified picture is appearing
(Nugent, 2007). Projection microscopy (Pereiro et al.,
2005) is a magnified version of holotomography, but
can also be considered as coherent diffraction
imaging with a curved wave front. It is particularly
well adapted to dose sensitive specimens and provides
morphological information by mapping quantitatively
the distribution of the electron density. Combined
with local tomography and laminography, it allows
zooming into regions of interest selected within
laterally extended samples, a unique and extremely
important possibility in handling real scientific cases.

Nanoscale X-ray fluorescence imaging, combined
online with density mapping, will provide quantitative
maps of absolute concentrations of trace elements
through fitting or simulation procedures in a fully
self-consistent way. The extreme photon density in a
nanofocused pink beam associated with new detection
geometries will allow new milestones in detection
limits to be reached, approaching the dream of single
atom localisation (Bilderback and Huang, 2004).

Context with new sources and user
community

Routine micrometre scale imaging techniques are
available or planned at all synchrotron facilities.
Furthermore, recent third-generation low energy
sources (SLS, SOLEIL, BESSY II, ALBA) received
support in developing facilities for nanoscale imaging
through Fresnel zone plate based soft X-ray
microscopy with the objective of a 30 nm spatial

resolution or lower. Still, the present proposal is
unique by providing multimodal high flux and high
energy nanoscopy. These properties will confer
higher flexibility to tackle scientific cases relevant in
nanomedicine, cellular metallochemistry and
biomaterials science.

The SFINX project depends crucially on low
emittence and high brilliance, therefore the
competition from upcoming 1 nm emittance sources
and new source concepts (energy recovery linacs) will
be considerable, once constructed and operational.

This proposal strongly benefits from the acquired
experience at ESRF and at INSERM (U-647: CHU
Grenoble University Hospital) in X-ray fluorescence
analysis, coherent imaging and nanofocusing applied
to biomedical problems.

Technical considerations

The proposed nanoprobe imaging facility applied to a
biological context is technically extremely
challenging in terms of instrumentation,
environmental control, optical devices, detector
technology and sample environment.

Efficient focusing down to 20 nm 2D spot sizes will
require a long beamline, exceeding 190 m; this is
imposed by the ESRF vertical source size and the
focal length of efficient focusing optics. A full length
high beta section and associated horizontal secondary
source are most adapted to compensate for the
relatively poor emittence properties in the horizontal
direction of the ESRF source. The proposed geometry
assumes a 15 nm contribution to the spot size from
the optics (such as diffraction limit, imperfections)
and a working distance of 25 mm. To preserve the
highest possible flux, the possibility of inserting
elements as close as possible to the source (before the
front end) would be highly beneficial.

Multilayer coated KB optics will be the main optics to
provide an intense, pink nanoprobe. As the wave
front quality plays a major role in coherent imaging,
improved surface finishing methods have to be
developed. Other optics can be envisaged to provide
smaller, but much less intense beams.

The infrastructure should be optimised to minimise
the influence of all external perturbations (mechanical
vibrations, temperature changes, etc.). The number of
human interventions should be reduced to an absolute
minimum in this context. The microscope should
therefore be completely remotely controlled. This
will also open the possibility of distant access to the
imaging facility (tele-nanoscopy).
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Radiation damage is the ultimate limitation in high
resolution imaging; therefore all radiation emerging
from the sample should possibly be detected and
analysed. Multiple detector environments with the
highest possible efficiency and speed will have to be
implemented to provide dose limited chemical
imaging. A 20 micron area (cell size) scan at
0.1 micron spatial resolution and 100 ms dwell time
requires a bit more than 1 hour, and would require
27 hours to probe it with a 20 nm pitch. Keeping the
possibility of characterising at the nanoscale relatively
large areas (10 to 20 microns) of a sample is nearly
impossible by any other technique, providing a
unique possibility to the user communities.

In the same context, an integrated environment for
studying cryo-fixed samples has to be developed. It
should be compatible with high resolution imaging
and tomography. This should be coupled to a nearby
dedicated common platform for sample preparation.

Support facilities

A sample preparation laboratory shared with other
beamlines should be foreseen. The characterisation
and preparation methods should include confocal
microscopy, SEM/FIB and a fast high pressure freezing
device.

3D/4D imaging in general, and coherent imaging in
particular, requires huge computing resources.
Preserving a useful field of view at a much finer
resolution will significantly increase the size of the
individual data sets. This problem should be
addressed by an adapted centralised infrastructure.
Grid technology will be crucial for data processing
and tele-microscopy.
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SMILE: Spectro-Microscopy and
Imaging at Low Energies and 
XMAN: X-ray Spectroscopy Multi-
Imaging Analysis

Summary

The upgrade programme of the two X-ray microprobe
beamlines (currently ID21 and ID22) aims at best
exploiting the new possibilities offered by the ESRF
Upgrade context: smaller probes, larger working
distances and improved infrastructure. It is not only
proposed to extend the intrinsic capabilities of the
instruments, in terms of spatial resolution and
detection limits but also to further develop a
multimodal analysis platform based on the use of
infrared and X-ray microspectroscopies,
microdiffraction, and X-ray imaging techniques. This
technique portfolio should be completed by electron
and Raman microscopes. Emphasis will be given to
2D and 3D chemical mappings and in situ
experiments. The programme will involve: 
SMILE (current ID21): spectro-microscopy and
imaging at low energies for chemical mapping in the
multi-keV range (2 to 10 keV) and mid-infrared
spectral range (1 to 20 µm).
XMAN (current ID22): “X-ray multi-analysis
nanoprobe” for multimodal X-ray micro- and nano-
analysis in the hard X-ray energy range (6 to 60 keV).

Scientific case

Overview

Microanalytical techniques aim at screening samples
at various levels of information, ranging from
elemental, chemical and structural data. Most natural
or man made systems have properties that depend on
the specific hierarchy of chemical components, and
their organisation at different length scales.
Therefore, an understanding of macroscopic function
requires insights of microscopic structure and
dynamics on all length scales down to the molecular
and atomic levels. Ultimately, these investigations
must address in situ studies of realistic systems.
Specific behaviours such as phase transitions,

http://www.esrf.eu/news/ spotlight/spotlight24_40nm
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dynamics, reactions, simulated manufacturing
conditions, deformation and damage, and
environmental consequences are then accessible. 

The above considerations underpin the requirements
for a multimodal approach, where several analytical
techniques are needed to bridge the gap from a
macroscopic function to its atomic or molecular
origins by probing chemical and structural
information at various length scales. In a more specific
context, X-ray microanalysis techniques nowadays
follow the evident trend in the development of
nanotechnologies by pushing spatial resolution
further down to the nanoscale. Towards this
perspective, synchrotron based analytical techniques
(diffraction, imaging and microspectroscopies) will
play an important role by offering unique capabilities
in the study of complex systems. 

Both by extrapolation of the experience gained in the
soft X-ray regime and by the development of new
techniques, “hard” X-ray microscopes nowadays offer a
unique analytical tool which contributes to a wide range
of existing and new applications of X-ray microscopy in
experimental research fields such as materials science,
medicine, geology, archaeology, Earth, planetary and
environmental sciences. Compared to other techniques,
synchrotron X-ray fluorescence microprobes display a
unique combination of features. Associated with high
detection efficiency, radiation damage is minimised and
accurate quantification is possible. Furthermore, the
possibility of in situ experiments remains a unique
attribute of synchrotron based analytical methods.
Photon depth penetration of hard X-rays enables
specific sample environments to study realistic systems
in their near-native environment rather than model
systems. The ability to perform in situ analysis with
controlled environments offering high or low
temperature conditions, high pressure, or preserving
sample hydration explains the increasing interest from
various communities such as planetary and Earth
sciences, environmental science and microbiology.
Finally, the need for combined morphological and
chemical information is a clear trend, which is steering
our strategy toward a coupled access to full field sub-
micrometre imaging and microprobe based
spectroscopy (IR, XEOL and X-rays).

