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Introduction
2001 was a very productive year for the
ESRF. The machine (linac, synchrotron,
storage ring) performed extremely well,
providing almost 5500 hours of beam. The
overall availability was close to 97%, a new
record. For our Users, reliability is as
important as raw flux, and here the Machine
Division continued to improve the machine's
performance with a mean time between failures of 46 hours. To answer the needs of a wide and
varied User community, the ESRF offers a variety of machine modes, with a significant proportion
(30% of the total number of shifts delivered) in single-bunch or 16-bunch for time-resolved studies.
During the last year there was a move from the previous routine high-brilliance mode (2 x 1/3 filling)
to uniform mode, which has advantages as far as beam lifetime and detectors are concerned.
Other improvements and advances include the installation and operation of 10 mm NEG-coated
chambers, the installation of the first of a series of in-vacuum undulators, and the start of a
programme to increase the beam current from the present 200 mA.This latter project is particularly
exciting and during the first tests in November, a stable current of 250 mA was achieved.

These Machine improvements were mirrored in an extremely high level of activity on the
beamlines. As well as carrying out an ambitious scientific programme on 40 beamlines, many of
the ESRF's beamlines were refurbished or upgraded. For example, there was excellent progress
in the installation of the former BM16 powder diffractometer in its new position on ID31 and also
in the restart of operation of the Dragon beamline on the new dedicated section ID8. An ever-
increasing number of guest scientists visit the ESRF. During 2001, there were some 5000 visits by
more than 3000 individual Users. These scientists carried out about 800 distinct experiments,
resulting in more than 400 publications in scientific journals. For example, in 2001 ESRF staff and
visitors contributed to at least 29 papers in Nature and Science, 44 papers in Physical Review
Letters and Europhysics Letters, and 52 papers in the Physical Review. These figures attest both
to the international dimension and to the quality of the research carried out at the ESRF.

A major project for the ESRF's further development is the Partnership for Structural Biology with
the EMBL, ILL and IBS. The aim of this project is to provide a European focus for the vibrant and
expanding field of structural biology.The ESRF will build a new state-of–the-art beamline with two
stations for macromolecular structure determination. A major contribution will also be made to the
construction and operation of a new laboratory/office building, specifically designed for the needs
of the PSB.The ESRF's Medium Term Scientific Programme was further refined in 2001 to provide
a road-map for scientific directions over the next five years. There are projects to enhance our
facilities for engineering studies, to examine the possibilities of combining synchrotron radiation
with high magnetic fields, and to develop photoemission spectroscopies in the X-ray region. In
parallel, we shall continue to enhance and improve our beamlines and the machine – this
enhancement programme is a cornerstone of the ESRF's success.

Among many significant events during 2001, we highlight the Three-way Meeting with our
colleagues from the Advanced Photon Source (USA) and SPring-8 (Japan). This meeting, on 14
and 15 November 2001, proved valuable us an exchange of ideas at both the professional and
personal levels.The three Directors-General, none of whom had been in post for more than a few
months, had the opportunity to meet for the first time and exchange views on the challenges
encountered when leading these large and diverse organisations.

W.E.A. Davies, P. Elleaume, P.F. Lindley, F. Sette, W.G. Stirling
(January 2002)

Participants in the APS, ESRF, SPring-8 Three-way Meeting.



Macromolecular crystallography has
continued to play a dominant role in the
Life Sciences during 2001. ID29 was
inaugurated into the public programme as a
beamline with a full capacity for molecular
anomalous diffraction (MAD) experiments,
replacing the bending magnet beamline
BM14.  The new beamline has already
provided some impressive results (see for
example the research of Iwata et al., on the
structure of the membrane protein, formate
dehydrogenase). An in-vacuum insertion
device will be installed for the beamline in
the winter of 2001. BM14 has become a
collaborating research group (CRG) facility,
operated jointly by Spanish and UK
consortia.  At the beginning of 2003, the
Spanish consortium will move to BM16,
currently the powder diffraction beamline,
which itself is being transferred to an
insertion device, ID31.  At BM16, the
Spanish group will maintain
macromolecular crystallography, but may
also add other techniques such as small-
angle X-ray scattering.  Indeed,
macromolecular crystallography will gain
two thirds of a bending magnet beamline
because the ESRF has one third of the use
of the CRG beamlines for its public
programme.  The inauguration of the
second branch of DUBBLE, the Dutch-
Belgium CRG at BM26 will bring this figure
up to a whole new beamline and this is in
addition to the French CRG beamline FIP at
BM30. In the ID14 Quadriga complex,
station EH3 has been taken out of
commission for refurbishment.  It is being
used to develop automation and high-
throughput technologies that will then be
transferred to the other beamlines.

This Highlights 2001 includes projects from
both the in-house research programme,
(Hybrid Cluster Proteins, the Semiliki Forest
Virus and Phase Determination Using
Anomalous Scattering from Sulphur Atoms)
and the research of the external user
community.  With respect to the former, the
programme under the leadership of Sean
McSweeney continues to flourish resulting in
the development of new technologies on the
beamlines and in the methodology of data
collection, processing and structure
elucidation.  With respect to the latter, the
programmes on the cyanobacterial system
and the ribosomal subunits deserve special
mention.  These are long-term projects that
require repeated visits to synchrotron
radiation facilities.  In the case of the
ribosomal subunits, many thousands of
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crystals, by several groups, have been used
to produce the present-day results.  Such
research requires dedication and the long-
term support that has become possible
through the Block Allocation System and
Long Term Project research programmes.
Every year it becomes more difficult to
select highlights in the field of
macromolecular crystallography.  The overall
quality and importance of these structural
studies is astonishingly high and any
selection becomes very subjective.  If your
research is not mentioned, this reflects the
judgement of the Research Directors and not
its quality.

It should be noted that the use of the
macromolecular crystallography beamlines
by the pharmaceutical industry continues
to increase.  A beamline (or its equivalent)
dedicated to this type of use and
incorporating a “Fedex” service (send
crystals, receive data or even structures)
will clearly be needed in the near future.
The income derived from such a beamline
could well fund staff and other projects.
New projects include the Partnership for
Structural Biology involving the ILL, the
EMBL Grenoble Outstation, the ESRF and
maybe other institutions.  This partnership
intends to provide a technological and
scientific base within the European context
to exploit post-genomic research and high-
throughput methodology.  In its basic form,
the partnership intends to build a new
beamline complex dedicated to
macromolecular crystallography and to
construct a new building for both in-house
use and use by external parties.  The
beamline complex will involve two
beamlines one with full MAD capacity and
the second with limited MAD capacity in
the ID23 straight section of the ESRF.  It
may well involve the use of canted
undulators to give two separate and distinct
beams or a diamond monochromator in a
similar manner to the Quadriga complex.
Further details of this important and
exciting new project can be obtained from
the Management of the three institutions
mentioned above.

Within the Life Sciences programme, and
indeed in many other parts of the overall
science programme at the ESRF, the use of
micro X-ray beams is becoming increasingly
important.  Thus small, highly collimated X-
ray beams can be used for small samples or
small volumes of larger samples.  In this
respect beamline ID13 has pioneered a
number of technical developments.  These
are illustrated by research into the structure
of sensory rhodopsin and the
microstructural homogeneity of support silk

spun by Eriophora fuliginea.
The Biomedical programme is also
expanding and a new biomedical facility
has just been completed as an extension to
the ID17 building.  This will enable a whole
new range of research activities to be
instigated in addition to those in human
coronary angiography, radiation dosimetry,
phantom imaging and technological
developments on the beamline.  Thus,
experiments will be performed to measure
cerebral blood values and blood to brain
transfer coefficients in the C6 glioma model
in the rat brain and in the VX2 carcinoma
model in the rabbit brain, to evaluate lung
function in rabbits as part of an
investigation into asthma, and to develop
new protocols for therapy.  In this
Highlights 2001, research is presented from
the microbeam radiation therapy
programme, a long-term research project
involving Jean Laissue and his team in
Switzerland, which could lead to the
radiation treatment of surgically inoperable
brain and other tumours in humans.  These
types of experiment, undertaken in a
humane manner by professionals, are
essential for the progress of medicine.  It
should be clearly remembered that many
medical treatments that are now accepted
as normal and routine, could only have
been developed through such programmes.  

This Highlights 2001 is the last highlights
for which I have had the pleasure of
writing an introduction to the Life Sciences
section.  The past five years have seen many
changes including the dedication of ID2 to
small-angle scattering, the development of
ID13, the Quadriga complex and ID29, and
of course, the Biomedical programme.  The
Life Sciences are also being practised
elsewhere: EXAFS on ID26; X-ray
microscopy on ID21 and ID22; and
tomography on ID19.  Currently the Life
Sciences account for some 20-25% of the
overall science programme at the ESRF.
I have enjoyed my period of office at the
ESRF and hope that the Life Sciences will
continue to expand and flourish, producing
research that is acknowledged to be at the
forefront of world science.  Of course, the
Life Sciences cannot be allowed to
dominate resources at the expense of other
important programmes in materials science
and physics.  I hope that my colleagues in
the life sciences will be both tolerant and
broad in outlook, thereby accepting that
the ESRF and other synchrotron sources in
Europe must be allowed to serve science
as a whole.

Peter Lindley
Director of Research – December 2001
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Structure of a Membrane
Protein Complex: Formate
Dehydrogenase-N at 1.6 Å

The respiration of nitrate constitutes a major respiratory
pathway in Escherichia coli under anaerobic conditions. A
major electron donor in this pathway is formate, which is
produced from pyruvate via acetyl-CoA. A system
composed of the integral membrane proteins, formate
dehydrogenase-N (Fdh-N) and dissimilatory nitrate
reductase (Nar) utilises the two-electron oxidation of formate
as an electron donor for the reduction of nitrate to nitrite.
Nar/Fdh-N has a redox loop mechanism responsible for this
energy conservation. The Nar/Fdh-N system generates
proton motive force, which is used by ATP synthase and
secondary transporters, by the redox loop mechanism, a
mechanism ubiquitous among biomembranes of higher
organisms and bacteria.

Both Fdh-N and Nar are members of a subgroup of
molybdo-enzymes, binding the molybdopterin guanine
dinucleotide (MGD) form of the molybdopterin cofactor in
their active site. Both enzymes are three-subunit proteins (α,
β, γ), consisting of two membrane-associated subunits and
an integral membrane subunit. The crystal structure of Fdh-
N was determined by multiple anomalous dispersion (MAD)
using the 22 native Fe atoms. MAD and high-resolution data
sets were collected at beamlines ID29 and ID14-3,
respectively. Automated model building in combination with
phase extension to 1.6 Å was performed using the

ARP/wARP program suite. Refinement, including water
molecule placement, was performed using the programs
ARP and CNS with final Rcryst of 17.7 % and Rfree of 19.5 %.
This is the highest resolution structure achieved for any
membrane protein complex to date (Figure 1).

The overall structure of Fdh-N is shown in Figure 2. Fdh-N
is packed as a trimer (total MW 510 kDa) with the monomers
related by a crystallographic threefold symmetry axis. The
trimer shows a “mushroom”-like shape with the largest
dimensions of 125 Å (along the membrane) x 150 Å (along
the membrane normal). The α-subunit incorporates the
catalytic domain with a molybdenum (Mo) atom, two MGD
cofactors, a selenocysteine residue and one [4Fe-4S] iron-
sulphur cluster. The ß-subunit is an electron transfer unit
containing four [4Fe-4S] iron-sulphur clusters, while the
membrane intrinsic γ-subunit incorporates the two heme b
molecules and a quinone reduction site.The structure shows
how electrons are transferred from formate to MQ through
MGD, 5 [4Fe-4S] clusters and two heme b groups, a total
distance of over 90 Å. Further studies utilising a
menasemiquinone analogue, HQNO (2-n-nonyl-4-
hydroxyquinoline N-oxide) revealed the MQ binding site in
the γ-subunit and a possible proton uptake pathway from the
cytoplasm to this quinone binding site. A comparative study
of the Fdh-N with the related enzymes, nitrate reductase and
[NiFe] hydrogenase, has successfully explained how the
proton motive force is generated by the Fdh-N/Nar system.

Principal Publication and Authors
M. Jormakka (a), S.Tornroth (c), B. Byrne (b), S. Iwata (a, b,
c) and A. Thompson (d), Science, in press (2002).
(a) Division of Biomedical Sciences, Imperial College (UK)
(b) Department of Biological Sciences, Imperial College
(UK)
(c) Department of Biochemistry, Uppsala University
(Sweden) 
(d) EMBL Grenoble Outstation (France)

Fig. 1: Electron density map around the active site of Fdh-N at
1.6 Å resolution. 

Fig. 2: Trimer of Fdh-N viewed parallel to the membrane.
Catalytic α-subunit is shown in orange, ß-subunit in blue and
γ-subunit in pink. 
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Hybrid Cluster Proteins
(HCP): A Unique Biological
Metal Centre

Hybrid cluster proteins (HCP), first reported in 1989 [1], have
unprecedented redox chemistry and are unique amongst
metal centres in biological systems. Despite the wealth of
spectroscopic and structural information on HCP, the precise
physiological function(s) of these proteins remains unknown.
To account for the early electron paramagnetic resonance
analyses carried out on the protein, the presence of a [6Fe-
6S] cluster was proposed and the protein was therefore
named the “prismane protein” after the shape of the
proposed iron-sulphur cluster. The first X-ray crystal
structure of the protein, isolated aerobically from
Desulfovibrio vulgaris (Dv), showed that HCP does not
contain a [6Fe-6S] cluster, but instead has two independent
centres each containing four iron atoms [1]. One of these is
a cubane [4Fe-4S] structure and the second is the so-called
“hybrid cluster”, a novel [4Fe-2S-2O] cluster with an unusual
arrangement.

The quite unusual and unexpected structure of the hybrid
cluster raised the question of whether it was indeed a native
structure. The similar protein from Desulfovibrio
desulfuricans (Dd) was therefore purified and crystallised
anaerobically. X-ray data for the Dd protein were collected at
a wavelength of 1.722 Å on BM14, so that anomalous
dispersion effects could be used to confirm the locations of
the iron atoms in the clusters.Then a second high-resolution
data set, 1.25 Å, was collected using a wavelength of
0.933 Å on ID14-2.

The three-dimensional structures of the Hybrid Cluster
Proteins from Dd and Dv were shown to have a very high
similarity and both contain a cubane and a hybrid cluster.
The overall protein and cluster structure appears to be
independent of the oxidation state of the protein and/or
whether the preparations were performed aerobically or
anaerobically. The hybrid clusters contain both oxygen and
sulphur bridges between pairs of iron atoms (Figure 3) and
a further moiety, X, appears to bridge Fe5 and Fe7 thereby
completing their coordination geometries.The hybrid cluster
itself has an open configuration and is readily accessible by
both hydrophobic cavities and hydrophilic channels [2]. The
position of X represents an obvious site of substrate binding
and Fe8 may also be involved, but the nature of the
substrate and the reaction mechanism both remain to be
clarified.

A structurally-based sequence alignment between the
HCP and the carbon monoxide dehydrogenase
(CODH) enzyme from C. hydrogenoformans highlights
the close structural similarity between Dd/Dv and
C. hydrogenoformans (Figure 4). In fact, all the Dd/Dv
cysteine and histidine cluster binding residues and many of

the residues contributing to the strong hydrophobicity of
one of the cavities pointing towards Fe8 [2] are conserved.
This cavity leads directly from the surface of the protein to
Lys489, a residue that is retained between many HCP and
CODH and located within 3.0 Å of the oxygen atom
bridging Fe7 and Fe8 in the HCP.This lysine is predicted to
have a crucial role in the CODH enzyme mechanism [3]
and may indicate a hydrophobic pathway for substrate or
product with a common key role for Lys489 between the
CODH and the HCP reaction mechanisms. However, so
far, any attempts to find such activity have failed.

