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FOREWORD

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 ESRE 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.


http://www.esrf.eu/files/Upgrade/LTS_060706.pdf

Foreword

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 ESRFs 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 ESRE 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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Executive summary

A ten year Upgrade Programme of the European
Synchrotron Radiation Facility (ESRF) will greatly
enbance 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:

e Nanoscience and nanotechnology

e Pump-and-probe experiments and time-resolved
science

e Science at extreme conditions

e Structural and functional biology and soft matter

e 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

® Fighteen 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.

® Enbancement 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.

e Construction of 21,000 m? 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:

e Capital 238 M€, of which 77 M€ will

be financed from the regular budget

e Recurrent 28 M<€ in addition to the regular
budget

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

/
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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 enbance 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 ESRE

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 ESRFs 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
ESRE 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.

4 ESRF Science and Technology Programme 2008-2017
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The uniqueness of X-ray synchrotron
radiation beams

Ever since the discovery of X-rays by Wilhelm
Rontgen 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 ESRE 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,
palacontology, 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.

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:

e Nanoscience and nanotechnology

® Pump and probe experiments and time-resolved
science

e Science at extreme conditions

e Structural and functional biology and soft matter

e 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.

e 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.

e 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 ESRE 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.

/
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Credit NASA.

Courtesy M. Lak, P. Tafforeau.

Highlights of ESRF science

e 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.

Tracks left by minute comet
particles trapped in aerogel.

¢ 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 PA. (2003), Watching a Protein
as it Functions with 150-ps Time-Resolved X-ray
Crystallography, Science, 300, 1944-1947.

e 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

a) Radiography in propagation phase contrast mode of
opaque amber blocks from Charente-Maritime, France
(990 mm of propagation distance, pixel size: 5 pm).
b) Examples of virtual 3D extraction of organisms
embedded in the opaque amber.

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.E, 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.

e 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., Vanké G.,

Monaco G., Fiquet G., and Guyot E (2004), Electronic
Transitions in Perovskite: Possible Nonconvecting Layers
in the Lower Mantle, Science, 305, 383-386.

e 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
ESRE 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 Schliinzen F, Zarivach R., Harms J
Bashan A., Tocilj A., Albrecht R., Yonath A., and
Franceschi E (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.

Image courtesy D. Brodersen and V. Ramakrishnan,

The structure of the ribosome
30S subunit with a binding
site for antibiotics highlighted.

6 ESRF Science and Technology Programme 2008-2017

MRC Laboratory of Molecular Biology, Cambridge.


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 ESRFs X-ray
source, and in parallel, the preparation of a longer
term design for a new higher brightness lattice;

e 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 m? 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
ESRE 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 1). 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.

e 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:

e [nstrument test stations to allow dedicated online
testing of new hardware and software, open to all
scientists and engineers interested in synchrotron
radiation;

e X-ray optics systems to provide stable nanosized
X-ray beams;

e Sample environments and sample management
protocols for extreme conditions, fragile, precious or
nanoscale samples;

® New detectors to enable new science;

e Upgrades to the accelerator complex;

e Experimental hall extensions for long beamlines;

e 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 1V 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.

e 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 ESRFs Member and Associate countries do not
possess national-level synchrotron radiation facilities —
the ESRF is their principal synchrotron resource.
Consequently, the ESRFs 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 (lItaly) 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
ESREF 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

ESRFs 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

N

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.

e 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 ESRE 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-S8 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 ESRE
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
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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 ESRE 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
ESRE 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
ESREF 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 Féte 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 ESREF 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 ESRE helping to keep a competitive edge for
European industry.

A substantial part of the ESRFs 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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Overview to 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

o Structural and Functional Biology and Soft Matter

® Pump-and-Probe Experiments and Time-Resolved Science
e Science at Extreme Conditions

o 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.
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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, palacontology,
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 ESRE 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, palacontology, 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 ESREF 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.

/
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1.1. Science at the nanometre scale

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.
e 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.

e 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

-
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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.

e 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.J. proper
management of radiation damage induced by
nanobeams will be a key issue of this programme).
e 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
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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, g, and divided by the distance
from the source to the focusing element, p. The minimum

spot size is limited by the geometrical demagnification,
sG = 2 x q/p and the diffraction limit, sy, = 1.22 A/sin o.

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
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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 ESRE 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
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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.

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

%
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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.

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.

N

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 recombinatio