Although the ID21 and ID22 beamlines are currently
covering a very broad range of disciplines, the
envisaged improvements aim to specifically impact
upon fields in which X-ray spectroscopy at sub-
micron resolution is required. An important aspect of
our strategy will be reinforced, namely the multi-
modal analysis approach combining several methods,
as available on both beamlines, including XRF,
XANES, XRD, XEOL and FTIR in both two and three
dimensions. Hereafter, four scientific cases are
developed to exemplify the new avenues offered by
SMILE and XMAN.

i) Role of metals in Biology and Medicine:
“…Improvements of microscopic and spectroscopic techniques
towards ultra high spatial resolution will provide a better
understanding of the cell’s complex “machinery” in basic
research…” from “Vision Paper and Basis for Strategic
Research Agenda for NanoMedicine”, European
Technology Platform on NanoMedicine, 2005.
“…Empirical evidence for the utility of metal-based therapeutics
has existed for centuries; theoretical understanding is bound to
follow…” from Thompson and Orvig (2003). 
Metal ions play a multifold role in numerous cellular
regulatory processes and can promote responses that
range from deficiency to toxicity. Several families of
proteins control the activity of intracellular metal ions
and confine them to vital roles. These include integral
transmembrane transporters, metalloregulatory
sensors and cytoplasmic metallochaperone proteins
that protect and guide metal ions to targets (Finney
and O’Halloran, 2003). Associated with the low
detection limit of XRF techniques, the improvement
of the spatial resolution down to 50 nm will open new
analytical possibilities at the sub-cellular scale. Two
generic examples are developed hereafter to illustrate
the potential impact of our microanalysis platform:
Firstly, metals are known to play a major role in
carcinogenesis and in the development of neuro-
degenerative diseases. For instance, the etiology of
Alzheimer’s disease is still unclear but protein
aggregation, oxidative stress and disturbances in energy
metabolism have all been implicated. The main
hallmark of this disease is the deposition of aggregated
protein plaques in the brain and localised accumulation
of metals. In all of these processes metal ions are
suspected to play a role, not only in terms of abnormal
accumulation but also in their changes of coordination.

Secondly, research for the delivery and targeting of
pharmaceutical, therapeutic and diagnostic agents is
at the forefront of projects in nanomedicine(i). Much
effort is being used to identify precise cellular targets
related to specific clinical cases. Concomitantly, more
and more ingenious strategies are developed to build
appropriate nanocarriers to achieve the targeted
responses whilst minimising the side effects. All of
these technologies often require various nanomaterials
like some nanosized particles (TiO2, ZnO, Au,
CisPt,…). The targeting specificity of such metal
complexes remains a key-issue which must be
checked at the sub-cellular level. In addition, the
cytotoxicity of nanoparticles or their degradation
products remains a major problem and improvements
in biocompatibility obviously are a main concern for
future research. One of the challenges of designing
metal based drugs is to balance the potential toxicity
of an active formulation with the substantial positive
impact. Again, dose and chemical speciation appear
to be the key information.

In the two scientific cases above, the combination of
FTIR and X-ray fluorescence nanoprobes (soft and
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hard X-rays) is expected to contribute to these
cutting edge developments by giving access to the
three key parameters of spatial distribution
(localisation), concentration (dose) and chemical
state (coordination) and enabling a better
understanding of the altered processes occurring at
different stages of the diseases. This unique
coupling high resolution/high detection
efficiency/spectroscopy is also extremely promising
for the study of the interaction of trace metals with
various specific cellular compartments. Owing to an
extensive research and development programme on
the cryo-preservation of the sample during data
acquisition, X-ray fluorescence nanoprobes will
appear as a unique analytical technique with the
spatial resolution to examine intact hydrated samples
at the nanometre scale and that are capable of both
imaging and chemical determinations (Kemner et al.,
2004).

ii) Nano-XEOL analysis of confined light emitting
semiconductors: 
“...For semiconductor materials, functional properties tend to be
less sensitive to the exact number of constituent atoms: desired
quantum effects already arise for structures with dimensions of
10–100 nm and containing somewhere between 103 and 106

atoms in a crystalline lattice.... Still, quantum dots are very much
solid-state nanostructures, and their energy spectrum, which
controls many of the physical properties of interest, can be
adjusted over a wide range by tuning composition, size, lattice
strain and morphology...” from J. V. Barth et al. (2005).
The recent development trend of optoelectronic
devices towards nanotechnology will imply new
optical analytical tools with site selectivity at the
atomic level (Sham et al., 1993). Structural defects at
the nanoscale, such as local lattice distortions, point
defects and dopant positions, determine the quantum
confinement effects, electronic state fluctuations and,
consequently, the optical efficiency. So far, these
properties have been studied separately by various
analytical methods. However, a complete
understanding of the quantum effects requires the
study of the physical relationship between local
atomic coordination and the related electronic
properties. Today, there are no analytical tools
allowing simultaneous access to both sets of
information at the nanoscale.

ID22 pioneered the combined use of X-ray excited
optical luminescence (XEOL) and an X-ray
microbeam to probe the site selectivity of optical
centres. The site selectivity is based on inner shell
excitations (X-ray absorption spectroscopy) and
detection of the induced recombinations of electron-
hole pairs (XEOL) (Zhang et al., 2002). Although the
feasibility of this approach has been demonstrated
(Martinez-Criado et al., 2006), it is currently limited
by the lateral resolution of the X-ray probe. The
migration of this XEOL spectrometer to a new
nanoprobe will allow access to the properties of single

quantum structures and will provide unique
information on non-linear phenomena, emitting
processes, role of excitons and polaritons on the
optical properties of the emitting channels.
Ultimately, XEOL 2D-maps can be reordered
together with elemental maps to correlate light
emission with composition. 

iii) Extraterrestrial materials:
“…The best available instruments and methods on the planet were
used in this study, and it is expected that additional studies
coupled with advances in analytical capabilities will continue to
reveal important secrets about the origin and evolution of the solar
system …”, from Brownlee et al. (2006). 
The ID22 and ID21 microprobes have been already
successfully used for the study of meteorite grains,
interplanetary dust particles. For instance, the
STARDUST mission (NASA, January 2006) collected
the first samples of cometary and contemporary
interstellar dusts to be analysed in laboratory. The
grains were trapped in “aerogel” collectors and their
analyses required high spatial resolution and non
invasive techniques. This non-destructive
identification of the material distributed inside the
aerogel can be made using synchrotron X-rays
microbeams either in fluorescence or absorption
modes. Such techniques are particularly well adapted
since the incident X-rays, at energies of a few keV,
can be focused a few millimetres inside a collector.
Today, synchrotron based microprobes remain,
amongst all “non-destructive techniques”, the best
possibility for in situ high resolution and non-invasive
analysis of micron sized grains trapped in such
collectors. However, there is still room for major
improvements: 

On one hand, those materials are often described as
highly heterogeneous aggregates of basic entities of
sub-micron size grains, particles or nanocomposites.
Furthermore, recent analysis confirmed that the most
interesting - and rare - samples collected during the
STARDUST program exhibit a typical micron size
(Baker, 2006). So far, the limited spatial resolution
does not allow analysis of single grains, with
information therefore today averaged over clusters or
conglomerates. The upgraded microprobe with 50 nm
resolution will allow single particles to be analysed. 
On the other hand, several other missions (e.g. MARS
mission) are anticipated and most of the samples will
be conditioned in containers. The proposed new
fluorescence microprobe with larger working distance
is again very well suited to the study of grains in
quarantine conditions, confined in a sealed container.
Finally, the combination of XANES, XRD and FTIR
has a high scientific potential and constitutes the
most attractive approach for the space community.
Such a multimodal approach will provide
morphological, mineralogical or compositional
information of single grains and at the interface
between grains. This makes not only a complete
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description of cometary grains possible, but also gives
insights of their extraterrestrial origin, the history of
their formation and of the thermal interactions during
their slowing down in the aerogel collectors. 

iv) In vivo monitoring of microbial respiration in
extreme environments:
“Extremophile research is entering an exciting phase…Our
ignorance of microbial diversity coupled with improvements in
exploration and analytical technology suggest that many more
major discoveries will be forthcoming....” from Rothschild
and Mancinelli (2001). 
Microbial life thriving in extreme environments is
adapted to harsh physical (for example temperature,
radiation or pressure) or geochemical conditions (for
example desiccation, salinity, pH, oxygen species or
redox potential) by their physiological and nutritional
requirements. Due to their appeal as models of
primitive life forms and as sources of outstanding bio-
molecules useful in both fundamental and applied
research, studies on extremophilic organisms have
intensified in the last decade.

For instance, the energy metabolism of prokaryotes
under extreme conditions is based upon a wide range
of oxido-reduction reactions involving metallic
compounds. The understanding of these respiration
processes is hampered by the lack of direct access to
in vivo processes. Challenges posed by extreme
habitats include their remote nature, harsh conditions
and inaccessibility. As successfully demonstrated by
associating diamond anvil cell (DAC) technology
with Raman spectroscopy (Sharma et al., 2002), there
is a real scientific potential for new methodologies to
study extremophile metabolism. A dedicated
programme, including the development of a dedicated
DAC to simulate extreme conditions in terms of
temperature, metal concentrations and anaerobiosis,
will exploit the unique capabilities of X-ray
microspectroscopy in terms of lateral resolution,
detection limit and chemical information. In this
context, monitoring of redox reactions can be
envisioned at the level of a single organism. Access to
the absorption edges of sulphur and metals together
with FTIR microspectroscopy offers a unique
combination in this field of research. 