Fig. 3: The hybrid cluster in the HCP proteins. (a) A schematic
view, (b) electron density in a 2|Fo|-|Fc| map contoured at
the 2.0 (blue) and 15.0 (red) rms levels in the vicinity of the X
moiety in the Dv protein, and (c) as per (b) for molecule A in
the Dd protein.
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More recent results have suggested a possible sulphur
transferase role for the HCP proteins and this aspect is now
being vigorously pursued.
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Structure of an Enveloped
Virus: the Semliki Forest Virus
Amongst the wide variety of viruses, some have rather
simple spherical structures. Examples are the rhinovirus,
which causes the common cold, and the poliovirus, the
agent causing poliomyelitis. They consist of a single protein
shell surrounding a nucleic acid molecule that carries the
viral genome information. These are called non-enveloped
viruses and their mode of infection involves an attachment
step whereby their cellular receptors link to the host cell,
followed directly by the injection of their viral genome into the
cell and, subsequently, by multiplication of the virus.

In contrast, enveloped viruses, which are multi-layered
structures composed of a series of concentric protein shells
and one lipid envelope, have a specific step before infection,
namely the fusion (or merging) of the viral and host cell
membranes. In the case of the Semliki Forest Virus (SFV),
an alphavirus, which can provoke encephalitis and which is
transmitted to humans by mosquitoes, the fusion of the host
cell and the viral membranes is induced by a single protein
called E1. The E1 protein is embedded in the lipid envelope
of the virus and, together with a second viral protein named
E2, forms spikes on the outer surface of the viral particle.
During infection, the E2 protein is believed to bind to a host
cell receptor and this leads to the entry of the viral particle
into the host cell. When SFV is exposed to the acidic pH of

Fig. 4: The hybrid clusters of the Dd HCP (a) and 
the CODH-cooS from C. hydrogenoformans (b) after
structural alignment. In the vicinity of the hybrid clusters,
the cysteine, Cys308 (not shown in the figure), Cys399,
Cys427 and Cys452, and histidine, His240, cluster binding
residues are conserved.
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the endosome within the cell, the conformation of the E1
protein changes drastically. This event leads to membrane
fusion and allows the infectious cycle to proceed.

X-ray crystallographic data collected on beamlines ID2 and
ID14 have allowed the determination of the 3D structure of
the E1 protein at neutral pH. A combination of this data with
Electron Microscopy [1], allowed the reconstruction of the
fusion shell of the entire virus particle (Figure 5). These
results have highlighted the crucial scaffolding role of the E1
protein to form a closed virus particle and thus, to direct the
exit of newly formed viral particles from the host cell.

SFV is currently used to selectively express some proteins
in susceptible host cells and could therefore be of use in
some gene therapy protocols. Virologists are also using the
Semliki Forest Virus particle as a scaffold to present viral
envelope proteins to the immune system. With the help of
the 3D structure of SFV, one could therefore envision
preparing chimerical viral particles for vaccination. Finally
and quite unexpectedly, it turned out that the structure of the
SFV E1 envelope protein is very similar to the structure of
the envelope protein from Tick Borne Encephalitis, a
member of the flaviviridae family of viruses [2]. This family
includes important human pathogens like Yellow-Fever Virus
or Dengue Virus, with no vaccine yet being available for the
latter. Knowledge of the structure of Semliki Forest Virus
suggests that alphaviruses and flaviviruses use a common
mechanism of infection and may help in providing some
possible strategies to prevent it.
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Extending the Range of the
de novo Phasing of Native
Protein Crystal Structures
using the Anomalous
Scattering from Sulphur
Atoms
The macromolecular crystallography community is
increasingly interested in new, routine methods of structure
solution which require neither the chemical modification of
macromolecules nor the introduction of very heavy atoms
into crystals. One technique that has recently received a
great deal of attention is the exploitation, using X-rays of
relatively long wavelength (λ > 1.5 Å), of the significant
anomalous scattering properties of sulphur atoms found in
the structures of almost all proteins [1, 2]. For all of the
macromolecular crystal structures thus far solved using this
method, the crystals diffracted to much better than 2 Å
resolution. The method would thus appear to require
crystals that diffract rather well. It is also unclear just what
the limits are for the size of anomalous signal that can
successfully be used in this procedure.

In order to ascertain just how general a method S-SAD
(Sulphur-Single-Wavelength Anomalous Dispersion) can
become and what the limits of the technique are, we have
solved the structures of two crystal forms of Tryparedoxin II
using data collected on BM14 at 1.77 Å wavelength. The
two crystal forms diffract to1.5 Å and 2.7 Å resolution
respectively and both experiments produced extremely high
quality, interpretable electron density maps (see Figure 6).

Fig. 5: The T = 4 icosahedral protein layer formed by E1 on the
Semliki Forest Virus surface.

Fig. 6: Part of the electron density map (red chicken wire) for
crystal form II of Tryparedoxin II calculated using solvent
flattened S-SAD phases at 2.7 Å resolution. 
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The success of the latter experiment extends the
resolution limits of the technique markedly, shows that the
technique can be successful even using data from
crystals that diffract only to medium resolution and has
significant implications for macromolecular structure
determination in the high throughput era. In the 10 years
to mid-October 2001, the number of macromolecular
crystal structures submitted to the Protein Data Bank was
12633. Of these 11679, or 92.5%, were determined to a
resolution of 2.7 Å or better. Thus, even allowing for the
skewing effect of amino acid mutant structures etc., the
vast majority of crystal structures would, in terms of
resolution of data available, be amenable to solution by S-
SAD. However, one must also take into account amino
acid composition when considering whether a protein
crystal structure might be suitable for solution by S-SAD.
Of the ordered amino acid residues in the asymmetric unit
of the crystals studied here, those containing sulphur
represent 4.7%. This produces, at λ = 1.77Å, an
anomalous signal from crystals of the native protein that is
strong enough to allow structure solution of both crystal
forms. Of the five eukaryotic genomes for which there is
full or partial sequence information, the frequency of
occurrence of sulphur-containing amino acid residues is
as follows (see http://www.ebi.ac.uk/proteome/ for
details): Homo sapiens, 4.4%; Arabidopsis thaliana, 4.3%;
Caenorhabditis elegans, 4.7%; Drosophila melanogaster,
4.2%; Saccharomyces cerevisiae, 3.4%. Large numbers
of proteins from all of these genomes should thus, in
principle, be amenable to structure solution by S-SAD
(see Figure 7 for a breakdown of % sulphur-containing

residues for C. elegans) and our experiments have
therefore shown that S-SAD has the potential to become
a major technique for macromolecular crystal structure
determination.
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Atomic Model of
Cyanobacterial Photosystem I:
a Well-defined Assembly of
12 Proteins and 127
Cofactors
The conversion of solar energy to chemical energy by
photosynthesis forms the main energy source for life on
earth. In plants, green algae and cyanobacteria, capable of
oxygenic photosynthesis, the central photosynthetic
processes of light-induced charge separation are catalysed
by two large protein complexes, the photosystems I (PSI)
and II (PSII), which are located in the photosynthetic
thylakoid membrane.

This year, the crystal structures of both PSI and PSII,
isolated from the thermophilic cyanobacterium
Synechococcus elongatus, have been published at
resolutions of 2.5 Å and 3.8 Å [1], respectively. Until recently,
structural studies on PSI by crystallographic methods were
limited to a relatively low resolution of 4.0 Å. Significant
improvement of the crystal quality, mainly achieved by
applying seeding techniques [2], and general improvements
in technologies applied in collection of X-ray diffraction data,
in particular cryocrystallography, and in crystallographic
computing resulted in the present structural model at 2.5 Å
resolution. All X-ray data collection was performed at the
high-brilliance beamline ID2B at the ESRF. The initial
electron density map of PSI was obtained by multiple
isomorphous replacement including effects from anomalous
dispersion (MIRAS) and permitted the modelling of the 12
protein subunits of PSI.

In cyanobacteria, three monomers are organised into a
trimer (Figure 8). In the monomers, the organisation of the

Fig. 7: A histogram showing the distribution of the number of
open reading frames (ORFs) as a function of the percentage
content of sulphur containing residues for the genome of
C. elegans. As can be seen more than 50% of all ORFs in this
genome are predicted to produce proteins containing at least
as high a ratio of sulphur containing residues as found in
Tryparedoxin II. 
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subunits in the thylakoid membrane is dictated by the 83 kDa
subunits PsaA and PsaB. They form a heterodimer in which
the two subunits are related by a pseudo-twofold rotation
axis (pseudo-C2). This heterodimer is surrounded by seven
smaller membrane intrinsic subunits and three extrinsic
subunits located on the stromal side.

The charge separation across the membrane is performed
by a set of cofactors termed the electron transfer chain
(Figure 9). It consists of three pairs of chlorophylls and one
pair of phylloquinones (Vitamin K1), positioned along the
pseudo-C2 axis in two branches, followed by the 4Fe4S

cluster FX that is located right on the pseudo-C2 axis and
coordinated to both PsaA and PsaB.The electron is further
transferred to the two terminal 4Fe4S clusters FA and FB

located in the stromal subunit PsaC. The light energy
required to drive this process is captured by the integral
antenna system containing 90 chlorophyll a and 22
carotenoids (Figure 9). The crystal structure of PSI shows
new types of Mg2+ axial ligands, not previously observed in
the structures of other (bacterio)chlorophyll-protein
complexes, the most striking being a phospholipid oxygen
and methionine sulphur.

The structure of PSI provides a detailed picture of the
architecture of this protein-cofactor complex. Since the
locations and orientations of all the cofactors are known,
and their chemical environments are visible for the first
time, it is now possible to carry out theoretical studies to
understand the spectroscopically determined electron and
exciton transfer kinetics between the different cofactors.
However, an unambiguous assignment of individual
spectral and redox properties of the cofactors is not
possible at the moment.The new structural data will initiate
mutational studies on PSI which will help to unravel
structure-function relationships in more detail.
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Antibiotics Targeting
Ribosomes
Analysis of high-resolution structures of complexes of
antibiotics with ribosomal particles sheds light on antibiotic
selectivity and illuminates various modes of action, from
reduction of decoding accuracy via limiting conformational
mobility, to interference with substrate binding and hindrance
of the progression of growing proteins.Their interactions and
the lack of major conformational rearrangements associated
with antibiotic binding, support the suggestion that the

Fig. 9: Cofactors of the antenna system (chlorophylls green,
ring substituents omitted for clarity, carotenoids yellow) and
of the electron transfer chain (blue and Fe4S4 cluster as
yellow and blue spheres) in one monomer of photosystem I.

Fig. 8: Complete view of cyanobacterial, trimeric photosystem
I from the stromal side of the membrane. The 12 protein
subunits are in different colours, chlorophylls in yellow,
carotenoids in white. 
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ribosome provides a framework for peptide bond formation,
rather than enzymatic activity.

Resistance to antibiotics is a significant problem in modern
therapeutics. Ribosomes of pathogenic bacteria are major
targets for antibiotics. Ribosomes are a cellular organelle
catalysing the translation of genetic code into proteins.They
are protein/RNA assemblies arranged in two subunits that
associate for performing protein biosynthesis. The large
subunit (1.5 megaDa, 3000 nucleotides in two RNA chains
and ~35 proteins) creates the peptide bonds and provides
the path for emerging nascent proteins. The smaller subunit
(0.85 megaDa, 1500 nucleotides in one RNA chain and
~20 proteins) has key roles in controlling the fidelity of
codon-anti-codon base-pairing and in initiating the
biosynthetic process.

The high-resolution structures of ribosomal subunits from
two pathogen-models [1], obtained recently by bright
synchrotron radiation, were used as a reference that allowed
unambiguous localisation of several antibiotics. Among
those reported here, six were clinically relevant and one was
of no clinical use. All were found to bind primarily to
ribosomal RNA and their binding did not cause major
conformational changes.

Small subunit antibiotics: Tetracycline was found to be a
multi-site antibiotic with inhibitory action that stems from its
interference with A-site tRNA binding. Edeine, a universal
agent, inhibits the initiation of protein synthesis by linking
critical features for tRNA, IF3 and mRNA binding, thus
imposing constraints on ribosomal mobility that accompany
the translation process (Figure 10). Its universality implies
conservation of structural elements important for initiation.

Large subunit antibiotics: Chloramphenicol targets the
peptidyl transferase cavity close to the amino acceptor group
of tRNA. Clindamycin interferes with substrate binding and
physically hinders the path of the growing peptide chain.The
macrolides erythromycin, clarithromycin and roxithromycin
bind to the entrance of the protein exit tunnel and block the
progression of nascent proteins (Figure 11). Interestingly,
none of these antibiotics binds to the nucleotides assigned
to be crucial for the catalytic mechanism of the ribosome that
was proposed based on the 2.4 Å structure of the
Haloarcula marismortui large subunit [2].

Comparative studies have helped to identify elements that
may confer drug selectivity (e.g. Figure 12). The antibiotics

Fig. 10: (Left) The small ribosomal subunit. The mRNA path
and the P-(orange) and E-(yellow) sites are shown. The RNA
features that are “frozen” by edeine are highlighted in white
and cyan. In the assembled ribosome the large subunit will
face the left side of the particle. 
(Middle) top: the free edeine binding site. Bottom: the
structure of edeine. (Right) Detailed view of edeine (purple)
binding site. Note the newly formed base pair (green).

Fig. 11: The position of erythromycin (red) within the large
ribosomal subunit - RNA (dark green), the proteins (light
green). The view is from the active site into the protein exit
tunnel.

Fig. 12: Clindamycin binding site shown on a superposition of
the backbone of the peptidyl transfer ring of a eubacterial
pathogen model (D50S) and of its archeal counterpart (H50S)
which serves as a model for eukaryotes (E. coli numbering
scheme). 
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modes of interactions and the preservation of the active-site
conformation, favour the suggestion that the peptidyl
transferase center serves as a template for proper
positioning of tRNAs to allow for spontaneous, rather than
enzymatic, creation of peptide bonds. The ribosomal
components constructing the frame for accurate positioning
of the tRNA molecules may include proteins, CTC, L27 and
L16.

Antibiotics targeting ribosomes are excellent tools for
studying ribosomal function and for understanding
mechanisms of drug action. Analysis of their modes of
action should lead to structure-based design of improved
antibiotics.
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The Structure of
Bacteriophage T7
Endonuclease I: A Holliday
Junction Resolving Enzyme
The rearrangement, or recombination, of DNA is an ancient
and fundamental biological process. Recombination is
central to many diverse biological processes such as the
generation of genetic variation (and therefore evolution) and
the incorporation of viral DNA into host DNA, resulting in
successful viral infection.

The process of DNA recombination occurs in distinct stages
(Figure 13), with the formation of a four-way (Holliday)
junction as a pivotal intermediate. The penultimate step in
DNA recombination is regulated by a junction resolving
enzyme or ‘resolvase’. This enzyme cleaves the Holliday
junction resulting in rearranged DNA strands. Bacteriophage

T7 encodes a protein, endonuclease I, which has been
shown to act as a four-way DNA junction resolvase.

In order to understand the mechanism by which a four-way
DNA junction resolving enzyme cleaves DNA we have
solved the structure of an inactive mutant of bacteriophage
T7 endonuclease I (E65K), using X-ray crystallography.
Extensive crystallisation trials showed that high quality
protein crystals could only be obtained when the first 11 N-
terminal amino acids were removed from the protein.
Crystals of endonuclease I (∆N11, E65K) diffracted X-rays
to 2.1 Å on station ID14-EH3.

The crystal structure was solved by the MAD method using
data collected from a selenomethionine-substituted protein.
However, endonuclease I (∆N11, E65K) does not contain
any endogenous methionine residues. For this reason a
methionione containing mutant (I92M) was generated to
allow selenomethionine incorporation (endonuclease I,
∆N11, E65K, I92M). The junction cleavage activity of the
protein is unaffected by the introduction of this methionine
residue. Selenomethionine-substituted crystals diffracted X-
rays rather more weakly than those of the native protein, and
three data-sets were collected to 3.0 Å and one to 2.5 Å
using station ID14-EH4. All four selenium sites in the
asymmetric unit were identified by the SOLVE package, and
electron density maps were calculated using the CCP4 suite
of programs.The SOLVE derived phases were clear enough
to identify protein solvent boundaries and several secondary
structure elements, but were significantly improved by
density modification and non-crystallographic symmetry
averaging. Models were initially built at 2.5 Å using data from
the selenomethionine-substituted (∆N11, E65K, I92MSe)
protein. Later in refinement, 2.1 Å data collected from a
crystal of endonuclease I (∆N11, E65K) were introduced.