Techniques

SMILE and XMAN are built into a multi-modal
framework and aim to offer an ensemble of
complementary sets of information by using the
following techniques: 
• X-ray fluorescence (XRF)
• X-ray absorption spectroscopy (XANES and EXAFS)
• X-ray diffraction (XRD)
• X-ray excited optical luminescence (XEOL)
• Computed tomography in various contrast modes
(absorption, phase and X-ray fluorescence)

Context with new sources and user
community

All X-ray analysis techniques are currently following
the obvious trends in the development of
nanotechnologies by pushing down spatial
resolutions. Considering the simultaneous
developments of laboratory instruments and dedicated
synchrotron beamlines worldwide, a very competitive
context can be anticipated for the coming years.
Some projects are expected to be highly competitive
(SLS, SOLEIL, DIAMOND, APS, and PETRA-III)
and should target the same user communities.
However, our concept of a coordinated access to
several instruments within a multi-analytical platform
will remain unique and must be very appealing for
users. 

Technical considerations

SMILE: The technical development of the beamline
will be articulated around experience gained on the
X-ray microscopy beamline (ID21) over the past few
years.
• Source: A low-beta straight section offers the best
characteristics (in particular the horizontal source
size) for high source demagnification. In situ
experiments will benefit from the long working
distances made possible by extending the beamline
length.
• Optics: Nanoprobes will be achieved with both KB
mirrors and/or Fresnel zone plates. Efficient harmonic
rejection will be necessary.
• End-station: The end-station will be located at
approximately 90 m from the source and will provide
both monochromatic (∆E/E~10-4 to 10-5) and pink
beams (∆E/E~10-2). The microscope will be operated
under vacuum and will cover an energy range of 2 to
7 keV.
• FTIR end-station: Based on the existing instrument,
a specific effort has to be made to exploit the synergy
with X-rays. In particular common sample
environments have to be developed.

XMAN: The project aims to develop a two end-
station beamline providing a multi-analysis instrument
with lateral resolution ranging from 500 µm to 50 nm. 
• Source: A high-beta straight section associated with a
horizontal secondary source aperture will offer the best
flexibility by tuning the photon flux/spatial resolution
ratio matching various experimental requirements. The
targeted 50 nm lateral resolution combined with long
working distances for in situ environments requires a
beamline length of about 100 m.
• Optics: The nanoprobe beam will be achieved with
both KB mirrors and KB multilayers. Harmonic
rejection has to be considered. 
• End-station 1: This multi-purpose end-station will
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be located at approximately 60 m from the source
with the following attributes:
- Tunable monochromatic beam (∆E/E~10-4 to 10-5),
micron range spatial resolution, very high flux. A
degree of flexibility will be necessary to accommodate
in situ experiments associated with the combination of
various techniques on the same instrument.
- Quasi-monochromatic mode (pink beam plus
multilayer KB) with sub-micron spatial resolution
(150 nm), a very high flux but with short working
distances (a few cm). This configuration will be
dedicated to fast 2D and 3D X-ray fluorescence
mappings.
• End-station 2: This end-station will be located at
approximately 100 m from the source and will be
dedicated to high lateral resolution spectro-
microscopy combined with XRF mapping. It will
provide the same characteristic of EH1 but with
unproved lateral resolution: it will operate in
monochromatic mode (∆E/E~10-4) and will be
specifically equipped to accommodate biological
samples (integrated cryogenic sample cooling). In this
context, long working distances and spatial resolution
of at least 50 nm will be required. A combination of
techniques will also be available; in particular high-
resolution XEOL will be implemented.

The development of such nanoprobe beamlines is
extremely challenging. Specific research and
development programmes and related
implementations of cutting edge instrumentation will
be required in many different fields: 
• High quality fixed exit monochromator will be
required for X-ray nanospectroscopy measurements
with a 100 nm lateral resolution.
• Multi-element detectors with large solid angles,
high efficiencies and high speed data collection have
to be implemented.
• Active monitoring systems for sample, optics and
beam positioning have to be developed for a full real
time control of the beamline stability.
• A cryogenic sample environment compatible with
the specific nanoprobe geometry has to be developed.

Support facilities

The development of a dedicated laboratory for both
sample preparation and sample inspection and
visualisation will be of major importance for a
successful development of this programme. Ancillary
equipments such as electron and visible light
microscopes, FTIR and Raman spectro-microscopes
and sectioning/polishing apparatus are mandatory.
This laboratory can be shared with other beamlines
requiring similar instruments and equipment (e.g.
EDXAS-S, SFINX, IMPACT).
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Safety considerations for operation at

300 mA stored current

The shielding requirements for the optics enclosures
of insertion device (ID) beamlines at the ESRF are
essentially defined by scattered gas-bremsstrahlung
photons and gas-bremsstrahlung induced neutrons.
Gas-bremsstrahlung is generated by the interaction
between the electron beam and the residual gas
molecules inside the vacuum chamber. The power P
of the gas-bremsstrahlung entering the optics hutch
can be written as:

P ∞ Ee
2 × I2 × L

The gas-bremsstrahlung, which is proportional to the
square of the electron energy Ee, is of particular
importance for high-energy storage rings. Parameter L
represents the total length of the straight section from
dipole to dipole, including the part used for insertion
devices (5 or 7 metres). When the stored beam
current goes up from 200 to 300 mA, the gas-
bremsstrahlung power, and hence the radiation levels
outside the ID optics hutches, are therefore expected
to increase by a factor of (3/2)2 = 2.25.

During the last decade, much effort has been put into
improving the dynamic vacuum levels in the storage

ring straight sections. These endeavours were
triggered off by the problematic increase in the
radiation levels measured outside optics hutches,
linked to the installation of the first small-gap
insertion device vacuum vessels. This has notably led
to the development of a vacuum-vessel coating
method known as non-evaporable getter (NEG),
which is now applied systematically to all new ID
vacuum vessels. A policy for the installation of such
vacuum vessels has also been devised, including their
pre-conditioning on the dedicated ID30 straight
section, and their validation in terms of
bremsstrahlung production. These combined efforts
have meant that, after vacuum interventions on the
corresponding straight section of the storage ring,
beamline downtime due to radiation constraints can
be kept to just a few days at the most.

Figure II.1 illustrates the radiological situation of a
typical insertion device beamline. Data were taken
outside the optics hutch of the ID12 beamlines during
the last experimental run of 2006, following a vacuum
intervention in cell 12 during the preceding shut
down. The top part of the figure shows the photon
and neutron ambient dose equivalents, measured
outside the side wall of the optics hutch. A total (net)
photon ambient dose equivalent of 50 µSv, and a total
neutron ambient dose equivalent of 90 µSv, are
integrated over the 50 days of the experimental run.
Since these values are induced by gas-bremsstrahlung
produced in the straight section, these integrated
dose values can be compared with the product of the
stored beam current and the straight section pressure,
integrated during user operation time (USM).
For this beamline, the following dose production rates
are therefore obtained:

Photons: 1.9 × 105 µSv/h/mA/mbar
Neutrons: 3.4 × 105 µSv/h/mA/mbar

Total: 5.3 × 105 µSv/h/mA/mbar

At 300 mA the beamline will therefore be able
to operate at maximum pressures of the order of
3 x 10-9 mbar, thereby respecting the present ESRF
radiation protection policy (average dose rates
< 0.5 µSv/h).

This example, typical of ID beamlines at the ESRF,
shows that with the present NEG coating vacuum
technology, and the vacuum vessel installation policy
(pre-conditioning of ID vessels), the operation of the
ID beamlines at 300 mA stored beam will be
compatible with our radiation protection policy.
Note that the gas-bremsstrahlung produced in
straight sections equipped with in-vacuum undulators
is relatively lower, thanks to more efficient pumping.

The shielding of the bending magnet beamlines is
entirely determined by scattered synchrotron
radiation. The radiation levels outside these hutches

The impact of the increased storage ring current has
been evaluated in the framework of the existing
ESRF radiation protection policy, which is detailed
in the authorisation given by the official French
body, the Autorité de la Sûreté Nucléaire (ASN), formerly
Direction Générale de la Sûreté Nucléaire et de la
Radioprotection (DGSNR).

This specifies that all people working at the ESRF
shall be considered as non-radiation workers, by
guaranteeing the derived four hours dose limit for
non-exposed workers in all areas which are accessible
during operation. This is expressed by the formula:

t

0
∫

•
H • dt ≤ 4 hours × 0.5 µSv/h = 2 µSv, t ≤ 4 hours

It has been demonstrated that the present shielding
of the storage ring, as well as that of the beamlines,
will allow for safe operation at 300 mA.
Given the anticipated storage ring upgrade, the
shielding of the storage ring tunnel was extensively
reinforced a few years ago. The improvements were
verified by using a stored beam current of 300 mA
during a test shift on 12th December 2006. These
measurements confirmed the effectiveness of the
shielding upgrade: all dose rates measured outside
the storage ring tunnel walls and roof were well
below the derived limit of 0.5 µSv/h.
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are therefore expected to increase by a factor of 1.5
when the current goes up from 200 to 300 mA. The
existing hutches will be able to cope with this

increase, in line with the ESRF radiation protection
policy, with the possible exception of some very local
shielding reinforcements.

Figure II.1: Ambient dose equivalent measurements outside the optics hutch of beamline ID12 during run 2006-05. Top: photon
(blue curve) and neutron (red curve) ambient dose equivalents. Second from top: photon (blue curve) and time integrated value of
store current × straight section pressure (red curve). Second from bottom: pressure reading from the first penning gauge of cell 12,

representative of the pressure in the straight section. Bottom: stored beam current.
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Other synchrotron facilities in
Europe and those comparable to
the ESRF worldwide 
(APS and SPRING-8)

III.1. Other European synchrotron

facilities

III.1.1. ALBA, Spain (under construction)

http://www.cells.es/

ALBA is a third-generation, 3 GeV synchrotron
radiation facility being built near Barcelona. Co-
financed by the Spanish and Catalan governments,
ALBA has a design value for the horizontal emittance
of around 4 nmrad. The current staff of 109
engineers, scientists, support staff and technicians will
grow to about 140 people and will welcome scientists
from all over the world. The commissioning is
planned for 2009, while the operation of an initial
portfolio of seven beamlines is scheduled for 2010.

All but one of the seven beamlines will receive their
photons from insertion devices. Two wiggler
beamlines will provide hard X-rays of up to more than
60 keV for experiments using X-ray absorption and
high-resolution powder diffraction (including high-
pressure capabilities). Two more experimental stations
for protein crystallography and non-crystalline
diffraction/scattering will receive their photons from
small gap, in-vacuum undulators. 

For polarisation-dependent experiments in the energy
range of up to several keV, two helical undulator
beamlines are planned, providing facilities for XMCD
(X-ray magnetic circular dichroism), XMLD (linear
dichroism) and resonant soft X-ray scattering, as well
as photoemission microscopy (PEEM) and
photoemission under near ambient pressure (NAPP).

Finally, a bending magnet beamline with X-ray
energies up to 3000 eV is planned for full field X-ray
imaging of biological samples.

III.1.2. ANKA, Germany

http://ankaweb.fzk.de/

ANKA is a synchrotron radiation facility implanted in
the scientific infrastructure of the Forschungszentrum
Karlsruhe in Germany. The storage ring is operated at
2.5 GeV, with 12 dipole magnet beamlines covering
the soft to medium X-ray energy range (including an
infrared beamline). In addition, one superconducting
wiggler beamline is operational. 

ANKA is open to both scientific and commercial
users who have access to synchrotron radiation in the
fields of condensed matter, nano- and micro-
technologies, environmental (actinide) studies, and
research in synchrotron technology and

This is a period of remarkable change and
development for synchrotron radiation science in
Europe and across the world. A large number of
third-generation sources are operating or are under
construction, while several advanced free-electron
laser projects are in the planning or realisation
phase.

In this annexe, the proposed Upgrade Programme
for the ESRF is placed in the context of the rapidly
evolving European and world synchrotron
radiation scene. The information has been derived
from the different facility web sites, supplemented
by direct contact where necessary.

It is important to note that several of the ESRF’s
Member and Associate countries do not possess
national level light source facilities: the ESRF is
their principal resource. Consequently, the ESRF’s
portfolio of beamlines must complement those
available on national sources, particularly where
harder X-rays are concerned, but must also provide
a reasonable coverage of all fields required by
those member nations without their own national
facilities.

Finally, the only other two synchrotrons in the
world that are comparable with the ESRF – the
Advanced Photon Source (APS) in the USA, and
SPRING-8 in Japan – also have their own upgrade
plans and the same desire to remain state-of-the-art
facilities for modern science.

A full list of world light sources is available at
http://www.lightsources.org.

http://www.lightsources.org
http://www.cells.es/


Annexe III

A133ESRF Science and Technology Programme 2008-2017

instrumentation. The facility has acquired a high level
of competence in accelerator and superconducting
undulator technology, deep X-ray lithography,
infrared and X-ray spectroscopy, as well as scattering
and imaging, which enables it to furnish scientific
services in the fields of analytics, the characterisation
of materials, and microfabrication.

As a large-scale facility in the German Helmholtz
Association of National Research Centres, ANKA
conducts a strong in-house research programme,
enabling nanostructure materials, hydrogen storage
materials, and self-assembling processes, among
others, to be investigated. Since its inception, the
facility has pioneered a number of synchrotron
technology developments such as planar
superconducting undulators, X-ray lenses, and infrared
edge radiation, a technique used with great success to
observe stable coherent infrared radiation in the
terahertz region with unprecedented photon flux.

Over the past two years, more than 50% of the
available beam time has been allocated to external
users, the key partners being MPI-MF and MPI-FKF
(Max-Planck Institutes for Metal and Solid State
Research), the Centre for Functional Nanostructures
(Karlsruhe, Germany), as well as local universities.

Plans for the future include a new infrared beamline
for the condensed matter programme, and a dipole
magnet beamline for actinide research. The facility’s
instrumental development programme will focus on
superconducting short-period undulators as well as a
planar helical undulator to produce soft X-rays with
variable polarisation. Devices combining the
functionality of an undulator (tuneable wavelength
and high brilliance) with those of a wiggler
(continuous spectrum up to 100 keV at ANKA’s ring
energy) will be installed on new beamlines dedicated
to nanosciences and imaging, and currently under
construction.

III.1.3. BESSY, Germany

http://www.bessy.de/

The Berliner Elektronenspeicherring-Gesellschaft für
Synchrotronstrahlung, or BESSY, operates the only
third-generation synchrotron radiation facility in
Germany, a position which will change with the
advent of PETRA-III (cf. section III.1.4 below).
The BESSY-II storage ring, operational since 1998,
runs at 1.7 GeV and hosts around 50 beam ports with
wiggler, undulator and dipole magnet beamlines,
mainly providing radiation within the infrared, VUV,
XUV and soft X-ray energy ranges.

BESSY’s general profile is largely determined by more
than 1300 national and international users, including

its important institutional users: the Hahn-Meitner-
Institute, the Max-Planck-Association, the German
Federal Agency for Materials Research and Testing,
and the German Federal Physical Technical Agency
(Physikalisch Technische Bundesanstalt PTB) which
runs eight experimental stations. BESSY is financed
by public funding as well as by beam time fees paid
by the users.

The beamline portfolio consists of 49 experimental
stations, roughly half of them being operated (and
mainly used) by collaborating research groups (CRG)
from BESSY’s aforementioned institutional partners.
The experimental techniques offered on the
beamlines cover the major areas of modern
synchrotron radiation-based research. Permanent
experimental stations are available for terahertz and
infrared spectroscopy, ellipsometry and microscopy,
a large variety of ultraviolet and soft X-ray
photoemission techniques (UPS, XPS, PEEM),
reflectometry, X-ray microscopy, ultraviolet and X-ray
lithography, and resonant magnetic scattering.

BESSY’s in-house activities are manifold, ranging from
accelerator development, the design and calibration
of measuring instruments for physical sciences, to all
aspects of the application of synchrotron radiation.
Emphasis is placed on the investigation of
semiconductor materials, thin magnetic layers,
structural biology, as well as micro- and
nanotechnology. 

BESSY aims to extend its activities towards fourth-
generation synchrotron radiation sources. To cover
its traditional spectral range from ultraviolet to soft
X-rays, BESSY proposes to build a ~400 m long free
electron laser (FEL) next to the present synchrotron
radiation source. The project was reviewed favourably
in 2006 by the German Science Council, who
advocated the construction of a smaller FEL first in
order to satisfactorily demonstrate the working
principles.

III.1.4. DESY, Germany

http://www.desy.de/

The Hamburg Synchrotron Laboratory (HASYLAB)
at the Deutsches Elektronen-Synchrotron (DESY) in
Hamburg, Germany, has provided synchrotron
radiation to users since the 1970s. The first storage
ring at DESY was DORIS, known today as DORIS III,
after its third conversion. A second-generation
storage ring operating at 4.5 GeV, it serves as a
synchrotron light source for HASYLAB and a large
national and international user community. DORIS III
hosts a total of 36 beamlines (10 of which are
installed on insertion devices), delivering radiation to
about 44 instruments.

http://www.desy.de/
http://www.bessy.de/
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With the exception of infrared spectroscopy, all
varieties of modern synchrotron radiation-related
research are represented at DORIS III, ranging from
materials science, life sciences and soft condensed
matter research to nanosciences. Most experimental
techniques commonly used nowadays are offered to
the users: X-ray absorption, scattering and diffraction
techniques of all kinds, as well as tomographic
imaging. An outstation of the European Molecular
Biology Laboratory (EMBL) operates several bending
magnet and insertion device beamlines for structural
biology applications, whilst the Max-Planck Research
Unit for structural molecular biology, and the
Helmholtz Research Centre GKSS, both operate one
further wiggler beamline.