The structure shows that endonuclease I forms a symmetric
homodimer arranged in two well-separated domains

Fig. 13: The process of recombination.
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(Figure 14) and each domain is comprised of elements from
both subunits in the dimer. An individual domain comprises
a central five-stranded mixed ß-sheet, flanked by five α-
helices, with one strand and one helix contributed by the
other subunit.

Mutagenesis experiments have previously identified a
number of potential active site amino acid residues.
Examination of the 3-dimensional arrangement of these
residues reveals a close similarity to residues found in the
active sites of a number of well-characterised restriction
endonucleases. In view of this it is likely that endonuclease I
cleaves DNA using a mechanism similar to that of the type
II restriction endonucleases. How endonuclease I
recognises and cleaves the Holliday junction, while showing
no reactivity towards duplex DNA remains an intriguing
mystery. The structure of endonuclease I represents a step
towards understanding this process.
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Insight into the Regulation
of Microtubular Assembly
The microtubule cytoskeleton is an essential component of
the dynamic architecture of eucaryotic cells. Microtubules
serve as guides for the segregation of chromosomes during
cell division and constitute tracks along which cellular
organelles move. Microtubules are ~ 22 nm diameter hollow

tubes whose walls are constituted of parallel protofilaments
essentially made of tubulin, a heterodimeric protein
constituted of two subunits noted α and ß. In order to fulfil
their functions, microtubules assemble and disassemble
continuously in a way regulated by several families of
proteins, among which are the stathmin phosphoprotein
family. Proteins of the stathmin family are phosphorylated in
response to various extracellular stimuli and have been
proposed to serve as relays integrating activated intracellular
signalling pathways [1]. All stathmin family proteins share a
stathmin-like domain which binds to tubulin to form a 2
tubulin:1 stathmin-like domain ternary complex.

Crystals of a stathmin-like domain:tubulin complex have
been obtained. Diffraction data to 4 Å resolution were
collected on beamlines ID14-2 and ID14-4. An initial
structure of the tubulin molecules of the complex was
determined by molecular replacement using as a model the
structure of tubulin determined by electron crystallography of
planar sheets made of antiparallel protofilaments [2]. Using
phases derived from this model, difference electron density
maps allowed us to locate a 90 residue stathmin-like α-helix
that runs along the complex. The current model of the
structure consists of this α-helix and two tubulin molecules.
It has been refined to an R-factor of 27%. More recently, in a
peak-SAD experiment on ID14-4, three seleno-methionine
residues (out of ca. 2000 residues in the complex) were
located in the stathmin-like α-helix and allow a preliminary
assignment of its sequence.

The structure reveals a complex made of a curved head-to-
tail assembly of two tubulin molecules, maintained by the
stathmin-like α-helix that runs all along it (Figure 15). Two
features of the structure deserve notice: i) its curvature
resembles that of microtubule oligomeric disassembly
products; ii) the tubulin residues that contact stathmin in the
complex are identical in the two αß heterodimers. Most
interestingly, the spacing along the stathmin-like sequence
of the residues that contact tubulin is identical to the spacing
of corresponding residues in an internal sequence

Fig. 14: (left) Overall structure of Endonuclease I.
(right) Potential active site residues.

Fig. 15: Ribbon representation of
the stathmin-tubulin complex
showing the stathmin-like α-helix.
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duplication that has been found in all stathmin family
proteins.This strongly suggests that stathmin family proteins
have evolved to bind two tubulin molecules and that this is
their main function in the cell.

Because of its curvature, the stathmin-tubulin complex does
not assemble into microtubules. The structure is fully
consistent with a sequestering mechanism by which non-
phosphorylated stathmin family proteins control microtubule
assembly by forming with tubulin a complex that is not
incorporated in microtubules. In addition to providing insight
into the mechanism of action of stathmin, this study provides
an X-ray structure of soluble tubulin. Higher resolution data
on this complex may allow rational improvement of anti-
cancer drugs that target tubulin.
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Crystal Structure of T Cell
Receptors Bound to an
Allogeneic MHC Molecule
The T cells play a central role in vertebrate immune systems
by protecting the organism against the proliferation of
different infectious agents such as viruses, bacteria or
protozoa and of some kinds of cancerous cells. They
mediate the cellular immune response whose role is to
detect and eliminate foreign agents or their products inside
the host cells. However, their strong reaction to the presence
of foreign cells also makes them the cause of graft rejection
and graft-vs.-host diseases.

T cells possess specific receptors on their surface, the αß T
cell receptors (TCRs), that are able to discriminate between
peptide fragments derived from self or foreign proteins,
which are presented by specific proteins, the major
histocompatibility complex (MHC) molecules. However, the
specificity of the TCR is functionally degenerate: one TCR is
able to recognise numerous peptides and several MHC
molecules. The TCR cross-reactivity for several peptides is
essential to insure that at least one T cell clone, among the
large but finite range, reacts with any one of the millions of

putative foreign peptides. Graft rejection is governed by the
productive binding of a TCR with an intraspecies allelic
variant of a self-MHC molecule (i.e. an MHC molecule from
another individual, also named allogeneic MHC) – this is
termed allo-reactivity.

The understanding of the structural basis of TCR specificity
for both the peptide and the MHC molecule should provide
us with precious information for the elaboration of new
protocols either to specifically activate the immune system
(against retro-viral infection, cancer) or in contrast to
increase its tolerance (to prevent graft rejection).

The first structures of TCR/peptide/MHC complexes have
established the general lines along which the TCR interacts
with the composite surface made of both the self-MHC
molecule and foreign peptide amino-acids. However, the
way a TCR was able to recognise an allogeneic MHC
molecule had not been determined. Two hypotheses were
proposed: 1) TCR directly recognises the amino-acids which
differ between self and allogeneic MHC molecules; and 2)
TCR recognises as foreign the different set of peptides that
are presented by allogeneic MHC molecules.

Fig. 16: Backbone representation of the 
BM3.3 TCR/pBM1/H-2Kb MHC (a) and 
KB5-C20/pKB1/H-2Kb MHC (b) ternary complexes. 
The TCR variable domains are composed of 2 Ig-like domains:
Vα (light red) and Vß (light blue). The H-2Kb MHC molecule
has also a multi-domain topology with the α1 (green),
α2 (light purple) and α3 (pink) domains and the 
ß2-microglobulin (dark purple). The peptide (yellow) is
located between the two MHC α-helices. The TCR interacts
directly with both peptide and MHC molecule by the means
of its hypervariable loops, the CDRs (in green, red and blue
coils for CDR1, CDR2 and CDR3 respectively).
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In order to clarify this point, we have solved the structure of
two murine TCRs (BM3.3 and KB5-C20) in complex with an
allogeneic MHC molecule (H-2Kb) loaded with a self-
peptide.The first structure has been determined last year [1]
and the second one very recently, thanks to crystallographic
data collected at the ESRF beamline BM30A [2].

These two structures provide us with pioneering results on
the structural basis of TCR allo-recognition (Figure 16).
They clearly support the second assumption i.e. that TCR
recognises as foreign the different set of peptides that are
presented by allogeneic MHC molecules. Our results shows
that allo-recognition requires self and allogeneic MHC
molecules to have nearly identical TCR-facing residues,
implying that graft rejection and graft-vs.-host diseases are
essentially mediated by the different peptide repertoires
presented by allogeneic MHC molecules. Consequently and
quite surprisingly, an allogeneic MHC molecule that
significantly differs in its TCR facing residues may not elicit T
cell activation. Thus, when selecting graft donors, it may be
useful to look not only for MHC molecules identical to those
of the graft host, but also for those displaying significant
dissimilarities.
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Bacterial Origin of the Actin
Cytoskeleton
A defining feature of bacterial cells has long been thought to
be the lack of a cytoskeleton, which in eukaryotes is
indispensable for cell division, for the maintenance of cell
shape, and numerous other functions. The cytoskeleton is
composed of actin filaments, microtubules, and intermediate
filaments. Microtubules are thick polymers that, apart from
other functions, form the mitotic spindle to pull the
chromosomes apart during cell division. The actin filaments
are relatively thin, and are cross-linked into larger structures

to obtain mechanical integrity. They are located just
underneath the cell cortex and are involved in determination
of the cell shape.

In recent years it became apparent that the microtubule-
based cytoskeleton can be traced back to a bacterial protein
called FtsZ (filamentous-temperature sensitive protein Z).
FtsZ is structurally very similar to tubulin and forms filaments
in an analogous manner that mediate bacterial cell division.
Despite the link between FtsZ and tubulin, the bacterial
homologue of actin remained obscure.

In March 2001, Laura Jones of the group of Jeff Errington
(University of Oxford, UK) looked at the cellular distribution
of MreB, a bacterial protein, predicted to be a member of the
actin family. She showed by immunofluorescence that MreB
from Bacillus subtilis forms spiral-like structures underneath
the cell membrane [1]. Depletion of MreB from B. subtilis
caused a defect in cell shape. The distribution of MreB-like
genes among the bacterial subkingdoms shows that
bacteria with a non-spherical cell possess one or more
MreB-like genes [1]. This strongly suggests that there is a
MreB-based cytoskeleton in bacteria that maintains their
cell shape.

If MreB would be the true actin homologue, could it self-
assemble into filaments?

We have recently shown that purified MreB from
Thermotoga maritima can form polymers in vitro under
similar conditions to eukaryotic actin [2]. A closer look at
these polymers under the electron microscope showed that
they consist of pairs of protofilaments, each being a string of
monomers. The spacing between the monomers is 51 Å,
which is very similar to the 55 Å spacing found for
filamentous actin [2]. The similarity between actin and MreB
became even more convincing when the crystal structure of
T. maritima MreB was solved by MAD (multiple anomalous
dispersion), at the ESRF beamline ID14-4.This showed that
on the structural level MreB and actin are the most closely
related proteins of the actin family.The trigonal MreB crystals
(P3121, a = b = 51.58 Å, c = 292.37 Å) diffracted to 2.1 Å,
and were partially twinned. A surprising property of the
crystals is that the subunits are already assembled into
protofilaments. The crystals thus reveal a detailed look at
the interface between the subunits in the protofilament.
A comparison between a single protofilament of actin and
MreB shows that the subunits are in almost identical
orientation in the protofilament, resulting in a similar spacing
between the monomers (Figure 17). Combining the X-ray
and electron microscopic data, we conclude that MreB and
actin form the same protofilaments when polymerised and
that MreB is the bacterial homologue of actin.

There is one striking difference between the MreB polymers
and F-actin. In eukaryotic actin two protofilaments gently
twist around each other to form a helical F-actin filament,
whereas bacterial actin assembles into pairs of straight
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protofilaments.This may indicate that the propensity of actin
to form helical filaments has evolved after the eukaryotic cell
developed from its bacterial origins.
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The Crystal Structure
of an Asymmetric Complex
of the Two Nucleotide
Binding Components of
Proton-Translocating
Transhydrogenase
Membrane-bound ion translocators have important
functions in biology, but their mechanisms of action are
poorly understood. Transhydrogenase, found in animal
mitochondria and bacteria, links the redox reaction between
NAD(H) and NADP(H) to proton translocation across a
membrane. The enzyme is a dimer in the membrane. Each
protomer consists of three domains: dI and dIII protrude from

the membrane and bind NAD(H) and NADP(H),
respectively; dII spans the membrane and provides a
channel for proton translocation. Depending on enzyme
source, the protomer may consist of 1, 2 or 3 polypeptide
chains.

Under most physiological conditions, transhydrogenase
consumes the proton electrochemical gradient (∆p)
generated by the respiratory (or photosynthetic) electron
transport chain:
NADH + NADP+ + H+

out → NAD+ + NADPH + H+
in

Thus, the energy of ∆p is utilised to drive the reaction toward
NADP+ reduction. NADPH is used subsequently in
biosynthesis and to reduce glutathione for detoxification
reactions. The transfer of hydride-ion equivalents between
NAD(H) and NADP(H) in transhydrogenase is direct, and,
therefore, it is envisaged that the nicotinamide rings of the
two nucleotides are brought into apposition to effect the
redox reaction.

Recombinant dI and dIII from R. rubrum spontaneously form
an active complex in solution that can reduce NADP+ by
NADH, even though dII, the membrane-spanning domain is
absent. Figure 18 shows the structure of a dI2:dIII1 complex
from R. rubrum in the presence of both NAD+ and NADP+.
Two equivalents of dI form a tight dimer. One dI (subunit A)
has tightly-bound NAD+, while subunit B does not bind
NAD+ tightly, but instead has a bound dIII containing tightly-
bound NADP+. This remarkably asymmetric complex has
been shown by a number of techniques to be functionally
relevant [1].

NAD+ from dI subunit A can be easily modelled into the,
presumably, partially occupied, or empty, NAD(H)-binding
site of subunit B. This shows that although the two
nucleotides NADP+ and the modelled NAD+ are close in
space, they are too far apart for direct hydride transfer
between the two NC4 atoms to occur. However, by simple

Fig. 17: A comparison of a single protofilament of F-actin and
MreB. Three subunits are shown from each polymer, each
composed of four domains, depicted in blue, yellow, red and
green. The longitudinal spacing is similar for F-actin and MreB
(55 and 51 Å, respectively). 

Fig. 18: Structure of a dI2:dIII1 complex from R. rubrum.
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rotation about a few bonds, the nicotinamide ring of NAD+

can be brought into apposition of NADP+, allowing us to
model the hydride-transfer step. Figure 19 shows the dI:dIII
interface.

Together with earlier experimental observations, this
structure is taken to indicate that proton pumping is achieved
through an alternating NADP(H) binding change
mechanism.
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Local Structure of
Spider Silk
Orb-weaving spiders produce up to 7 different silks, which
differ considerably in mechanical properties [1]. We have,
however, only very limited knowledge on the structural

properties of these silks and how they vary between different
species. Scanning X-ray micro-diffraction (SXD) techniques
developed at the beamline ID13 can be used to probe single
synthetic- and biopolymer-fibres and can thus be applied to
large range of silks. We used SXD to study silk produced by
the orb-weaving spider Eriophora fuliginea [2]. Orb webs
spun by Eriophora are unusually stretchy which contributes
to their ability to intercept strong, crepuscular or night flying
moths.

A scanning electron microscopy (SEM)-image of a sample
classified as “support thread” shows that it is not a
homogeneous material (Figure 20). Two fibres,
hypothesised to be of major ampullate (MA) gland origin, are
about 7 µm diameter (thick fibres) and form a central thread.
A second thread of unspecified glandular origin, made of
about 1 µm diameter fibres (thin fibres), is loosely attached
to the central thread. It resembles visually, however, silk
derived from the minor ampullate glands. An SXD “image”
was obtained by mapping the sample through a 3 µm
diameter X-ray beam with a 3*4 µm step resolution. After
every step, a 2D-diffraction pattern was recorded with a
CCD detector. This allows reconstituting an “image” where
the “pixels” correspond to individual fibre diffraction patterns
with the ß L(polyalanine) structure (Figure 21).

Although the SXD-mapping resolution is less than for a SEM
image, one can recognise the essential macroscopic
features of the thick and thin fibres. The fibres show a
remarkable homogeneity of unit cell parameters, particle
size and crystallinity, which suggests that the spider is
capable of maintaining control of the spinning process over
macroscopic distances. Our data suggest higher volume
crystallinity for the thin fibres as compared to the thick fibres.
This could be due to a higher amount of crystal-forming
polyalanine blocks, as suggested for the fibroins of minor

Fig. 19: The dI:dIII interface.

Fig. 20: Scanning electron microscopy (SEM) image of
Eriophora fuliginea support silk (courtesy: I. Snigireva, ESRF)
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ampullate silk of Araneus diadematus [3]. For the central
thread, the orientation of the equatorial reflections is as
expected normal to the macroscopic fibre axis. In contrast,
the equator is oriented nearly parallel to the macroscopic
fibre axis in the thin fibre. To explain this difference, we
propose a ribbon-like morphology for the crystalline fraction
of the thin fibres.This model implies a tilting of the equatorial
line due to the projection of a helical structure on the
macroscopic fibre axis. A ribbon-like morphology could also
explain the apparent flexibility of the thin fibres.
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Sensory Rhodopsin Structure
Provides First-Time Detailed
Information of the
Mechanism of Primitive
Vision
Sensory rhodopsin is a membrane protein that absorbs light
and signals this information to flagellar components of the
cell. The structure and function of this photoreceptor, which
is related to rhodopsin in the mammalian retina, provides
information on a primitive form of vision.

In studies on sensory rhodopsin, a team of researchers at
UC Irvine, USA, led by H. Luecke, has used the very intense
microfocus beamline, ID13, at the ESRF. They have
elucidated a unique crystal structure [1] and for the first time
are learning how this membrane protein changes shape to
recognise the sun’s emission spectrum. In addition, a
surface binding site for downstream signalling proteins has
been identified that does not exist in other members of the
microbial rhodopsin family.

The three-dimensional structure of sensory rhodopsin II
protein (NpSRII) (Figure 22) adds to our understanding of
how it transforms when absorbing blue light, the most
intense kind in the sun’s emission spectrum. This highly
specialised form of rhodopsin is a cell membrane protein
found in a salt marsh-dwelling bacteria called
Natronobacterium pharaonis. When sensory rhodopsin is
activated, it sends a message through a second signaling
protein, called a transducer, telling the cell how to react. A
bacterium may want to avoid the harsh blue light and move
toward a lower-energy form of light, when other forms of
rhodopsin pump ions into the cell to store energy. The
mechanism of spectral tuning is now being recognised and
the structure also provides a crucial step to understanding
the mechanisms involved with trans-membrane cell
signalling. In capturing an image of sensory rhodopsin that
absorbs blue light, a 1.1 Å shift of a charged group deep
inside the molecule has been measured. This shift appears

Fig. 21: Scanning X-ray microdiffraction (SXD) image of
support silk sample shown in Figure 20. The SXD-image has to
be flipped vertically in order to correspond to the SEM image
orientation. Individual patterns from the thick and thin fibres
are shown on the right. Arrows show the orientation of the
macroscopic fibre axis.

Fig. 22: Electron density map and corresponding molecular
model of the retinal binding pocket.
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to be largely responsible for the change in the wavelength of
absorption when compared with other rhodopsins.

With respect to a unique binding site for the signalling
activity, inspection of the protein surface revealed an
exposed amino acid, tyrosine, Tyr199, in the middle of the
bilayer (Figure 23). This is believed to be one of the
important sites where rhodopsin interacts with its transducer
protein, enabling recognition of the very fundamental signal
transduction with these molecules.

The structures of membrane proteins, such as rhodopsin [2],
are still relatively rare due to difficulties in isolation,
purification and crystallisation. This new structural and
functional information from rhodopsin is becoming
increasingly important to understanding how G-protein
coupled receptors (GPCRs) work. GPCRs, a superfamily of
proteins that transduce signals across cell membranes, are
proven to be excellent therapeutic targets. Nearly half of all
known drugs act on GPCRs.While sensory rhodopsin is not
a GPCR, it provides a model structure for study.

The team of UC Irvine plans to further explore crystal
structures of rhodopsin molecules during different
photocycle states in order to understand how the protein
alters its shape to send messages.

Authors
H. Luecke (a), B. Schobert (a), J.K. Lanyi (a), E.N. Spudich
(b) and J.L. Spudich (b).
(a) UCI’s Department of Physiology and Biophysics, Irvine
(USA)
(b) University of Texas Medical School, Houston (USA)

References
[1] H. Luecke, B. Schobert, J.K. Lanyi, E.N. Spudich and
J.L. Spudich, Science 293, 1499-1503 (2001).
[2] H. Luecke, B. Schobert, H.-T. Richter, J.-P. Cartailler and
J.K. Lanyi, J. Mol. Biol. 291, 899-911 (1999).

The Weanling Piglet
Cerebellum: a Surrogate for
Tolerance to Microbeam
Radiation Therapy in Pediatric
Neuro-oncology
Microbeam radiation therapy (MRT) is directed towards
clinical applications. Theory and the rationale of preclinical
experiments of MRT are based on dose-volume relationships
that shape tissue complications after ionising irradiation. In
general, the smaller the irradiated macroscopic tissue
volumes, the higher the threshold absorbed doses for
damage to normal tissues. Present-day clinical applications
of this principle include stereotaxic radiosurgery and
conformal radiotherapy, using photon beams collimated in
millimetres.

Synchrotron radiation beams permit the production of
microscopic beams that practically do not divergence
within the tissues. After high-intensity X-ray wiggler beams
with negligible divergence became available in the 1980s,
dose-volume relationships were tested in the microscopic
range, first at Brookhaven National Laboratory’s (BNL)
National Synchrotron Light Source. MRT was then
implemented at the ESRF using an array of thin (20-
30 µm), parallel, closely spaced microplanar beams from a
multislit collimator installed at the ID17 beamline.The adult
rat brain proved to be extraordinarily resistant to serious
damage by MRT up to several hundred Gy, although some
individual brain cells directly in the path of the microbeams
were destroyed. Entrance doses of 10,000 Gy were
required to destroy normal rat brain tissues.

Microplanar beams crossfired toward the target in parallel
exposures at 100 µm intervals (entrance doses of 312 or 625
Gy) considerably extended the median survival time of young
adult rats bearing advanced intracerebral gliosarcomas,
ablating about half of them. Histopathologically recognisable
loss of tissue was seen only within the cross-irradiated
volume of the brain. In unidirectionally irradiated volumes of
the brain, tissue damage was minor or nonexistent. The
results suggested the possibility of a differential effect
between normal and tumour tissue for microbeam irradiation.
This biological selectivity is likely to be related to differences
between vasculature in tumours and in normal tissues. The
mechanisms are as yet unknown. A better understanding of

Fig. 23: Exposed conserved tyrosine in middle of bilayer.
The NpSRII surface is coloured according to amino acid type
(red, negatively charged; blue, positively charged; yellow,
polar; grey, hydrophilic).
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the vascular events may require the use of a vasculature that
can be observed in vivo, such as that of the chorio-allantoic
membrane in fertilised chicken eggs. MRT at the ESRF and
at BNL, using only one exposure to parallel microplanar
beams was shown to be also palliative or curative in young
adult rats bearing lethal intracerebral gliosarcomas.

MRT might be able to palliate brain tumors in human infants
for whom seamless beams of radiation delivered
conventionally may carry unacceptable risks of long-term
neurological disability. The ultimate goal of radiotherapy is
cessation of tumor growth without radiotoxic side effects. In
practice, one uses the highest doses of radiation tolerated by
vital tissues. We have studied the effect of therapeutic doses
of microbeams delivered laterally, unidirectionally through the
hindbrains of normal suckling rats about two weeks after
birth.The combination of a high skin-entrance dose (150 Gy)
and narrow intervals (105 µm midslice-to-midslice) between
irradiated tissue microslices (width ≈ 28 µm), in a relatively
large (1 cm x 1 cm) swath of the hindbrain resulted in loss of
cerebellar and body weight, as well as in neurological and
behavioural dysfunction. Conversely, a significantly smaller
effect was noted in rats that had been irradiated with a lower
dose and/or wider beam spacing.

The next step was to test tissue tolerance of the brain in
larger animals. The cerebellum of the weanling piglet was
used as a surrogate for the radiosensitive human infant
cerebellum. Five weanlings in a 47-day-old litter of seven,
and eight weanlings in a 40-day-old litter of eleven were
irradiated at the ESRF. A 1.5 cm-wide x 1.5 cm-high array of
microbeams was propagated horizontally through the
cerebella of the prone, anesthetised piglets. Skin-entrance
intra-microbeam peak absorbed doses were 150, 300, 425,

or 600 Gy. For ≈ 66 weeks (first litter; until euthanasia;
Figure 24), or ≈ 70 weeks (second litter) after irradiation,
the littermates were developmentally, behaviourally,
neurologically and radiologically (Figure 25) normal as
observed and tested by experienced farmers and veterinary
scientists unaware of which piglets were irradiated or sham-
irradiated. These observations give credence to MRT’s
potential as an adjunct therapy for brain tumors in infancy.
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Fig. 24: Cerebellum of a piglet ≈ 15 months after irradiation
(skin entrance dose: 300 Gy), stained horizontal tissue
section. The tissue maintains its normal architecture. The thin
white horizontal parallel stripes, clearly visible in the inset,
correspond to the paths of the microbeams; the beam spacing
was ≈ 210 µm. Two thick white horizontal lines show the
anteroposterior limits of the array of microplanes. 

Fig. 25: Magnetic resonance image of the brain of
a ≈ 3 month-old piglet of the first litter; metric scale.
No differences were apparent between irradiated piglets and
sham-irradiated littermates. 
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Chemistry deals with the composition,
structure, and properties of substances and
the reactions and transformations that they
undergo. Understanding the chemistry of a
system requires knowledge of the
arrangement of the atoms and their
electronic structure. Diffraction and
spectroscopic studies using synchrotron
radiation are powerful ways to obtain such
detail, as illustrated in the range of
examples chosen for this chapter. These
encompass systems at low temperature or
at high temperature and pressure, static
and dynamic systems, solids and fluids,
fossilised and new materials, the structure
and activity of the planet and the structure
and activity of an enzyme.  

The first four examples involve diffraction
studies, on carbon nanotubes, on the low-
temperature solid phases of refrigerant
molecules, on sulphur at high temperature
and pressure, and on iron reacting with
aluminium oxide also at high temperature
and pressure. For the nanotubes, a topic of
much interest owing to their future use in a
number of technological applications, high-
energy photons have been used to probe
the structure and alignment of the tubes.
For the refrigerants, the intermolecular
forces that control the thermodynamic
properties, and the packing of the
molecules in the crystalline state, are of
interest. The crystal structures have been
solved from high-resolution powder-
diffraction data, owing to the difficulties of
growing single crystals at the low
temperatures of solidification.
Investigations at high temperatures and
pressures are technically challenging, but
become possible with the high brilliance of
the beam and expertise on the ESRF high-
pressure beamlines. The phase diagram of
sulphur has been simplified from
performing measurements in situ ,
indicating that previous assignments have
been based on metastable phases, formed
on quenching from high pressure and
temperature. Chemical reaction between
iron and aluminium oxide at high
temperature and pressure may influence
conditions in the Earth’s interior. In situ
diffraction studies above 65 GPa and
2000 K confirm that such reactions can
occur.

Chemical reactions can also be investigated
by X-ray absorption spectroscopy, giving

ESRF
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information about the rates of formation
and the structure of intermediates. For
EXAFS there is no need for the sample to
be crystalline and investigation of multi-
step reactions in solution is possible.
Energy-dispersive EXAFS measurements on
the time scale of a millisecond have
followed the oxidation of hydroquinone to
quinone involving the loss of two protons,
and the transfer of two electrons to iron(III)
in solution. Even biological systems under
near-physiological conditions can now be
studied at room temperature, as illustrated
by the measurement of rapid-scan EXAFS
spectra from the tetra-manganese oxidation
complex of the photosynthesis enzyme.

A micro-focussed beam has been used to
investigate the oxidation states of sulphur
trapped in minute inclusions in olivine
crystals from basaltic volcanic magmas.
From the XANES spectra, sulphur(IV) is
identified, which can be implicated in the
continuous release of sulphur dioxide from
volcanoes, such as Stromboli or Vesuvius.  

The cause of the colour change of fossilised
ivory on heating to form the turquoise-blue
Mediaeval gemstone odontolite has been a
mystery for centuries. The structural and
electronic changes responsible have finally
been uncovered from EXAFS and XANES
experiments.

EXAFS and quantum-chemical methods
have been combined to determine the
structure of Np(VII) complexes in alkaline
solution. By comparing the structures of
the Np(VII) and the corresponding Np(VI)
complex, it is now possible to explain the
reversibility of the Np(VII)/Np(VI) redox
couple.

ESRF

Structural Studies of
Oriented Carbon Nanotubes
Carbon nanotubes have become a major research topic
since their discovery in 1991 and offer many possibilities for
future applications. The tubes consist of rolled up graphene
sheets of sp2-bonded carbon atoms making a hexagonal
network, and may be formed as single or multi-walled tubes.
The inner diameters are typically in the one-nanometre
range. Most structural studies have been made by direct
imaging techniques but the use of diffraction techniques [1]
is an important complementary method. The high-energy
diffraction beamline ID15B is ideally suited to this type of
investigation. Neutron diffraction measurements [2] have
also been made.

A typical diffraction pattern for a powder sample of multi-
walled carbon nanotubes is shown in Figure 26. The first
peak, 002, arises from the inter-layer spacing, which is a little
larger than that for graphite. The other peaks show a
characteristic asymmetric profile arising from the intra-layer
correlations; the derived interference function can be
transformed to give the pair correlation function. This spatial
distribution gives detailed information of the atom positions
in the graphene sheet and confirms the local graphitic order
up to about 5 Å, but shows deviations at larger distances due
to curvature and defects in the lattice. Carbon nanotubes
fabricated by different processes exhibit a considerable
variation in structure.

Oriented carbon nanotubes will be needed for the
construction of electronic devices. This can possibly be
achieved by the use of a microporous alumina template for
the CVD process. A sample prepared by Kyotani [3] using
this method has been studied on ID15B using the image
plate detector to measure the anisotropic scattering
distribution. When the membrane is oriented with the
channels parallel to the beam direction, an isotropic
scattering distribution is produced but if the membrane is
positioned edge-on to the beam, the channels are
perpendicular and there is an anisotropy in the 2D
distribution, as shown in Figure 27. The dark spots
correspond to the 002 reflection and give an indication of the
alignment of the nanotubes; the azimuthal variation indicates

Fig. 26: X-ray scattering from a carbon nanotube sample [3].
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a distribution with a half-width of approximately 17°. Other
anisotropic features in the distribution have sixfold symmetry
and seem to suggest reflections relating to the intra-plane
structure. However, these features are the result of ordered
alumina crystallites created during the CVD process that
unexpectedly induces a phase transformation in the
amorphous substrate.

The results confirm the partial alignment of the nanotube
axes with the membrane channels.The full diffraction pattern
also reveals the presence of defects in the nanotube
structure compared with materials produced by other
fabrication methods. Nevertheless, these initial studies have
demonstrated the advantages of the high-energy diffraction
method for these systems; a typical run corresponding to
Figure 28 takes only 10 minutes. Further work is in progress.
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High-resolution X-ray
Powder-diffraction Studies
on Refrigerants
In a refrigeration cycle, a volatile fluid transports heat.
The fluid vaporises under reduced pressure, absorbing
heat that is released when the vapour recondenses under
pressure. The fluid absorbs heat because the expansion
during vaporisation works against the forces of
attraction between the molecules, and vice-versa during
condensation.

We are interested in the forces between refrigerant
molecules, such as the modern hydrofluorocarbons (HFCs)
and hydrofluorochlorocarbons (HCFCs), because they
control the thermodynamic and heat-transporting properties
of these substances. Measurements of physical properties
such as viscosity, heat capacity or speed of sound can be
used to derive information about the intermolecular
interactions, which can then be used in theoretical
simulations of the behaviour of the fluids.These interactions
also determine how the molecules pack together in the solid
state, but the crystal structures of these compounds have
not been solved owing to the difficulties of growing single
crystals at very low temperatures. A crystal structure can act
as a rigorous test of the limitations and applicability of the
intermolecular potentials, and moreover can be used to
improve the potentials derived from physical measurements.
We have grown powdered samples of the crystalline solids
of a number of HFCs and HCFCs and solved their structures
from high-resolution powder diffraction measurements on
beamline BM16.

To carry out the measurements, we built a glass-capillary
gas-condensation cell, which can be mounted on the
diffractometer, cooled with a cold-gas blower, and connected

Fig. 27: The 2D intensity plot for scattering from carbon
nanotubes in a templated alumina membrane

Fig. 28: The azimuthal variation of the diffraction intensity for
the 002 peak of carbon (from Figure 27), showing the
orientational dependence of the nanotube axes.
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to a gas-handling system (Figure 29). The gas condenses
as a liquid. We seal the capillary by disconnecting the gas
line, then lower the temperature to crystallise the solid. The
sample is spun on the axis of the diffractometer, as is
standard practice, for high-quality X-ray powder diffraction
patterns measurements.