In order to meet the user demand for smaller and more
intense beams, a high brilliance synchrotron radiation
source is under construction at DESY. By using one-
eighth of its circumference for insertion devices, the
present 12 GeV storage ring PETRA II (used as the
booster for the HERA high-energy physics storage ring
up to June 2007) will be transformed into a third-
generation source called PETRA III, running at 6 GeV
with a 1 nmrad horizontal emittance, and hosting 14
high brilliance undulator beamlines. The start of user
operation is planned for 2009. The portfolio of
experiments proposed includes beamlines dedicated to
hard X-ray scattering and materials science in general,
nanosciences (tomography and microprobe, imaging),
high resolution diffraction, coherence applications, and
resonant scattering and diffraction. An XUV beamline
will operate in the energy range of 250 to 3000 eV
mainly for spectroscopy applications, making use of
the almost complete circular polarisation of the beam.
Four beamline proposals will be dedicated to life
sciences (biological imaging, small angle scattering and
macromolecular crystallography).

It was DESY who built the first free electron laser for
VUV and soft X-ray radiation, called FLASH. By
making good use of the self-amplified spontaneous
emission (SASE) principle, DESY has contributed to
the progress of free electron laser technology by
achieving an extreme peak brilliance of coherent
beams and providing X-ray pulses in the femtosecond
regime. FLASH, the user operation of which was
launched in summer 2005, currently covers
wavelengths from 13 nm to 50 nm with gigawatt peak
power and pulse durations between 10 and 50 fs.
Approximately 20 weeks of user beam time are
provided per year to four beamlines.

The future free electron laser for the X-ray range
(XFEL) being planned at DESY in collaboration with
European partners will produce coherent X-ray beams
of extremely intense, ultra-short X-ray pulses with
unprecedented brilliance. According to present plans,
the commissioning of such a facility could start in
2013 after a six year construction period. 

III.1.5. DIAMOND, UK

http://www.diamond.ac.uk/

The DIAMOND light source, a UK funded, 3 GeV
third-generation synchrotron radiation source situated
in South Oxfordshire, welcomed its first scientific
users in January 2007. Designed to host up to 40
experimental stations, the use of DIAMOND will be
shared between physical sciences (~50%), life
sciences (~40%) and environmental sciences (~10%).
To support this programme, the beamlines will be
grouped in villages featuring macromolecular
crystallography, soft condensed matter, spectroscopy,
engineering and environmental science, materials, and
surfaces and interfaces (nanosciences).

DIAMOND started operation with seven phase one
beamlines at the beginning of 2007. These are
distributed as follows: 
• Three dedicated to macromolecular crystallography,
• A microfocus soft X-ray beamline with variable
polarisation (linear and circular) with photo-emission
electron microscopy capabilities on the nanometre
and picosecond scale for nanosciences,
• A high-energy beamline for studies of samples
under extreme conditions (high T, p),
• A high-resolution X-ray scattering and diffraction
beamline to study electronic, magnetic and
mechanical properties of advanced materials and 
• A microfocus X-ray absorption spectroscopy
beamline to study complex materials under realistic
conditions. 

During 2007, the eighth beamline, and the first of
DIAMOND’s phase two programme, will begin to
study the structure and dynamics of large molecular
assemblies in low-ordered environments on a length
scale between 1 and 1000 nm by non-crystalline
diffraction.

During 2008, the beamline portfolio will be
complemented by a beamline dedicated to the study,
using high-resolution powder diffraction, of complex
materials such as high Tc superconductors, ceramics,
alloys, etc., as well as a beamline for structural
investigations into small molecules using single crystal
diffraction in standard and timing modes. The life
sciences will be served by a further beamline for
macromolecular crystallography with microfocus
capabilities and a bending magnet life sciences and
chemistry beamline to obtain structural, functional
and dynamic information on proteins, nucleic acids
and chiral molecules.

Phase two will continue until 2011 with, amongst
others, an infrared beamline with sub-micrometre
resolution in the mid-infrared region; a coherent
imaging beamline to image materials down to the
20 nm range, with an ultra-high resolution small angle

http://www.diamond.ac.uk/
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scattering branch; a beamline specifically designed for
engineering research looking at materials under
exacting conditions typical of industrial processes;
and an advanced beamline on dichroism experiments
together with two further beamlines on surface and
interface structure analysis, which will strengthen the
nanosciences programme at DIAMOND.  

III.1.6. ELETTRA, Italy

http://www.elettra.trieste.it/

The Italian synchrotron facility, ELETTRA, is
managed by a non-profit share company, the main
shareholders of which are local authorities, national
research institutions and industrial partners. The
third-generation ELETTRA storage ring, optimised
for the VUV and soft X-ray regime, is operated at
2.0/2.4 GeV. Since the first experiments carried out in
1993, ELETTRA has constantly been upgraded,
reaching more than 20 operating beamlines in the
range of a few electronvolts to tens of
kiloelectronvolts.

The beamline portfolio consists of a large number of
stations dedicated to soft X-ray photoemission studies
of all kinds. Amongst them are facilities enabling
imaging photo-emission electron microscopy with
below 40 nm lateral resolution, and with variable
polarisation, as well as a beamline to investigate the
properties of gaseous samples. 

An X-ray microscope combining scanning and full
field imaging is dedicated to advanced studies in
biology, medicine, geochemistry and environmental
sciences, while two lithography beamlines are
installed for the production of structures at the micro
and nano levels.

Life sciences are served by a beamline dedicated to
macromolecular crystallography and a medical
beamline for the research into diagnostic radiology
and imaging. A unique beamline for inelastic
scattering in the VUV region, and two infrared
stations for imaging and spectroscopy, round off
ELETTRA’s beamline portfolio.

To add to the synchrotron radiation activities, the
construction of a single-pass free electron laser is
being studied, which will cover the 12 to 124 eV
energy range. The project will make use of the
existing 1.2 GeV linear accelerator and have two
undulator chains, each feeding multiple experimental
stations. 

III.1.7. MAXLAB, Sweden

http://www.maxlab.lu.se/

MAX-lab is a Swedish national laboratory which
supports three distinct areas of research: accelerator
physics, studies based on the use of synchrotron
radiation, and nuclear physics using energetic
electrons.

Two storage rings are currently operational: 
• MAX-III, a 700 MeV storage ring for research in the
VUV range, and
• MAX-II, a 1.5 GeV third-generation storage ring,
commissioned between 1994 and 1996. It is dedicated
to UV and (soft) X-ray experiments carried out on 14
beamlines offering experimental stations for X-ray
photo electron spectroscopy, X-ray absorption
spectroscopy, X-ray emission spectroscopy, small
angle scattering, polarisation-dependent studies,
macromolecular crystallography and nano/deep X-ray
lithography. Five of the experimental stations (an
EXAFS station and the macromolecular
crystallography facilities) receive their radiation from
superconducting wigglers, allowing operation up to
20 keV.

In 2006, the conceptual design report for a next
generation, Swedish synchrotron radiation facility
(MAX-IV) was published, consisting of a 3 GeV
storage ring for the hard X-ray region and a 1.5 GeV
ring to cover the VUV regime. This proposal was
favourably reviewed by the Swedish Research
Council.

III.1.8. SLS, Switzerland

http://sls.web.psi.ch/

The Swiss Light Source (SLS), a third-generation,
2.4 GeV national synchrotron radiation facility at the
Paul Scherrer Institut, began operation in August
2001. Situated near Villigen, about 40 km north-west
of Zürich, the storage ring offers a mixture of straight
sections of various lengths, allowing for adapted
insertion devices, most of them undulators with
flexible polarisation schemes. Since the storage ring is
operated with top-up injection, a constant incoming
flux is delivered to the ten beamlines, which are open
to national and international user groups from
academia and industry. Three of the central bending
magnets are replaced by 2.9 T superbends. With
about twice the field of the normal magnets, their
critical energy is 11.1 keV, thus allowing for better
access to X-rays above 20 keV.

Within this portfolio of operational beamlines are two
soft X-ray beamlines (SIS, SIM) dedicated to the
study of the atomic and electronic structure of

http://www.maxlab.lu.se/
http://www.elettra.trieste.it/
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surfaces and interfaces by providing photo-emission
spectroscopy, photo electron diffraction, X-ray
emission, X-ray magnetic circular dichroism and
photo-emission electron microscope techniques.
A further soft X-ray beamline allows for scanning
transmission X-ray microspectroscopy (POLLUX). 

The hard X-ray regime (up to 45 keV) is served at
SLS by a beamline dedicated to tomographic
microscopy and coherent radiology (TOMCAT), and
a wiggler beamline (MS) dedicated to materials
science research using in situ surface diffraction and
powder diffraction techniques.