As an example, the variation of the diffraction pattern of solid
HFC 134a (1,1,1,2-tetrafluoroethane, CF3CH2F) is shown in
Figure 30. Between the melting point (170 K) and about 110
K there are only three peaks visible in the diffraction pattern.

The molecules form an arrangement where the centres of
mass of the molecules are ordered, forming a cubic lattice,
but their orientations are disordered, because the molecules
still have sufficient thermal motion to overcome some of the
forces acting between them. Below 110 K, the diffraction
pattern changes abruptly.The molecules can no longer resist
the forces of attraction between them; they order and change
their arrangement (Figure 31) to optimise their mutual
interactions.The symmetry of the crystal structure is lowered.
This change of structure had not previously been reported.

From the study of a series of compounds, it is clear that
other refrigerant molecules undergo orientational order-
disorder transitions in the solid state. There is also a rich
variety in the structures formed on ordering below the
transitions, as molecules align under the influence of dipolar
and higher-order interactions, and the van-der-Waals forces
between them. To model this behaviour from intermolecular
potentials, both of the ordered structures and the transitions
to the orientationally-disordered form, represents a stiff
challenge to the techniques of theoretical chemistry and
molecular dynamics simulation.
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Sulphur at High Pressures
and Temperatures
Sulphur has the largest number of allotropes of any
element, forming n-member-ring and helical structures. Of
the helical structures, few complete solutions exist. Vezzoli
and Walsh [1] have proposed that their phase XII
(assigned as a fibrous form) is present at pressures above
~ 3 GPa and temperatures above 400°C. We undertook an

Fig. 29: The in situ gas-handling system built on BM16. 
A: partial view of the multianalyser detector arm employed at
BM16. B: cold-nitrogen-gas blower, mounted coaxially with
the capillary in order to have a laminar gas flow.
C: goniometer head, co-axially aligned with the axis of the
diffractometer, on which the sample capillary is mounted.
D: the blue tube is the gas line which connects the pressurised
bottle containing the sample to the capillary for the
condensation. Once the capillary is filled, it is disconnected.

Fig. 30: The temperature evolution of the diffraction pattern of
HFC 134a shows the order-disorder phase transition at about
110 K on cooling.

Fig. 31: View of the low-temperature structure of HFC 134a.
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experiment using the Paris-Edinburgh press on ID30 to try
to elucidate the structure of this high-p,T form and its
relationship to the reported Fddd structure, made of 8-
member rings, which is the stable structure under ambient
conditions.

We found that the Fddd phase transforms to produce a
simpler diffraction pattern (Figure 32), indicative of an
increase in symmetry and a smaller unit cell, which could be
indexed as hexagonal, indeed altogether different from the
previous description of phase XII. We solved the structure
from the powder-diffraction data, measured in situ, using a
simulated annealing and global optimisation algorithm,
which resulted in non-chiral helical chains of sulphur in the
trigonal space group P3221. There are two unique sulphur
sites (6c and 3b) per unit cell, Figure 33. As expected (see
detailed discussion on proposed structures of helical forms
of sulphur in Prins et al. [2]), the structure is very similar to
that of trigonal selenium, having a three-atom chain repeat
along the c-axis; but differs in that selenium has only one Se

site per unit cell [3].The relationship between this new phase
and that described as phase XII became clear when we
slowly reduced the pressure on the sample after
temperature quenching. A back transformation occurs to a
metastable 4.04 Å fibrous-like phase at pressures less than
~ 0.5 GPa (which, over a 9 month period, shows signs of
sharpening very slowly into a pattern with features akin to
the Fddd phase).

We can only conclude that the effects of annealing and
polymorphism of quenched phases has added complexity to
the phase diagram of S, (e.g. see [1]), whereas our more
recent in situ work on ID30 has indicated that it is really
much more simple. We hope that this study serves to
highlight the necessity of in situ observation in p, T phase
diagram construction and the ability to solve structures by
powder diffraction methode with clean data collected using
the Paris-Edinburgh/multi-slit collimator assembly at non-
ambient condutions.
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Chemical Interaction of Iron
and Corundum at High
Pressure and Temperature:
Implication for the Earth's
Deep Interior
According to arguments based on cosmic abundance, Al2O3

is likely to be the next most abundant component in the
Earth's lower mantle after MgO, FeO, and SiO2. Moreover,
the D’’ layer is possibly enriched in refractories such as Al2O3

and CaO. Therefore, the possible chemical reactions in the
Fe-Al2O3 system can provide an important model for
processes at the core-mantle boundary. It was
demonstrated recently that even small amounts of Al can
dramatically change the relative proportion of Fe3+ in
(Mg,Fe)(Si,Al)O3 perovskite [1]. Consequently, the chemistry
of the Fe-Al-O system is important for the whole Earth
mantle. Knowledge of exchange reactions at high pressures
and high temperatures between a metal from one side and

Fig. 32: In situ pattern obtained at 3 GPa and 400°C, red,
calculated pattern, green, and difference, blue, obtained for
our helical model. Peak positions are indicated by vertical
markers.

Fig. 33: Unit cell contents, with c-axis vertical, of the high-p, T
form of sulphur showing two distinct helices; the central one
is composed entirely of S2, light yellow, on the 3b site around
the vertex of the cell and the other, S1 dark yellow, on the 6c
site rotating around the 32-screw axis.
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refractory oxides and silicates from another side is important
for understanding the early Earth differentiation. Therefore,
there are a number of reasons to study interactions between
aluminum oxide and iron at the megabar pressure range
and high temperatures.

At ambient pressure corundum and iron do not react. At the
same time, there are indications that such a reaction is
possible at much higher pressures. However, so far, no
systematic investigations of the interaction between iron and
aluminum oxide at different pressures and temperatures
have been performed and we decided to conduct in situ and
ex-situ studies of the possible reactions between Fe and
Al2O3 in electrically- and laser-heated diamond anvil cells
(DAC) by means of X-ray powder diffraction on ID30, and
Mössbauer spectroscopy analysis.

In our experiments, a thin iron wire, 5 - 7 µm in diameter, was
heated electrically (Figure 34) or by a Nd:YAG laser. At all
pressures and temperatures up to 63(3) GPa and 1400(50)
K, correspondingly, samples contained only the mixture
of ε-Fe and corundum (Figure 35) after heating. However, at
65(3) GPa after heating at 2200(50) K, the diffraction pattern
showed several rather weak additional reflections
(Figure 35b). All these reflections could be interpreted as
those belonging to the rhombohedral FeO phase. After
decompression, the samples contained diffraction lines of
α-Fe and cubic wüstite (Figure 35c). While the lattice
parameters of corundum did not change after the
experiment, the lattice parameter of iron increased.
Moreover, the 110 reflection of α-Fe was slightly asymmetric
from the side of higher d spacing (Figure 35c). Such
changes in the diffraction pattern of iron correspond to the
formation of Fe-Al alloy with approximately 2% Al by mass.

High-resolution synchrotron X-ray data can resolve the
diffraction peaks from pure non-reacted iron (a = 2.8660(2)
Å) and reacted iron alloyed with 3% Al (a = 2.8723(2) Å)
(Figure 35d). Moreover, in one of the spots we observed
additional reflections at 3.346 Å and 2.897 Å, which belong
to cubic Fe3Al (a = 5.7946(4) Å) (Figure 35e).

Summarising the results of our experiments, we conclude
that at pressures below 65 GPa and temperatures up to
2000 K corundum and iron do not react. At higher pressures
and high temperatures we observed a chemical reaction
which can be described in general as

(2 + 3x)Fe + xAl2O3 → 2FeAlx + 3xFeO,

where x is varied from 0.02-0.03 to 0.25.

The results show that iron is able to reduce aluminium out of
oxides at the core-mantle boundary providing an additional
source of light elements in the Earth’s core and
heterogeneity at the core-mantle boundary.
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Fig. 34: Schematic diagram of the electrical heating assembly.
A rhenium gasket of 250 µm thickness was indented to 
25-30 µm between diamonds with 300 µm culets, and a hole
of 100-110 µm in diameter was drilled in it. The gasket was
covered by corundum-based cement and pure corundum was
placed in the hole and around the wire. A platinum wire of
0.2 mm diameter flattened to a thickness of less than 10 µm
was used as electrical leads. The iron wire was heated by a DC
current with a stabilised power supply operating at 18 V/20 A
range.

Fig. 35: Examples of X-ray diffraction patterns collected after
heating iron and corundum at different pressures and
temperatures: (a) at 63(3) GPa and 1400(50) K; (b) 65(3) GPa
and 2200(50) K; (c) completely decompressed sample heated
at 65(3) GPa and 2200(50) K; (d) and (e) different spots of the
sample heated at 56(2) GPa and 2000(150) K. Diffraction
patterns (a) to (c) of electrically-heated samples were
collected at a laboratory X-ray source. (C, corundum; Fe, 
α-Fe; W, wüstite; r-W, rhombohedral high-pressure
modification of FeO; FA; iron-aluminum alloy).
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Energy-dispersive EXAFS to
Study Chemical Reactions:
the Case of the Electron-
Transfer Reaction of
Hydroquinone
Most of the chemical processes that occur in nature take
place in liquid media. For this reason, chemical reactions in
solution have been widely studied for many years. Such
studies have focused mainly on the mechanism of the
reactions, whilst the structures of the species involved have
received considerably less attention. This is mainly due to
the difficulties of determining experimentally the structures
of chemical species in liquid media. To date, this important
question has largely been addressed by the standard
techniques of UV-Vis and infrared spectroscopies.
Unfortunately these techniques are seldom structurally
specific, so the determination of the detailed chemical form
of the majority of reactants has awaited the arrival of a fast
and more structurally-focused method. Energy dispersive 
X-ray absorption spectroscopy (EDXAS), is ideal for this
new class of experiments.

The key strength of this technique as used at beamline ID24
is its ability to collect spectra on timescales as fast as a
millisecond, yielding all the characteristic information that
can be obtained by conventional X-ray absorption
spectroscopy, i.e. the specific local structure centred on a
selected atomic species, such as inter-atomic distances,
number and type of neighbouring atoms, and degree of
thermal and structural disorder.

As an example we followed the redox reaction of
hydroquinone with iron(III) perchlorate as the oxidising
reagent to form quinone. This reaction involves both
electrons and protons coming from hydroquinone
(Figure 36). In concentrated solutions the formation of a
blue intermediate species has been observed by uv-vis
spectroscopy and is easily corroborated by direct
observation [1]. The reaction was followed by XAFS spectra

collected at the Fe K-edge on beamline ID24. Different pH
values of 1.0, 1.3, 1.6 and 1.9, were used to monitor their
influence on the rate of the reaction. For each pH value, 15
spectra were collected as the reaction proceeded and each
spectrum was collected in 50 ms. The series of spectra
taken for the two extreme pH values are shown in Figure 37.

The reaction is faster when the concentration of protons is
lower, in good agreement with the mechanism proposed and
with previous observations. However, the first step of the
reaction and the proposed intermediate were not detected at
any of the pH values. In an attempt to observe it, fast spectral
series at 10 and 1 ms per spectrum were taken. The initial
state and the first spectrum of the series were found to be
identical, in contradiction with the results of rapid-scan
spectroscopy - the blue long-lived intermediate has a lifetime
of the order of 5ms [2]. The explanation for this apparent
contradiction is found in the structure of this intermediate.
The substitution of a water molecule for hydroquinone does
not produce a significant change in the electronic
environment of Fe, and hence does not significantly perturb
the XAFS spectrum.

A series of 20 spectra was collected, following the reaction
to completion. Each spectrum was acquired in 270 ms, with
the time between two consecutive spectra set to 500 ms
(Figure 38). We can conclude that the reaction is finished
approximately 13 s after the mixing of the reactants.

The XANES region of the first and the last spectra of the
series are identical to the initial and final state of the reaction,
Fe(III) and Fe(II) respectively. These spectra correspond to
an octahedral environment of water molecules around the
central cation with distances Fe-O equal to 2.02 Å and

Fig. 36: Oxidation reaction of hydroquinone, showing the two
different steps proposed.

Fig. 37: Series of XANES spectra taken in 50 ms each at
different values of pH, corresponding to pH values of 1 and
1.9 (a and b).
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2.10 Å. The analysis of the time-resolved series shows the
relative proportions of Fe(III) and Fe(II) as a function of time
through a linear combination of these initial and final state
spectra.
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BioXAS at Room
Temperature 
Understanding the relationship between structure and
function is one of the main interests in the molecular
biosciences. X-ray absorption spectroscopy on biological
samples (BioXAS) is highly useful for characterisation of the
structure of protein-bound metal complexes. Progress in the
performance of synchrotron radiation sources and of
experimental stations dedicated to the study of ultra-dilute
biological samples has made it possible to carry out new
types of BioXAS experiments, which were impracticable in
the past [1].The first steps towards atomic-resolution studies
on biological catalysis at quasi-physiological conditions
(non-crystalline samples, room temperature) are reported
for the manganese complex of photosynthesis.

Essentially all molecular oxygen (O2) in the Earth's
atmosphere has been produced by light-driven water

oxidation at the tetra-manganese complex of photosystem II
(PSII). The underlying chemistry seems to be unique and is
of potential technological interest. Structural information has
become accessible by X-ray absorption spectroscopy at the
Mn K-edge carried out at liquid-helium temperatures [2].
Previously detailed information on structure and oxidation
state of the PSII manganese complex at room temperature
was not available, so we investigated the tetra-manganese
complex at 290 K by XAS on PSII membrane particles.

The experiments were carried out at ID26, where
simultaneous scanning of the monochromator and the
undulator gap facilitates rapid measurement of
fluorescence-detected X-ray absorption spectra on ultra-
dilute samples (Figures 39 and 40). Owing to the rapid-scan
capabilities of ID26, i.e. collection of EXAFS spectra in less
than 10 seconds, any significant influence of X-ray radiation
damage is avoidable, and advanced room-temperature
BioXAS investigations on the PSII in its native membrane
environment become feasible. At 290 K, as well as at 18 K,
the manganese complex in its dark-stable (S1) state is
apparently a Mn(III)2Mn(IV)2 complex, comprising two di-µ2-
oxo bridged binuclear manganese units characterised by the
same Mn-Mn distance of 2.71-2.72 Å. Most likely, the
manganese oxidation states and the protonation state of the
bridging oxides are fully temperature independent.
Remarkably, at room temperature manganese-ligand
distances of 3.10 Å and 3.65 Å are clearly discernible in the
EXAFS spectra. The type of bridging assumed to result in
Mn-Mn or Mn-Ca distances around 3.1 Å is, possibly,
temperature dependent as suggested by distance
lengthening by 0.13 Å on cooling.

Room-temperature XAS investigations open a new way to
gain insights into the structure-function relationships.
Structural investigations under defined (with respect to pH,
redox equilibria, etc.) and 'almost-native' conditions become

Fig. 38: XANES region of the spectra collected in 270 ms.

Fig. 39: Sample simultaneously exposed to the X-ray beam and
to visible light which drives photosynthetic water oxidation. In
the photograph, the X-ray beam enters from the upper right
edge and passes through an ion chamber before it hits the PSII
sample (marked by the yellow arrow). The X-ray fluorescence is
detected at right angles by a photodiode (the round device
behind the sample). The temperature of the sample is controlled
by a stream of nitrogen delivered by the metallic pipe in the left
part of the photograph. To drive the photoenzyme through its
catalytic cycle, samples are illuminated with a sequence of
nanosecond flashes of green laser-light. 
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viable. The ambiguity with respect to the relevance of low-
temperature results is avoidable. Furthermore, the capability
to investigate the metalloenzyme at its working temperature
is the prerequisite for time-resolved XAS investigations
aiming at observation of structural changes in real time
(without using a freeze-quench approach). Recently, using
laser-flash excitation of a sample exposed to the X-ray beam
on ID26 (Figure 39), we succeeded in observing directly the
advancement in the catalytic cycle by XAS at room
temperature (unpublished results).
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Presence of Sulfite (SIV) in
Magmas: Implications for
Volcanic Sulphur Emissions
Excess degassing of sulphur dioxide (SO2) during eruptions
has been detected at numerous volcanoes, particularly in
subduction zones. There is a growing consensus that
gaseous sulphur-containing species (SO2, H2S) can be
transferred into the magmatic vapour phase prior to eruption
during either gas accumulation in long-lived shallow
reservoirs or continuous gas segregation in open-conduit
systems. However, the actual degassing mechanism of
basaltic magmas at the origin of outstanding SO2 release is
not satisfactorily explained by most of the geochemical
models involving the magmatic redox conditions. It is
commonly accepted that sulphur is transported exclusively
as sulphide (SII-) or/and sulphate (SVI) by mantle-derived
melts, before being released as SO2 and/or H2S in volcanic
emissions [1].

This work provides the first direct and quantitative
determination of the oxidation state of sulphur in a selection
of minute glass inclusions trapped in olivine crystals
(Figure 41), using X-ray fluorescence microspectroscopy.
The inclusions are representative of the variety of basaltic
magmas that have supplied the activity of famous active
volcanoes, e.g. Piton de la Fournaise (Reunion island),
Stromboli and Mt Vesuvius (Italy). The micro-X-ray
Absorption Near Edge Structure (XANES) experiments at
the sulphur K-edge (2472 eV) were carried out using the 
X-ray microscopy beamline, ID21. The synchrotron X-ray
source was demagnified to a micro-probe by using Fresnel
zone plate lenses [2].The spot size ranges from 0.5 x 0.5 to
2 x 2 µm2. At the sulphur K-edge, energy scans were
provided by a fixed-exit Silicon (111) monochromator
defining an energy resolution of 0.3 eV. The use of an X-ray
fluorescence microprobe provides the required resolution in
both energy and space together with an appropriate
detection limit.

Fig. 40: a) Edge spectra of the intact PSII manganese complex
(solid line) and of the Mn2+ ions (broken line) formed after
150 s of X-ray exposure of the biological sample at 290 K. The
displayed spectrum was collected in 1 s; averaging of scans
was not employed. b) Fourier-transformed k3-weighted EXAFS
spectra. Twelve EXAFS scans of 10 s duration had been
averaged. 

Fig. 41: Microphotograph of one olivine-hosted glass inclusion
(Stromboli sample). The silicate melt is trapped at high
temperature during the olivine crystal growth and preserved
as a glass inclusion within the mineral, upon cooling.
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Figure 42 illustrates the micro-XANES spectra of the glass
inclusions ((a) to (f)), and of one sulphate-bearing silicate
glass, given for comparison. The spectra of inclusions
indicate a clear predominance of sulphur dissolved as
sulphide (SII-) in ocean-island basalts (Spectrum (a)). In
contrast, they reveal the ubiquitous presence of sulphite
(SIV) species in addition to sulphate (SVI) in inclusions
representative of oxidised and water-rich basaltic magmas
from subduction environments (Spectra (b) to (f)). The first
peaks related to sulphite (SIV) and sulphate (SVI) are
unequivocally identified at 2477.9 and 2482.1 eV,
respectively, in each of these inclusions.

Therefore, considering the equilibrium SO3
2-

melt = SO2gas +
O2-

melt the decomposition of sulphite is a suitable candidate
reaction to promote the release of sulphur as SO2 into the
gas phase. The reduction of sulphate in sulphite and that of
sulfite in SO2 may actually control the sulphur release into
the gas phase upon ascent of H2O-rich oxidised basaltic
magmas. We propose a new model involving sulphite (SIV)
as the intermediate species yielding highly efficient
partitioning of sulphur into the gas phase as the origin of the
excess SO2 release in subduction zones. This mechanism

may account for continuous sulphur release at open-conduit
arc volcanoes, fed with water-rich basaltic magmas.
Stromboli is one typical example of such volcanoes. A
similar line of reasoning may apply to the pre-eruptive
sulphur degassing of andesitic-type magmas and gas
pressure build up in shallow reservoirs prior to major
explosive eruptions.
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From Fossilised Mastodon
Ivory to Gemstone 
In the Middle Ages, Cistercian monks created odontolite, a
turquoise-blue gemstone, by heating fossilised mastodon
ivory found in 13 - 16 million year old Miocene geological
layers next to the Pyrenees. They thought they had
produced the mineral turquoise because of the
resemblance of odontolite with this semi-precious stone.
Odontolite was therefore used for the decoration of
medieval art objects such as the reliquary bronze cross
shown in Figure 43.

Fossilised ivory and its mysterious colour change upon
heating have been investigated by several naturalists and
gemmologists, among them Réaumur (1683-1757).
Although vivianite, a blue-coloured iron phosphate, or
copper salts were proposed to be the colouring phases, we
found none of these minerals in odontolite. Our elemental
and structural studies demonstrated that odontolite consists
of fluorapatite, Ca5(PO4)3F, containing trace amounts of iron,
manganese, barium, lead, rare earth elements and uranium
and presenting crystallites of 100 to 500 nm in size. This
crystal size is about 10 times larger than that of unheated
fossilised ivory and suggests that odontolite was heated at
about 600°C [1]. As potential colouring agents manganese
and iron were then studied. Luminescence and optical
spectroscopy permitted the exclusion of iron as a colouring
ion and suggested that manganese ions could be
responsible for the colouration of odontolite.

Fig. 42: Micro-X-ray Absorption Near-Edge Structure (XANES)
spectra at the sulphur K-edge of the glass inclusions (a) to (f)
and of one sulphate-bearing reference silicate glass. The
sulphur concentration ranges from 950 to 2950 ppm. Fo
refers to the composition of the olivine crystal which contains
the inclusion [e.g., Fo89: [Mg/(Fe+Mg)] = 0.89].
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In order to investigate the origin of the heat-induced
change of the colour of fossilised ivory, we used X-ray
absorption spectroscopy to follow the changes in the local
environment and the valence state of manganese on
heating. XANES and EXAFS spectra were recorded at the
K-edge of manganese impurities (200 to 650 ppm) in
fluorapatite which is a strongly absorbing matrix at this
energy (6.5 keV). Data were measured in the quick-scan
mode by scanning the monochromator angle and the
undulator gap on the ID26 beamline, devoted to the
analysis of dilute samples. The excellent energy resolution
(0.4 eV) achieved with the Si 220 monochromator on this
beamline was necessary to measure the position and the
intensity of the pre-edge structure of manganese. They
indicate most clearly the changes in the structural
environment and oxidation state of manganese. Unheated
(white) fossil ivory shows Mn2+ ions in octahedral
coordination (Figure 44a). By contrast, in the (turquoise-
blue) fossilised ivory heated at 600°C and in the two
odontolite samples, the major part of the manganese is in
the 5+ oxidation state as indicated by the pre-edge
structure observed at 6541.3 eV (Figure 44b-c). In
addition, a comparison of the XANES spectra of heated
fossilised ivory, odontolites and a reference synthetic Mn-
chlorapatite (Figure 44e) indicates that the Mn5+

substitutes for P5+ at the tetrahedral sites [2]. In such a
coordination Mn5+ ions give rise to an intense turquoise-
blue colour [3].

The transformation of white mastodon ivory into turquoise-
blue odontolite involves thus two phenomena: (1) a
fossilisation accompanied by an uptake of metal ions,
specifically Mn ions (Mn2+), possibly by sorption on apatite
crystallites; and (2) a deliberate heating process in air
above 600 °C that oxidises Mn2+ into Mn5+, which
substitutes for P5+ in the tetrahedral site of the apatite
structure. This substitution occurs during the heat-induced
crystal growth of apatite. Thus, we clearly demonstrated
the origin of the colour change in fossilised ivory during
heating using X-ray absorption spectroscopy and, in
contrast to former hypotheses, that odontolite owes its
turquoise-blue colour to traces of Mn5+ ions in a distorted
tetrahedral environment of four O2- ions.
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Fig. 43: Bronze reliquary cross of the “Real cross“ from an
atelier in Limoges dating from the XIIIth century with an
odontolite sample (n° Cl.998), exhibited in the National
Museum of the Middle Ages, Paris, © C2RMF. This is the first
odontolite identified on a museum object by PIXE at the
C2RMF.

Fig. 44: Mn K-edge XANES spectra of: (a) fossilised ivory;
(b) 600°C heated fossilised ivory; (c, d) turquoise-blue
collection odontolites and (e) synthetic apatite
Ba5(PO4)2.5(MnO4)0.5Cl taken as reference mineral with Mn5+

in tetrahedral coordination. Inset: Pre-edge structure of
tetrahedral Mn5+ in (b) heated fossilised ivory; in (c, d)
odontolites and in (e) synthetic Ba5(PO4)2.5(MnO4)0.5Cl, are
observed at 0.9 eV and 1.9 eV below those of tetrahedral
Mn6+ in BaMnO4 and Mn7+ in KMnO4, respectively.
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Structure of Neptunium(VII)
Complexes at High pH
Information on the structure of complexes in solution is
essential for the understanding of chemical equilibria
(complex formation and redox reactions) and chemical
reactivity. In this study we have used a combination of
experimental EXAFS data from BM20, the Rossendorf
Beamline at the ESRF, and quantum chemical methods to
obtain information on the structure of Np(VII) complexes
formed in aqueous solution at high pH.The results provide a
clear indication that the structure is an octahedral oxo-
complex with the composition NpO4(OH)2

3-. This
information, together with structural information about the
Np(VI) complex NpO2(OH)42- formed in the same pH range,
has also made it possible to explain the reversibility of the
Np(VII)/Np(VI) redox couple.

There are two prior EXAFS studies of the structure of the
Np(VII) complex formed in alkaline solution. Clark et al. [1]
suggested the composition NpO2(OH)4

- with square
bipyramidal geometry, whilst Soderholm et al. [2] suggested
NpO4(OH)23-. Both these experiments were made using
fluorescence detection over a limited k-space range
(< 12 Å–1), resulting in a fairly large uncertainty in the
interpretation. In order to make a choice between the
possible structures, we made a new set of EXAFS
experiments with a 0.015 M Np(VII) solution up to k = 17 Å–1

in transmission mode that provides more precise data. The
XANES spectrum was also recorded and differed
significantly from that of Np(V), and Np(VI), indicating that
there is no linear NpO2 unit present like in Np(V) and Np(VI).
The EXAFS data and the structure of NpO4(OH)23-, the

complex identified by this study, are given in Figure 45
and Figure 46, where the latter has been obtained using
quantum chemical methods as described below.

The detailed structural model was obtained using quantum
chemical methods (Hartree-Fock and DFT with energy-
consistent relativistic effective core potentials).The structure
was determined both in the gas-phase and by using a
continuum model (CPCM) for the solvent. The theoretical
results are in excellent agreement with the EXAFS
experiments; the difference in the Np(VII)–O bond distances
is less than 0.01 Å. In addition the quantum chemical model
provides a detailed three-dimensional structure.

The formal potential of the Np(VII)/Np(VI) redox couple
varies with the hydroxide ion concentration, and this

Fig. 45: (Top) Np LIII -edge k3-weighted EXAFS data
(continuous lines) including the best fit (dotted lines) for
0.015 M Np(VII) in 2.5 M NaOH; (Below) Deconvoluted
oscillations from single scattering on Np=O and Np-OH as
well as from the MS path.

Fig. 46: The optimised geometry of NpO4(OH)23-, where the
black central atom denotes Np(VII) , the grey atoms oxygen
and the small black atoms hydrogen.
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observation also indicates that there are two OH groups
more in the Np(VI) complex than in the Np(VII) species.
Together with the known structure of the corresponding
U(VI) complex in strongly alkaline solution, UO2(OH)42-, this
observation supports further the conclusion that the Np(VII)
and Np(VI) complexes have the stoichiometry NpO4(OH)23-

and NpO2(OH)42-, respectively.

The solution structures of NpO4(OH)23- and NpO2(OH)4- are
both octahedral with fairly small differences in the Np–O and
the Np–OH distances between Np(VII) and the Np(VI). This
is 0.07 Å for Np–O and 0.08 Å for Np–OH. NpO2(OH)4- can
be looked upon as the protonated form of NpO4(OH)23-.The
fast proton transfer reaction and the small changes in bond
length are prerequisites for fast electron transfer between
Np(VII) and Np(VI) at an inert electrode and thereby to a
reversible redox potential.
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Soft condensed matter physics is a broad
and rapidly evolving activity at the ESRF. It
addresses questions concerning the
microstructure, kinetics, dynamics and
rheology of complex materials such as
polymers, colloidal nanoparticles,
macromolecules, often in 3-D or under
reduced dimensionality. It involves in situ
processing, site-selective chemistry and
tailoring of molecular assemblies, structural
investigations of thin films and membranes
as well as diffraction from fibres, small unit
cell systems and biological entities. The
techniques used include micro-diffraction,
time-resolved small- and wide-angle
scattering (SAXS/WAXS), X-ray photon
correlation spectroscopy and grazing-
incidence techniques. Aided by constant
progress at the beamlines and ongoing
refinement of the probing techniques, one
realises that the borderlines with
neighbouring disciplines such as life
sciences, surface- and interface physics,
chemistry and materials science have
become increasingly transparent. 

This year, the beamlines have progressed in
areas including the development of micron-
and submicron sized X-ray beams,
coherence-preserving optics and two-
dimensional detectors with improved
spatial and temporal resolution. Important
developments at ID2 were the addition of
an image-intensified CCD detector enabling
small- and wide-angle scattering at a rate of
10 images per second. This was used to
study shear controlled polymer
crystallisation and humidity-induced
structural transitions in DNA. The
permanent installation of the Bonse-Hart
ultra-small-angle X-ray scattering (USAXS)
camera now allows time-resolved
measurements of phase transitions and
growth kinetics in colloidal systems and
large-scale reorganisation phenomena in
polymer networks.

At ID13 a second experimental hutch for
scanning microbeam SAXS/WAXS is under
commissioning and the microgoniometer is
now routinely available for crystallography
applications and fibre diffraction. Scanning
microbeam diffraction from a single
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polymer fibre with a 100 nm beam has
been demonstrated and combined.
SAXS/WAXS experiments have been
performed during silk extrusion of
< 5 micron fibres. Micro SAXS experiments
were carried out on systems such as
collagen, chromatin and myelin. 

The ID10A beamline continues to operate
as a multi-purpose high brilliance beamline
exploiting the coherence properties of the
beam by combining small-angle X-ray
scattering (SAXS) and X-ray photon
correlation spectroscopy (XPCS) for the
study of slow dynamics in complex systems.
Using the continuous filling mode of the
machine and fast detectors, correlation
times as short as 300 ns were measured
recently thus definitively bridging the gap
between XPCS and the neutron spin-echo
method.

The ID10B beamline now provides grazing-
incidence diffraction, reflectivity and
grazing-incidence small-angle scattering
capability on a single instrument including
specific sample environments such as a
Langmuir trough for the study of liquid and
solid interfaces. An upgrade will allow
operation up to 22 keV thus opening the
possibility to study buried liquid-liquid and
liquid-solid interfaces. Structural studies of
liquid and complex (colloid, sol, gel)
interfaces including studies of antimicrobial
peptides with prokaryotic and eukaryotic
cell membranes are in progress.

The selected highlights reflect both the
wide variety of subjects and the specific
strengths of the individual beamlines. State
of the art small-angle X-ray scattering at
ID2 is illustrated by a study resolving the
structural details of live muscle. Microbeam
diffraction at ID13 was used to reveal a
lamellar twist in polymer spherulites.
Lamellar ordering of mineral particles and
the phase behaviour of the lamellar phase
under shear were discovered and
investigated by SAXS at ID2. A combination
of small angle scattering (ID10A) and
surface X-ray techniques (ID10B) was used
to study layering of colloidal particles in
the vicinity of the surface of the
suspension. The organisation of
phospholipid monolayers on the surfaces of
pure water and on a mineral gel was
studied by X-ray reflectivity and grazing
incidence diffraction at ID10B. Finally, the
fluctuations of a freestanding smectic liquid
crystal membrane were quantified via X-ray
photon correlation spectroscopy at ID10A.