There are two XAS undulator beamlines, with a third
one under construction (2007) at a superbend. The
first, MicroXAS, covers the energy range from 4.5 to
20 keV for X-ray absorption and fluorescence
experiments requiring high spatial resolution. This
beamline also hosts the FEMTO project, enabling the
investigation of phenomena in the femtosecond time
regime. LUCIA, the other XAS beamline, covers the
0.8 to 7 keV energy range. This is a joint project
operated by the SLS and SOLEIL, and will be moved
to SOLEIL in 2008. The slot thus vacated will be
shared by an improved version of LUCIA for
microspectroscopy at medium energies, and a second
branch, X-Treme, for the study of X-ray magnetic
dichroism at low temperatures and high magnetic
fields. Two insertion device beamlines for
macromolecular crystallography, one of them
restricted to partner institutes, complement the list of
experimental stations.

In addition to their active user programme, SLS is
strongly engaged in the development of
instrumentation, especially the 3D Pilatus pixel
detector, the 1D Mythen micro-strip detector, the
APD array for photo-correlation spectroscopy, and
X-ray beam position monitors based on CVD-
diamond technology.

In the first part of 2007, a beamline for infrared
spectroscopy will start operation, as well as two
others:
• ADRESS, a soft X-ray beamline providing circular
and 0-180° variable linear polarisation for resonant
X-ray scattering experiments, and
• cSAXS, a beamline for coherent small-angle X-ray
scattering.

In the near future, the SLS will expand its capacity by
constructing a beamline for spectroscopy in the VUV
energy region (bending magnet) and a third
macromolecular crystallography beamline (superbend)
with the addition of a crystallisation facility.

III.1.9. SOLEIL, France 

http://www.synchrotron-soleil.fr/

The newly constructed French synchrotron radiation
facility, SOLEIL, a third-generation storage ring of
2.75 GeV, achieved its first stored electrons in May
2006 after a three year construction phase. In March
2007, the ring was being operated with a 300 mA
current. Twelve beamlines are in their commissioning
phase and will be opened to users in the second half
of 2007, the aim being to reach the final number of
24 beamlines by 2009. The first experimental results
(X-ray absorption spectroscopy to determine the local
environment of heavy elements in kidney stones)
have already been reported (March 2007, via
www.lightsources.org).

SOLEIL’s beamline portfolio will cover the photon
energies from the infrared up to medium energy 
X-rays of around 20 keV, with about half of the
beamlines using photons below 2 keV, and with spot
sizes down to below 10 µm in most of the beamlines.
All of the major methods of analysis in use at modern
synchrotron facilities will be offered at SOLEIL:
structural information by diffraction, scattering and
reflectivity methods; information on the chemical
composition and properties of samples by infrared,
ultraviolet and X-ray spectroscopic techniques.
Information on the morphology of samples will be
obtained by infrared, VUV and X-ray imaging and
radiography, involving six beamlines. The electronic
and magnetic structure of samples from bulk materials
to surfaces, thin films and interfaces will be studied by
X-ray absorption and inelastic scattering methods,
with photoemission and polarisation-dependent
techniques applied at eight beamlines. 

In addition to this wide user programme, a transverse
experimental programme on cultural heritage and
archaeology (HALO) has been setup at SOLEIL. It
will share many of the beamlines available, especially
2D microimaging and microtomography methods
together with XAS and XD. A dedicated laboratory,
IPANEMA, will be established to serve as an interface
between SOLEIL and the cultural heritage and
archaeology communities.

To complement these experimental efforts, a new
institute run by the Paris-Sud University and by the
CNRS will also be implemented in close connection
with SOLEIL. This “Institut de Pharmacologie
moléculaire et structural” will develop its own
research programme but will also be an interface
between the pharmaceutical and biological
communities and SOLEIL.

http://www.lightsources.org
http://www.synchrotron-soleil.fr/
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III.2. Worldwide sources comparable to

the ESRF

III.2.1. APS, United States of America

http://www.aps.anl.gov/

Located at the Argonne National Laboratory near
Chicago, USA, the Advanced Photon Source (APS)
has operated a third-generation storage ring at 7 GeV
since 1995. The ring lattice allows up to 35 sectors,
each hosting an insertion device and a bending
magnet beamline. Roughly one-half of the beamlines
currently operational were constructed, and are
operated, by so-called collaborative access teams
(CAT), with backgrounds ranging from academia to
industry. The remaining beamlines are run by the APS
X-ray Operation and Research Group (XOR). All
XOR and most CAT beamlines accept applications for
beam time from outside users.

The large number of some 60 experimental stations
covers all facets of synchrotron radiation-based (hard)
X-ray research in physics, chemistry, materials and life
sciences, as well as industrial applications, a vast
variety of experimental techniques being on offer.

In 2004, after nearly ten years of user operation, APS
launched an intense discussion with its users on the
facility’s scientific future. A series of nine workshops
identified the main scientific opportunities for
synchrotron radiation: picosecond pulse generation,
long beamlines for full field imaging, a bio nanoprobe
facility, high magnetic fields, and improved detectors.
The refurbishment of existing beamlines, as well as
the construction of new ones, is oriented in line with
these recommendations.

Two general options have been identified for possible
upgrade of the storage ring:
i) an upgrade of the storage ring lattice using the
existing tunnel that allows for picosecond pulses,
longer straight sections, lower emittance, and
improved coherence and beam stability;
ii) an upgrade of the APS to an energy recovery linac
(ERL) to be attached to the existing storage ring,
promising revolutionary performance improvements
in the aforementioned areas while retaining
compatibility with existing beamlines and enabling an
upgrade path without extended disruption of user
operations.

A Machine Advisory Committee was created to
review the two options, and has expressed an
opinion clearly in favour of the ERL approach. A
white paper on the research and development
needed to develop this, and other possible options,
is being drawn up.

III.2.2. SPRING-8, Japan

http://www.spring8.or.jp/

Situated near Kobe in the Harima Science Garden
City, the Japanese synchrotron facility SPRING-8,
which operates at 8 GeV, is the world’s largest third-
generation source of synchrotron radiation. The
construction was undertaken jointly from 1991 by the
Japan Atomic Energy Research Institute (JAERI) and
the Institute of Physical and Chemical Research
(RIKEN). The storage ring can host up to 38 insertion
device beamlines (four of them on 25 m long straight
sections) as well as 24 beamlines on dipole magnets
with a critical energy of 29 keV. Since user operation
began in 1997, the Japan Synchrotron Radiation
Research Institute (JASRI) has been responsible for
the operation, proposal selection, and utilisation of
the facility. 

The SPRING-8 users (domestic and international) are
supported by the Research and Utilisation Division
and the Industrial Application Division of JASRI.
They run 25 public beamlines and some 50
experimental stations, fostering research in various
sciences: life, materials, earth, environmental and
engineering, as well as performing technological
studies in electronics, chemistry, medical science and
biology. To meet the demand of a growing user
community, the Research and Utilisation Division is
organised into subgroups on materials structures
(three subgroups), spectroscopy (two subgroups),
structural biology, imaging, and pinpoint structure
measurement.

RIKEN at SPRING-8 is now taking part in the race
for the first X-ray free electron laser (XFEL). In 2006,
the electrons generated and accelerated by a
prototype accelerator for a future XFEL lased
successfully. Laser light of 49 nm wavelength with
some 110 kW output power was produced with a
newly developed electron gun and a highly efficient
accelerator. The envisaged XFEL facility could be
completed in 2010. 

http://www.spring8.or.jp/
http://www.aps.anl.gov/
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The European Synchrotron Radiation Facility (ESRF) is
Europe’s international centre for synchrotron radiation
based X-ray research. Its activities are supported by 17
European countries and Israel (twelve Member states
and six Associates). The ESRF is organised as a French
société civile.

Members’ contributions to the annual budget:
27.5% France
25.5% Germany
15% Italy
14% United Kingdom
4% Spain
4% Switzerland
6% Benesync

(Belgium, The Netherlands)
4% Nordsync (Denmark, Finland, 

Norway, Sweden)

Associate’s contributions (percentages refer to
Members’ total contribution):
1% Portugal
1% Israel
1% Austria
1% Poland
0.47% Czech Republic
0.2% Hungary

IV.1. ESRF annual budget

The annual income of the ESRF currently (figures for
the year 2006) amounts to around 80 million euro
(M€):

Members’ contributions: 68.5 M€

Associates’ contributions: 3.8 M€

Other income (beam time sales, licences, 
6.0 M€EU projects, etc.):

Total 78.3 M€

of which roughly 13% is spent on the accelerators
and the source, 48% on beamlines, experiments and
in-house research, and 39% on technical and
administrative support.