Life Sciences

Structure of Live Muscle
Muscle tissues are fibrous assemblies, principally actin and
myosin filaments, which have the important function of
converting chemical energy into force and/or directed
motion. Given that the structural organisation of the
filaments is relatively well ordered, it is possible to obtain X-
ray diffraction diagrams that extend to resolutions well into
the molecular level. Studies using synchrotron radiation
allow non-invasive probing of motions of the muscle proteins
at a molecular level whilst the live muscle undergoes various
forms of contraction. However, there are numerous technical
problems associated with high-resolution X-ray diffraction
studies of muscle tissues: the diffracting power of muscle
tissues is weak; the angular resolution required is that
needed to resolve unit cell sizes of at least 2500 nm; the time
available to capture information about important structural
intermediates is milliseconds or less. To overcome these
difficulties, the use of synchrotron radiation sources, with
their unusually high brilliance, has been mandatory for many
years [1]. With the development of third generation, high-
brilliance, high-energy synchrotron radiation sources, such
as the ESRF, it has been technically possible to fully resolve
the splitting in the diffraction diagrams of muscle tissues

Fig. 47: (Left) Portion of the X-ray diffraction diagram yielded
by a muscle at the peak of isometric contraction. This shows
the third (3M) and sixth (6M) meridional orders, which are
due to the axial disposition of the myosin heads protruding
from the thick filament backbone. Other labels point to
reflections arising from the C-protein (C), troponin (T) and
collagen (col). (Right) Highly expanded trace (black lines) of
the axial intensity distribution showing the interference
induced splits in the 3M (bottom) and 6M (top) meridional
orders. The red line is a fit to the experimental data from
which the phase information is derived.
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undergoing contraction [2]. The work described here was
carried out on beamline ID2.

Thick myosin filaments adopt a polar disposition on either
side of the so-called M-lines, which bisect the muscle cell.
The myosin diffraction units thus disposed produce X-ray
interference phenomena (Figure 47) in a manner similar to
the classical two-slit interference effects.This can, of course,
provide phase information from which electron density maps
of the axial disposition of the myosin heads can be
constructed giving direct structure information about the
disposition of the myosin heads during contraction.
Resolution and measurement of the relative intensities of the
peaks in each cluster constituting the meridional reflections
shows that during isometric contraction each myosin head in
a crown pair has a distinct structural disposition. Given the
structure derived (Figure 48), it must be concluded that only
one of the heads can stereo-specifically interact with the thin
actin filament at any one time. This leads to the need to
revise many of the assumptions usually made in the
interpretation of X-ray diffraction data, as well as opening up
the possibility to establish model-independent structural
information in other forms of contraction. Recent results
(unpublished) have also included the determination of the
structural behaviour of the myosin heads during the
transition from isometric to isotonic contraction.
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Lamellar Twist in Poly(3-
hydroxybutyrate) Spherulites
Morphology influences most technological properties of
polymer materials. The study of morphological aspects of
macromolecular materials is therefore relevant to material
applications. Polymers tend to crystallise from the melt with
spherulitic morphology. Spherulites are polycrystalline
aggregates with spherical symmetry constituted of ribbon-
like crystals (lamellae) that grow outwards from a central
nucleus. Some polymer spherulites, when observed
between crossed polarisers in an optical microscope, show
concentrical extinction bands. Investigation of structural
details in banded spherulites at the micron level by means of
X-ray diffraction has been severely limited in the past by the
unavailability of small enough X-ray beams.

Poly(3-hydroxybutyrate), PHB, is a natural polyester that
easily develops a high degree of crystallinity and forms large
banded spherulites upon isothermal crystallisation from the
melt at high temperature. An insight into structural variations
within banded PHB spherulites was recently obtained at the
ESRF by investigating a 300 µm x 300 µm area of a
practically two-dimensional spherulite portion, using
microfocus X-ray diffraction [1]. The results showed a close
correlation between the observed structural changes and
the morphological features responsible for banding.

In the present experiment, PHB was isothermally crystallised
under the constraint of two parallel surfaces at 140°C,
obtaining a spherulite section with very wide extinction bands
(band spacing 120 µm). The microfocus ID13 beamline was
used to analyse a 300 µm segment along the radius of the
spherulite.The sample was tracked across the incident beam
in 3 µm steps in order to collect a large number of diffraction
patterns inside each band. Figure 49 shows the polarised
optical micrograph of the PHB spherulite investigated by
microfocus X-ray diffraction. The radial segment analysed is
highlighted in the micrograph. The 100 X-ray diffraction
patterns collected during the radial scan are shown in the
background of Figure 49. It is quite clear that the same type
of pattern appears two/three times at different positions along
the scan, indicating a radial periodicity in the spherulite
microstructure.The frames highlighted in pink and green (see

Fig. 48: Experimentally determined electron density
distribution corresponding to the axial mass projection of the
pair of myosin heads in a crown (circles). The line is the
derived electron density distribution from the structure shown
in the left panel [3]. Note that in the muscle the myosin
filament backbone runs vertically on the right hand side of
this representation; the double helix formed by the actin
filament would run vertically on the left hand side. 
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magnification) represent the two limit patterns.The reflections
in each of the 100 frames collected were indexed and the unit
cell orientation at each point was determined. Figure 50
shows the change of intensity of reflections (020) and (002)
while moving from frame to frame during the radial X-ray
scan.The intensity of both reflections shows a periodicity that
perfectly reproduces the band spacing derived from optical
microscope observations (120 µm). The great number of
diffraction patterns collected inside each band of the PHB
spherulite by the microfocus X-ray technique yields
conclusive evidence that during lamellar growth the unit cell
smoothly rotates around the radially-oriented a-axis [2].
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A Mineral Liquid-Crystalline
Lamellar Phase
Nanometre-scale ordering is well known to appear
spontaneously when anisotropic organic moieties form
liquid-crystalline phases. Though much less common, this
behaviour is also observed for suspensions of anisotropic
mineral nanoparticles and its study is currently a challenging
and active research area in materials science [1-3]. In this
context, we have recently discovered that the low-
dimensional layered solid state compound H3Sb3P2O14 can
be exfoliated in water to yield homogeneous, transparent
suspensions of extended covalent sheets. Moreover, we
found that these suspensions form a liquid-crystalline
lamellar phase in a wide range of volume fractions φ
(Figure 51). In this phase, the mineral extended sheets are
parallel and regularly stacked. In a small-angle X-ray

scattering experiment on the ID2 beamline, a series of sharp
peaks are observed and they can be indexed to the (00l)
reflections of a lamellar structure (Figure 52). Experiments
on very dilute suspensions show that the form factor of the
particles is the one of 2-dimensional (2-D) planar objects of

Fig. 49: Polarised optical micrograph of the investigated PHB
spherulite (left). To the right, the 100 patterns registered along
the yellow line. The coloured spots indicate the positions
where the evidenced patterns were taken.

Fig. 50: Normalised intensities of reflections (0 2 0) and
(0 0 2) as a function of the distance from the origin of the
scanned segment (see Figure 49).

Fig. 51: Test tubes observed between crossed polarisers (a-f),
the isotropic phase in (c) and (d) appears dark: (a) Lamellar
gel phase (φ = 1.98 %), (b) Lamellar fluid phase (φ = 0.93 %),
(c) Biphasic sample (φ = 0.65 %), (d) Biphasic sample
(φ = 0.03 %), (e) and (f) Magnetically aligned sample
observed in two different orientations of the polariser-analyser
system, (g) Sample iridescence (φ = 0.75 %) observed in
natural light due to light scattering by the lamellar phase of
period d = 225 nm.

Fig. 52: SAXS intensity curve of “powder” samples versus
scattering vector modulus q, showing reflections up to the
tenth order due to the lamellar period. Inset: Thin diffraction
lines observed at wide angles.
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at least 300 nm diameter. Wide-angle X-ray diffraction
experiments show the existence of fairly thin diffraction lines
which prove that the covalent sheets keep their (2-D) long-
range atomic positional order even at high dilution (Figure 52
inset).Therefore, the mineral lamellar phase is very different
from its organic counterparts that are usually comprised of
liquid layers at such dilutions.

The lamellar period d increases as the volume fraction
decreases, i.e. as more water is inserted between the
mineral sheets. The lamellar phase can actually be swollen
to a very large extent. It remains stable down to φ ≈ 0.75 %
where the lamellar period reaches 225 nm, to be compared
with the covalent sheet thickness of only 1 nm. Thus, d can
be continuously tuned from 1.5 to 225 nm.When φ< 0.75 %,
the suspensions are biphasic with a clear interface between
the birefringent lamellar phase and an isotropic phase. This
behaviour is indeed expected for the swelling of a lamellar
phase: once the maximum swelling is reached, water
molecules can no longer be inserted into the interlamellar
space and excess water is expelled, leading to phase
separation. Adding salt to the system leads to a decrease of
the maximum lamellar period and to flocculation, which
strongly suggests that electrostatic interactions are
responsible for the thermodynamic stability of the liquid
crystal.

This mineral lamellar phase can be very well oriented by
mechanical shearing in a Couette cell mounted on the
beamline, resulting in a very anisotropic scattering pattern
(Figure 53). The mineral sheets are then aligned parallel to
the shearing surfaces, as expected intuitively. This strong
alignment was induced even at a very low shear rate and
does not relax when the shearing is stopped. The lamellar
phase can also be aligned by applying a strong magnetic
field as the mineral sheets then orient their normal parallel to
the magnetic field. This property can be used to induce the
partial alignment of dissolved biomolecules. This phase,
which has neither 13C nor 1H when prepared in D2O, seems
particularly promising for the structural determination by
liquid-state NMR of non-labelled biomolecules.
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Layering of Spherical
Particles at the Air/Water
Interface
The liquid/vapour interface is well known in everyday life.
Less well known is that interesting ordering phenomena can
occur in the vicinity of such an interface. These phenomena
appear as a consequence of the abrupt truncation of the
media by the interface. We have investigated a suspension
of colloidal silica particles in water. SAXS (small-angle X-ray
scattering) data taken at beamline ID10A on bulk samples
indicate that the sample consists of randomly distributed
“hard-sphere” like particles with an effective radius of
R = 175 Å. The air/liquid interface of the sample was
characterised by X-ray reflectivity and GISAXS (grazing
incidence small angle X-ray scattering) at ID10B.

X-ray reflectivity profiles taken on a concentrated sample, a
dilute sample, and on the water solvent are shown in
Figure 54. The curves for the dilute sample and water are
indistinguishable. They can be perfectly fitted with Fresnel
reflectivity profiles (solid lines) multiplied by a Debye-Waller
term to account for the "fuzziness" of the interface caused by
thermally excited capillary waves. The curve for the

Fig. 53: SAXS 2-D scattering pattern of a sample sheared in a
Couette cell, in the “tangential” geometry (d = 175 nm).

Fig. 54: X-ray reflectivity profiles of the concentrated (blue)
and dilute sample (red), and of the water solvent (green). The
red and green curves have been offset by one and two
decades, respectively. The scattering length profile of the
concentrated sample is modelled by three gaussians as
indicated by the inset in the figure.
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concentrated sample shows pronounced deviations from
this simple behaviour. The larger critical angle reflects the
increased scattering length density (SLD) of the sample and
the oscillations of the profile indicate a varying SLD along
the surface normal direction (z direction). The Parratt
formalism was used to model the X-ray reflectivity profile
(solid line) and the corresponding SLD profile is shown in the
inset of Figure 54.This result indicates a layering of particles
parallel to the interface.

GISAXS was performed to probe the lateral arrangement of
particles near the surface for both the dilute and the
concentrated sample. The ratio of the two profiles defines a
“GISAXS structure factor” for the concentrated sample. The
peak position and width of the GISAXS structure factor
indicates a distance D = 570 Å between particles at the
surface, and a similar correlation length This shows that the
lateral arrangement of particles at the surface is random, like
in the bulk. The simplest possible model for the particle
organisation near the surface is shown in Figure 55. With D
= 570 Å and R = 175 Å, we find z0 = 277 Å (see Figure 55)
which is close to the distance between the surface and the
position of the first peak in the SLD profile (Figure 54, inset).
Hence, in this model the particles are touching the interface
with their perimeter and the oscillating SLD profile indicates
the presence of particle layers that do overlap.
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Free and Lipid-covered
Water and Gel Surfaces
The surface properties of gels are largely unexplored. We
have studied phospholipid monolayers on the surface of
aqueous clay gels, which, beside their fundamental interest,
have also many industrial applications. Our idea was to
investigate the free and lipid-covered surface of a liquid sol
undergoing a sol-gel transition. Strong effects are expected
on the monolayer structure since the 2-D system will now be
coupled to a 3-D substrate of increasing viscoelasticity. We
obtained for the first time detailed structural information on
free sol and gel surfaces and on the 2-D ordering of
phospholipid monolayers deposited on these phases.

The free surfaces of montmorillonite sol and gel phases
were examined using X-ray specular reflectivity. The
reflectivity profiles for water, sol and gel phases exhibit
smooth structureless decays, as shown in Figure 56, and
reveal that their surfaces are indistinguishable down to
atomic length scales. The solid line is a fit to the data,
assuming a simple refractive index step between air and the
subphase smeared by a roughness of 3.4 Å. As the sol and
gel surfaces exhibit a molecular flatness which is preserved
through the sol-gel transition, a deposition of an amphiphilic
lipid layer was attempted to examine the effect of
“solidification” on the organisation of this bidimensional
system. The experimental reflectivity curves for the DSPC
phospholipid on water and on the gel phase are also shown
in Figure 56. On both substrates, well-contrasted fringe
patterns could be observed. The period of the fringes in the
case of the gel is however shorter than in the case of water.
The data indicate a single adsorption layer of mineral discs
underneath the lipid headgroups that is induced by
electrostatic interactions between the anionic silicate
particles and the cationic tip of the DSPC headgroup
(Figure 57). Electrostatic interactions induce a re-orientation
of the lipid headgroup conformation and a reduction of the
tilt angle of the lipid chains as indicated in Figure 57. This
interpretation was confirmed by grazing incidence diffraction
experiments.

Such an adsorption mechanism is backed by another series
of experiments using another lipid, DPPA, bearing a
negatively charged headgroup. In this case, no evidence for
the formation of a surface layer of mineral discs can be
extracted from the reflectivity curves (Figure 56, inset).
Repulsive interactions between mineral particles and DPPA
“push” the head groups toward the water surface causing an
increase of tilt angle t of the chains (Figure 57).

Using X-ray surface techniques, we have shown that the free
surface of a montmorillonite gel is of the same quality as a
water surface. We have also demonstrated that the

Fig. 55: Model for the spatial arrangement of colloidal
nanoparticles near the air/water interface.

Fig. 56: X-ray reflectivity curves: (● ) free surfaces of water sol
and gel are identical; (▲) DSPC monolayer on water; (O)
DSPC monolayer on gel; (Inset) Reflectivity curves of DPPA
on water (▲) and DPPA on gel substrate (O). 
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deposition of an appropriate amphiphilic monolayer on a
montmorillonite gel surface induces the formation of a layer
of mineral discs aligned parallel to the lipid-covered surface.
This lipid/mineral double layer may act as a barrier for the
permeation of various external species into the subphase
but also makes the aqueous interface hydrophobic and
sustained by a solid-like gel substrate.
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Smectic Membranes
in Motion
Although liquid crystals have been known since the end of
the 19th century, they continue to surprise us with their
variety of low-dimensional phases and phase transitions. In
the smectic-A phase, the elongated molecules are
organised in stacks of liquid layers in which the long
molecular axes are, on average, parallel to the layer normal.
Hence a periodic structure exists in one dimension while the
system remains fluid in the other two directions.The reduced
dimensionality of the translation order leads to strong
thermal fluctuations of the layers, with their mean-square
displacements diverging logarithmically with the sample
size. Smectic liquid crystals can be suspended over an
opening in a solid frame.The surface area of such a smectic
membrane can be as large as several cm2, while the
thickness can be varied from thousands of layers (tens of
µm) down to two layers (about 5 nm). Smectic membranes
constitute ideal model systems to investigate fundamental
aspects of fluctuations. The finite thickness changes the
continuous bulk response spectrum into discrete response
modes. The dynamics of these fluctuations are accessible
by coherent X-ray scattering.