IV.2. Staff

The ESRF has about 580 staff from 30 countries, with
some 60% of French nationality. There are ~290
engineers and scientists including ~40 postdoctoral
fellows, ~185 technical staff, ~30 PhD thesis students,
and ~75 administrative staff. In addition, about 20
scientific staff are externally funded (e.g. by the EC).

IV.3. The beamlines

The ESRF operates 31 public beamlines, most of them
using insertion devices (undulator/wiggler) light
sources. These beamlines are listed in Table IV.3.1
Some beamlines are not 100% available to the ESRF
public user system (beamlines ID06, BM05) whilst
other beamlines have more than one experimental
station (e.g. ID14A, ID14B).  

In addition to these public ESRF beamlines, external
organisations, the Collaborating Research Groups
(CRG), operate 11 bending magnet-based beamlines
mainly for national communities (Table IV.3.2). One-
third of the beam time at CRG beamlines is available
to the ESRF public user programme, the remaining
two-thirds serves the CRG’s own scientific
communities.  

Figure IV.3.1 shows the location of the beamlines in
the Experimental Hall.

ESRF Facts and Figures
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Number of 
Source independent Beamline
position end-stations name Status
ID01 1 Anomalous scattering Operational since 07/97
ID02 1 High brilliance Operational since 09/94
ID03 1 Surface diffraction Operational since 09/94
ID06 1 Instrumentation development Operational in 2007
ID08 1 Dragon Operational since 02/00
ID09 1 White beam Operational since 09/94
ID10A 1 Troika I + III Operational since 09/94
ID10B 1 Troika II Operational since 04/98
ID11 1 Materials science Operational since 09/94
ID12 1 Circular polarisation Operational since 01/95
ID13 1 Microfocus Operational since 09/94
ID14A 2 Protein crystallography EH 1 Operational since 07/99

Protein crystallography EH 2 Operational since 12/97
ID14B 2 Protein crystallography EH 3 Operational since 12/98

Protein crystallography EH 4 Operational since 07/99
ID15A 1 High energy diffraction Operational since 09/94
ID15B 1/2 High energy inelastic scattering Operational since 09/94
ID16 1 Inelastic scattering I Operational since 09/95
ID17 1 Medical Operational since 05/97
ID18 1 Nuclear scattering Operational since 01/96
ID19 1 Topography Operational since 06/96
ID20 1 Magnetic scattering Operational since 05/96
ID21 2 X-ray microscopy (soft X-rays and infra-red) Operational since 12/97
ID22 1 Microfluorescence Operational since 12/97
ID23 2 Macromolecular crystallography MAD Operational since 06/04

Macromolecular crystallography microfocus Operational since 09/05
ID24 1 Dispersive EXAFS Operational since 02/96
ID26 1 X-ray absorption and emission Operational since 11/97
ID27 1 High pressure Operational since 02/05
ID28 1 Inelastic scattering II Operational since 12/98
ID29 1 Multiwavelength anomalous diffraction Operational since 01/00
ID30 1 Machine division beamline Operational in 2007
ID31 1 Powder diffraction Operational since 05/96
ID32 1 X-ray standing wave and surface diffraction Operational since 11/95
BM05 1 Optics - Open Bending Magnet Operational since 09/95
BM29 1 X-ray absorption spectroscopy Operational since 12/95

Table IV.3.1: List of the current public ESRF beamlines in operation and under construction.

Number of
Source independent Beamline
position end-stations name Field of research Status
BM01 2 Swiss-Norwegian BL X-ray absorption & diffraction Operational since 01/95
BM02 1 D2AM (French) Materials science Operational since 09/94
BM07 1 GRAAL (Italian/French) Gamma ray spectroscopy Operational since 06/95
BM08 1 Gilda (Italian) X-ray absorption & diffraction Operational since 09/94
BM14 1 UK CRG Macromolecular crystallography (MAD) Operational since 01/01
BM16 1 SPANISH CRG Structural biology (MAD, SAX) Operational since 01/03
BM20 1 ROBL (German) Radiochemistry & ion beam physics Operational since 09/98
BM25 2 SPLINE (Spanish) X-ray absorption & diffraction Operational since 04/05
BM26 2 DUBBLE (Dutch/Belgian) Small-angle scatt. & interface diffraction Operational since 12/98

Protein crystallography + EXAFS Operational since 06/01
BM28 1 XMAS (British) Magnetic scattering Operational since 04/98
BM30 2 FIP (French) Protein crystallography Operational since 02/99

FAME (French) EXAFS Operational since 08/02
BM32 1 IF (French) Interfaces Operational since 09/94

Table IV.3.2: List of the current Collaborating Research Group beamlines in operation.
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Figure IV.3.1: Experimental Hall with the operational and scheduled beamlines (public and CRG beamlines).

Public beamlines 

Insertion device ports for the accelerator and source developments

CRG beamlines

Free bending magnet ports
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IV.4. User operation

Figure IV.4.1 illustrates the increase in the number of
applications for beam time since 2000, and shows
that, although the main beamline construction effort
was complete by 1999, the number of applications for
beam time continues to increase steadily. This
increase together with the associated increase in user
visits, reflects the continued attractivity of the ESRF
for Europe’s scientists.

Proposals for experiments are selected and beam time
allocations are made through a peer review system.
Review Committees of specialist scientists, mainly
from European countries and Israel, have been set up
in the following scientific areas:

• Applied materials and engineering
• Chemistry
• Crystals and ordered systems
• Disordered systems and liquids
• Electronic and magnetic properties
• Environmental and cultural heritage matters
• Macromolecular crystallography
• Medicine
• Methods and instrumentation
• Soft condensed matter
• Surfaces and interfaces.

The number of Review Committees has evolved since
the ESRF came into operation following the growing
and widening application of synchrotron light. The
Committees meet twice during the year, six weeks
after the deadlines for submission of proposals
(1 March and 1 September). They review the
increasing number of applications for beam time:
1892 for the year 2006, of which 828 (43.8%) were
selected to be carried out. A procedure to handle
Long Term Proposals (LTP) has been established for
projects requiring access to beam time for a longer
period. LTP are reserved for projects of benefit to
both the ESRF and the user community.

Overall, the number of users in each experimental
team averages 4.2 persons, who on average stay for
some four days. The ESRF normally pays travel and
local expenses for up to three scientists per scheduled
public experiment. Users responding to
questionnaires indicate that they particularly
appreciate the assistance received from scientists and
support staff on beamlines, and the smooth
administrative arrangements, in addition to the
quality both of the beam and of the experimental
stations. Facilities on site, such as laboratories for
sample preparation and characterisation, the
guesthouse and a canteen open seven days a week
also make an important contribution to the quality of
user support.

IV.5. The source

Table IV.5.1 presents a summary of the main
characteristics of the storage ring’s electron beam.

Different filling patterns are routinely delivered to
serve experiments requiring the highest flux or
brightness as well as those requesting a special time
structure of the X-rays. Table IV.5.2 lists a few
representative filling patterns available.

Figure IV.4.1: Numbers of applications for beam time,
experimental sessions and user visits, 2000 to 2006. 

Filling pattern Uniform Hybrid 16-bunch 4-bunch
Number of bunches 992 24x8 +1 16 4
Maximum current [mA] 200 200 90 40
Lifetime [h] 75 30 11 6
Rms energy spread [%] 0.11 0.11 0.12 0.16
Rms bunch length [ps] 20 25 48 55

Energy [GeV] 6.03
Maximum current [mA] 200
Horizontal emittance [nm] 4
Vertical emittance [nm] 0.03
(minimum achieved)
Revolution frequency [kHz] 355
Number of bunches 1 to 992
Time between bunches [ns] 2816 to 2.82

Table IV.5.1

Table IV.5.2
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Conceptual Design Report Acronyms

CDI Coherent X-ray Diffraction Imaging and Microdiffraction
CPR Development of Clinical Protocols in Radiotherapy
DICHRO Polarisation Dependent X-ray Spectroscopy
EDXAS-L Energy Dispersive Absorption Spectroscopy (large spot)
EDXAS-S Energy Dispersive Absorption Spectroscopy (small spot)
EMS Engineering Materials Science
EXAFS Extended X-ray Absorption Fine Structure Spectroscopy
GISD Grazing Incidence Scattering and Diffraction
HIENE High Energy X-ray Beamline
HIPRE High Pressure Technique Beamlines
HISAXS High Throughput Small Angle X-ray Scattering
HXPM Hard X-ray Photoelectron Microscopy
IMPACT Imaging using Parallel Beam and Computed Tomography
INELX Inelastic X-ray Scattering
MAGSCAT Magnetic Scattering
MASSIF Massively Automated Sample Screening Integrated Facility
MATSCI Materials Science
MINADIF Micro- and Nano-Diffraction
MX-BIB Biological Imaging Beamline
MX-MAD1 / Macromolecular Crystallography using Multi-Wavelength Anomalous Dispersion
MX-MICROFOCUS and Microfocus
MX-MAD2 Macromolecular Crystallography using Multi-Wavelength Anomalous Dispersion

with Microfocus
NR-HE Nuclear Resonance - High Energy
NR-NSM Nuclear Resonance - Nanoscale Materials
OPTICS Facility for Surfacing Mirror Substrates
PHIXS Phonon Inelastic X-ray Spectroscopy
PMF Pulsed Magnetic Fields
POW High Resolution Powder Diffraction
RIXS-PES High Resolution Resonant Inelastic X-ray Scattering and Photoelectron Spectroscopy
SAXS Small Angle X-ray Scattering
SFINX Scanning Fluorescence and Imaging at the Nanoscale using X-rays
SMILE Spectro-Microscopy and Imaging at Low Energies
SMS Resonant Soft X-ray Magnetic Scattering
SURF Surface Diffraction
TIBIDI Technical Beamline for Instrumentation Development
TRD Time-Resolved Diffraction and Pump-and-Probe
WIBIDI White Beam Technical Development Beamline
XAS-XES Steady-State and Time-Resolved X-ray Absorption and Emission Spectroscopy
XMAN X-ray Spectroscopy Multi-Imaging Analysis
XPCS-CXS X-ray Photon Correlation Spectroscopy and Coherent X-ray Scattering

Glossary
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Other Abbreviations 

µXRF µX-ray Fluorescence
3DXRD Three Dimensional X-ray Diffraction
ABI Analyser Based Imaging
AD Anomalous Dispersion
AFM Atomic Force Microscopy
APD Avalanche Photo Diode
ARPES Angle Resolved Photoemission Spectroscopy
ASAXS Anomalous Small Angle X-ray Scattering
ATEM Analytical Transmission Electron Microscopy
AXRD Anomalous X-ray Diffraction
BBB Blood Brain Barrier
BMF Bio-Medical Facility
BPM Beam Position Monitor
CBV Cerebral Blood Volume
CCD Charge Coupled Device
CDI Coherent Diffraction Imaging
CDR Conceptual Design Report
CISB Centre for Integrated Structural Biology
CMOS Complementary Metal Oxide Semiconductor
CMR Colossal Magneto Resistance
COD Computing On Demand
CPU Central Processing Unit
CRG Collaborating Research Group
CRL Compound Refractive Lenses
CT Computer Tomography
CVD Chemical Vapour Deposition
CW Continuous Wave
CXDI Coherent X-ray Diffraction Imaging
DAC Diamond Anvil Cell
DAFS Diffraction Anomalous Fine Structure
DBA Double Bend Achromat
DEPFET Depleted P-channel Field Effect Transistor
DLS Dynamic Light Scattering
DOS Density Of States
EDXAS Energy Dispersive X-ray Absorption Spectroscopy
EGEE Enabling Grids for E-SciencE project
EPR Electron Paramagnetic Resonance
ERL Energy Recover Linacs
ESCA Electron Spectroscopy for Chemical Analysis
EXAFS Extended X-ray Absorption Fine Structure
FABLE Framework for Automating Beamlines and Experiments
FEL Free Electron Laser
FEM Finite Element Method
FIB Focused Ion Beam
FTIR Fourier Transform Infrared
FWHM Full Width Half Maximum
GID Grazing Incidence Diffraction
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GINRS Grazing Incidence Nuclear Resonance Scattering
GIS Grazing Incidence Diffuse Scattering
GISAXS Grazing Incidence Small Angle X-ray Scattering
GIWAXS Grazing Incidence Wide Angle Scattering
GOS Global Ocean Survey
GSI Grid Security Infrastructure
HAXPES Hard X-ray Photoelectron Spectroscopy
HERCULES Higher European Research Course for Users of Large Experimental Systems
HERFD High Energy Resolution Fluorescence Detected
HRM High Resolution Monochromators
HOM High Order Mode
HPPC High Performance Parallel Computing
HXPS Hard X-ray Photoelectron Spectroscopy
HXRD High Resolution X-ray Diffraction
I/O Input/Output
INS Inelastic Neutron Scattering
IOT Inductive Output Tubes
IR Infra Red
IXS Inelastic X-ray Scattering
KB Kirkpatrick-Baez
LCG Large-Hadron Collider Computing Grid
LEED Low Energy Electron Diffraction
LMF Lamb-Mössbauer Factors
LRMO Long Range Magnetic Order
LSF Load Sharing Facility
LVP Large Volume Press
MAD Multi-Wavelength Anomalous Dispersion
MBE Molecular Beam Epitaxy
MCS Magnetic Compton Scattering
MEMS Micro Electro Mechanical System
ML Multilayer
MLL Multilayer Laue Lenses
MOF Metal Organic Framework
MOKE Magneto Optical Kerr Effect
MRT Microbeam Radiation Therapy
MS&E Materials Science and Engineering
MX Macromolecular Crystallography
Nano-SIMS Nano-Secondary Ion Mass Spectrometry
NAPP Near Ambient Pressure Photoemission
NEG Non Evaporable Getter
NEMS Nano-ElectroMechanical System
NFL NanoFocusing Lenses
NFS Nuclear Forward Scattering
NFXS Near-Field X-ray Scattering
NIS Nuclear Inelastic Scattering
NMR Nuclear Magnetic Resonance
NRFS Nuclear Resonant Forward Scattering
NRIXS Non-Resonant Inelastic X-ray Scattering
NRS Nuclear Resonance Scattering
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NRXMS Non-Resonant X-ray Magnetic Scattering
PASS PAtient Safety System
PB PetaByte = 1*250 Bytes
PBS Portable Batch System
PDB Protein Data Bank
PDF Pair Distribution Function
PEEM Photoemission Microscopy
POI Point Of Interest
PSD Position Sensitive Director
R&D Research and Development
RC Reaction Centre
RF Radio Frequency
RGA Residual Gas Analysis
RHEED Reflection High Energy Electron Diffraction
RIXS Resonant Inelastic X-ray Scattering
RNA Ribonucleic Acid
RSXS Resonant Soft X-ray Scattering
RT Radiation Therapy
RXS Resonant X-ray Scattering
S/N ratio Signal/Noise Ratio
SAD Single-Wavelength Anomalous Dispersion
SAXS Small Angle X-ray Scattering
SC Superconducting Cavities
SCES Strongly Correlated Electron Systems
SCHM Series Connected Hybrid Magnet
SCM Soft Condensed Matter
SDD Silicon Drift Diode
SEM Scanning Electron Microscopy
SEXAFS Surface Extended X-ray Absorption Fine Structure
SHADOW General purpose ray tracing software
SMIS Scientific Management Information System
SPM Scanning Probe Microscopes
SRCT Synchrotron Radiation Computed Tomography
SRPAC Synchrotron Radiation based Perturbed Angular Correlation
SSCM Superconducting Split Coil Magnets 
SSRT Stereotactic Synchrotron Radiation Therapy
STM Scanning Tunnelling Microscopy
SWASER Spin Wave Amplification by Stimulated Emission of Radiation
SXRD Surface X-ray Diffraction
TACO Telescope and Accelerator Controls Objects
TANGO Taco Next Generation Objects
TB TeraByte = 1*240 Bytes
TBA Triple Bend Achromat
TDR Technical Design Report
TDS Thermal Diffuse Scattering
TEM Transmission Electron Microscopy
TXRF Total Reflection X-ray Fluorescence
UHV Ultra High Vacuum
UI User Interface
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UPS Uninterruptible Power Supply
USAXS Ultra Small Angle X-ray Scattering
USM User Service Mode (Operation Time)
UV Ultra-Violet
UV-Vis UltraViolet-Visible light
VDOS Vibrational Density Of States
VLS Variable Line Spacing
VO Virtual Organisations
VUV Vacuum Ultra Violet
WAXS Wide Angle X-ray Scattering
XANES X-ray Absorption Near Edge Structure
XAS X-ray Absorption Spectroscopy
XDMR X-ray Detected Magnetic Resonance
XEOL X-ray Excited Optical Luminescence
XES X-ray Emission Spectroscopy
XFEL X-ray Free Electron Laser
XFS X-ray Fluorescent Spectroscopy
XMχD X-ray Magneto-chiral Dichroism
XMCD X-ray Magnetic Circular Dichroism
XMLD X-ray Magnetic Linear Dichroism
XML Extended Markup Language
XMS X-ray Magnetic Scattering
XnrLD non-reciprocal X-ray Linear  Dichroism
XOA X-ray Optical Activity
XOP X-ray Oriented Programmes software package
XPCS X-ray Photon Correlation Spectroscopy
XPEEM X-ray PhotoEmission Electron Microscope
XRD X-ray Diffraction
XRF X-ray Fluorescence
XRI X-ray Imaging
XRR X-ray Reflectivity
XRS X-ray Scattering
XSW X-ray Standing Wave
ZP Zone Plate
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