The work has been carried out at beamline ID10A. Smectic
membranes were mounted in a horizontal scattering
geometry (Figure 58) and illuminated by a small, 10 µm in
size, partially coherent, 8 keV X-ray beam. If coherent
radiation is incident on a random medium, the scattered
intensity shows a speckle pattern that reflects the
instantaneous arrangement of the scattering centres.
Information about the dynamics of the scatterers is
accessible by X-ray photon correlation spectroscopy
(XPCS), in which the time dependent intensity auto-
correlation function of the speckle pattern is measured. The
experiments were performed in the uniform filling mode of
the ESRF storage ring; by applying fast avalanche
photodiode detectors, a technical lower cut-off of ~ 40-50 ns
of the correlation functions was obtained. In principle, this
number can be reduced to a few ns, the limit being given by
the 2.8 ns electron bunch-to-bunch interval in the storage
ring. Early XPCS measurements of smectic membranes
employing soft X-rays indicated an exponential decay of the

Fig. 57: Model for the organisation of phospholipid
monolayers on water and gel substrates together with the
corresponding density profiles: (Top) DSPC monolayer at the
air/water interface, t is the tilt angle of the chains; (Middle)
DSPC monolayer at the montmorillonite gel/air interface;
(Bottom) DPPA monolayer at the montmorillonite sol-gel/air
interface.

Fig. 58: Schematic scattering configuration for experiments on
fluctuating smectic membranes.
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correlation functions with a relaxation time in the range of
tens of µs [1]. The XPCS setup described here allows
observation of relaxation times well below 1 µs. In addition to
the exponential decay of the correlation function, an
oscillatory regime of fluctuation damping was observed for
thin membranes (Figure 59). Thanks to the perfect match
between the millidegree mosaicity of the membranes
(Figure 59, inset) and the high resolution of the setup, count
rates up to 150 MHz were reached. This facilitated XPCS

measurements at off-specular positions by rocking the
sample, which leads to disappearance of the oscillatory
damping. The correlation functions were fitted to the
expression aS2(t) + b, where S(t) is the dynamic structure
factor. The results are shown as the full lines in Figure 59
and are in good agreement with recent theoretical
predictions [2]. These experiments open a new area for
studying fast relaxations, particularly for complex membrane
systems relevant to life sciences.
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Fig. 59: Autocorrelation functions of 2.83 µm thick membrane
of the compound FPP at the specular position (1) and at off-
specular positions (2, 3); (Inset) Rocking curve around the
Bragg position with the various settings. Curves 1 and 2 are
shifted for clarity (by 0.2 and 0.1, respectively).
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Highly brilliant X-rays are essential for
many of the powerful techniques that allow
the routine study of surfaces and interfaces.
While the pioneering work in surface
diffraction was focussed on clean surfaces
under ultra-high vacuum conditions, buried
surfaces have gained interest in more
recent work, mainly due to the fact that
such interfaces are closer to those in real
applications. Nonetheless, the classical
technique of crystal truncation rod analysis
can still be exploited for buried interfaces
as well as for fluorescence analysis during
standing wave excitation. The ideal
methods for studying complex near-surface
structures involve scattering techniques at
grazing incidence and exit angles. These
techniques, grazing-incidence diffraction
(GID) and grazing-incidence small-angle
scattering (GISAXS), have been developed
by several groups taking advantage of the
high brilliance of the ESRF's X-rays. Since a
wide range of length scales can be studied,
from the atomic to the micrometre scale,
both parallel and perpendicular to the
interfaces, these techniques are ideally
suited to the characterisation of samples
relevant for future developments in nano-
technology. 

There are several beamlines at the ESRF
where such experiments can be performed.
The newly formed ESRF group “Surface and
Interface Science”, constituted by the
beamlines ID1, ID3 and ID32, provides all
the above mentioned techniques and a
wide variety of relevant sample
environments. ID1 is especially well suited
for the grazing-incidence techniques, both
GID and GISAXS, which can be performed
simultaneously without the necessity of
remounting the sample and in combination
with anomalous scattering. At the Surface
Diffraction beamline ID3, an improvement
on the monochromator has been very
recently implemented which would allow
for increased flux at the sample. In addition
to the “traditional” surface crystallography
work, studies of dynamic processes and of
surface magnetism are performed in the
UHV end-station. At ID32, diffraction
(XSW - X-ray standing waves) and X-ray
photoelectron spectroscopy (XPS) can be
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combined. An electron energy
analyser can be used for 
up to 4800 eV kinetic energies of
the electrons. The surface
characterisation laboratory at ID32
is now in full operation, with several
ultra-high vacuum machines, a
scanning tunnelling microscope and
transfer chambers to the
diffractometer. In addition, the
beamline ID10B is available for
surface and interface studies using
grazing incidence techniques. This is
a multipurpose device allowing for
near-surface structural studies of
solid and liquid interfaces thanks to
a deflector that declines the beam
downwards. 

The following reports highlight the
research done at the ESRF during the
past year. The first contribution
represents pioneering work in
fundamental research showing the
importance of non-dipolar effects in
XPS for the proper analysis of XSW
and high energy X-ray
photoemission data. In the two
successive studies from ID3,
measurements of crystal truncation
rods have been used to study the
transition from a clean to a covered
surface in order to investigate the
possible structural changes of the
buried interfaces. Approaching now
the physics on the nanometre scale,
the next contribution deals with
structural changes following laser
excitation. In the present case, the
timescale, which is limited by the 
X-ray pulse length, was reduced to
an unprecedented 25 ps which
demonstrates the unique potential
for time-resolved measurements at
ID9. The last three examples use
grazing-incidence methods to study
nano-structured materials. First,
multilayers consisting of a periodic
stack of bilayers with magnetic and
nonmagnetic material have been
investigated. GISAXS, specular
reflectivity and GID have been
combined to study the structure of
the multilayer in order to confirm
that the predicted electron
channelling was not an artefact of
the crystal perfection. In the next
contribution the authors report on
the self-organisation of the stacking
of GaN quantum dots embedded in
AlN. This material is interesting for
optical applications in the blue-

ultraviolet wavelength range. Again
GISAXS and GID are shown to be
ideally suited for the
characterisation of the internal
structure of quantum dot
multilayers. Finally, exit-angle-
resolved GID measurements are
used to investigate the re-orientation
of micro-channels in thin zeolite
films on Si wafers as a function of
the film thickness. 
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Non-dipolar Effects in X-ray
Photoemission Investigated
with X-ray Standing Waves
The analysis of photoelectron spectroscopy data is
commonly based on the dipole approximation, where the
radial extent of the electron wavefunction is neglected in the
scattering matrix element  

<f | exp(ikr) (ep) | i>,

and only the first term in the expansion of the exponential is
considered, i.e. exp(ikr) = 1. Here e is the polarisation vector
and p the momentum operator.This approximation is valid as
long as the wavelength λ used is large, i.e. the magnitude of
k is small compared to r, but becomes questionable at short
X-ray wavelengths. X-ray photoemission spectroscopy (XPS)
at shorter X-ray wavelengths is now attracting more and
more interest because it can provide an opportunity to
enhance the electron mean free path, which is only about
0.5 nm for an electron kinetic energy of 50 eV, in contrast to
about 5 nm at 10 keV. As a result, the inherent surface
sensitivity of photoemission can be overcome. Obtaining
the predominantly bulk electronic information in this way
is considered as one of the future scientific goals
and directions of research at the ESRF and ID32. Thus,
the contribution of higher-order multipole terms
(exp(ikr) = 1 + ikr +- ...) to the scattering matrix element needs
to be understood. Furthermore, the investigations of
multipole terms have attracted interest in the past since they
allow a deeper understanding of the atomic processes
governing photoemission. Unfortunately, measurements of
multipole contributions using just one X-ray beam are
technically difficult and existing results exhibit quite large
margins of error.

The X-ray standing wave (XSW) technique is one of the
most precise tools for the determination of surface structures
and adsorbate sites. As shown schematically in Figure 60,
it exploits the yield, Y, of a spectroscopic signal characteristic
for the adsorbate (such as photoelectrons, Auger electrons,
or X-ray fluorescence). Usually, XSW data are analysed
using the dipole approximation for the spectroscopic signal.
However, if multipole contributions are neglected for the
analysis of XPS/XSW data, the result may be seriously
wrong. Fortunately, as shown in [1], the XSW technique can
also be used to accurately determine the multipole
contributions.

We have investigated the impact of non-dipolar effects on
XPS data with XSW. In contrast to the pure dipolar case,
quadrupole contributions destroy the symmetric dipolar
emission profile and can enhanced of the photoemission
yield in the direction of the k-vector of the X-rays. Since an
interference field is generated by the coherent superposition
of two waves, i.e., an incident wave, travelling in one
direction (i.e., k = kin) and a reflected wave (k = kout) travelling
in another direction, this asymmetry can be determined
easily. This is described in more detail in [1].

The results obtained at ID32 are shown in Figure 61 for a 
C- and O-containing molecular adsorbate (PTCDA)
intentionally grown incoherently thick on Ag(111) [2]. At the
Bragg reflection, the XPS signal (normalised to unity in the
off-Bragg region) is enhanced compared to the (normalised)
signal of the Auger electrons, which follows simply 1+R,
where R is the reflectivity. The enhancement parameter SR

Fig. 60: Principle of the XSW technique using diffraction of a
plane wave at  ΘB = 90º.

Fig. 61: Typical data for an incoherent layer containing oxygen
and carbon as function of photon energy around the Bragg
reflection. The enhancement of the XPS signals (a, b)
compared to the Auger signal (c) in the region of the Bragg
reflection is obvious. The Ag(111) reflectivity is shown in (d). 
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of the XPS signal, which is about 1.8 for the present case,
i.e., Y = 1 + SR R, directly reflects the quadrupole
contributions and exemplifies the sensitivity of the XSW
technique to the higher order terms in the scattering matrix
element.

A comparison of these parameters with quantum
mechanical calculations is presently in progress. Obviously,
the non-dipolar contributions can be significant, and their
knowledge is crucial for a proper analysis of XSW and for
high-energy X-ray photoemission data. In the present study,
we only determined the amplitude of the multipole matrix
element. Additionally, by employing the unique properties of
XSWs with a defined phase relationship between incident
and reflected wave, it is possible to determine both the
amplitude and the phase of quadrupole contributions in the
photoelectric scattering process, which have not been
accessed at all with any other method. This is the subject of
ongoing experiments.
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Structure of the Clean
NiAl(110) Surface and the
Al2O3/NiAl(110) Interface
Surfaces and interfaces possess properties that are
important to a wide range of practical applications. Due to
the abrupt changes in structure and bonding, a variety of
new and sometimes unexpected physical phenomena are
observed. Interfaces are buried and inaccessible to the
majority of surface-sensitive techniques. However, because
of the macroscopic penetration depth of X-rays, both
surfaces and interfaces scatter in a similar way and give rise
to diffraction features along the crystal truncation rods
(CTR’s) perpendicular to the surface. Here we report on
grazing incident X-ray diffraction GID measurements for
characterisation of the structure of the clean NiAl(110)
surface and the Al2O3/NiAl(110) interface.

The experiments were carried out at beamline ID3. The
clean NiAl(110) surface was prepared by repeated cycles of
Ar+ sputtering and annealing. The surface quality was
inferred from the CTR’s widths along the reciprocal space H
and K directions.The domain sizes ranged between 500 and
800 Å. The Al2O3/NiAl(110) sample was prepared by
repeated cycles of oxygen doses on NiAl(110) at room
temperature and subsequent annealing [1]. This procedure
was repeated until there was no further increase in the
intensity of the superstructure reflections from the oxide films
and no further decrease in the angular width.

The measured CTR's were fitted by a least squares
refinement using a model with four NiAl layers forming their
respective surface cells. The best-fit procedure for the clean
NiAl(110) surface was performed considering isotropic
temperature dependence and a 1:1 compositional
stoichiometry between Ni and Al as in the bulk. The results
are shown schematically in Figure 62a.The topmost rippling
amplitude obtained from this fit is RNi/Al = 0.16 ± 0.01 Å,
which is significantly smaller than the value RNi/Al = 0.22 Å
previously reported [2]. The topmost Al and Ni atoms move
4.6 % outwards and 3.4 % inwards, respectively. The
dependence of the rippling amplitude with non-structural
parameters, such as anisotropic vibrations or chemical
disorder, was also carefully checked. It remains practically
unchanged. The second, third and fourth atomic layers
exhibit almost negligible relaxations.

An identical analysis was made for the Al2O3/NiAl(110)
interface. Figure 63 shows schematically the results of the
best-fit procedure for the (0,1), (1,0) and (1,1) measured
CTRs. Due to the non-commensurability of the thin Al2O3

film with the substrate, the oxide unit cell could be omitted
during the fit refinement procedure [1]. The resulting
rippling amplitude of the topmost interface layer was
RNi/Al = 0.18 ± 0.02 Å. In the topmost substrate layer, the Al
atoms move 7 % outwards while Ni atoms move 2% inwards

Fig. 62: Schematical side view projection of best-fit results for
(a) the NiAl(110) surface and (b) the Al2O3/NiAl(110)
interface, showing the rippling of the topmost surface layer.
The atomic arrangement in the oxide structure has not yet
been determined. 
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similar to the clean surface (Figure 62b). No preferential
segregation into the surface was detected. The surface
roughness did not increase with the formation of an oxide
film. This rules out any reconstruction of the top substrate
layer.The Al2O3/NiAl(110) interface appears to be atomically
abrupt and on the alloy side terminated by Al. No enrichment
of Ni could be detected in the X-ray structure analysis. This
agrees with theoretical calculation [3], where the Al atoms are
supplied by exchange of Ni and Al in the top layers and
subsequent dissolution of Ni into the bulk by segregation of
Ni vacancies. In order to study the thickness of the oxide layer
and the projected electron density along the z-direction the
extended reflectivity up to l = 3.8 has been measured. An
oxide layer thickness of 5.8 ± 0.1 Å is obtained from best-fit
procedure of the extended reflectivity (Figure 62b). This is in
agreement with Al-O-bilayers sequences, with Al at the
substrate side and O-termination at the vacuum side.
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The Adsorption of Carbon
Monoxide on Ni(110)
Above Atmospheric Pressure
Investigated with Surface 
X-ray Diffraction
Since the discovery in the nineteenth century that some gas
molecules adsorbed onto a metal surface are readily
converted into other molecules, heterogeneous catalysis
has achieved tremendous technological, environmental,
and commercial importance. Understanding the gas-metal
interaction by determining the structures of adsorbed
molecules is a primary goal of modern surface science. The
adsorbate geometry of gases on metal surfaces has thus
been determined and catalogued for more than one
thousand systems under the extreme vacuum conditions of
10-8 - 10-14 bar where appropriate techniques were
available. As most of the commonly employed techniques for
surface structure determination involve electrons (e.g.
electron diffraction, photoemission) they are not suitable for
investigating gas/solid interfaces at pressures near
atmospheric. Consequently, an essential question remained
unanswered: "Are the known vacuum structures also the
relevant structures present under real catalytic conditions
near 1 bar?"

Here, we answer that question affirmatively (at room
temperature) and negatively (at elevated temperature) for
the archetypal case of CO over Ni(110). Based on X-ray
diffraction measurements, the CO/Ni(110) structure was
determined in situ from 10-10 to 2.3 bar CO at 25°C.
Interestingly, the vacuum structure persisted unchanged
over ten orders of magnitude of pressure. A subsequent
warming to ~ 130°C at 2.3 bar then caused a massive
restructuring of the Ni surface consisting of the development
of microfacets with (111) orientation and surface strain
probably due to carbon dissolution. These results confirm
the relevance of vacuum studies to catalysis and offer a
glimpse at the complexity of elevated-pressure surface
chemistry.

Nickel catalysts are used most frequently to produce
methane from carbon monoxide and hydrogen, at
temperatures in the range 150 - 400°C and pressures
around 1 bar. In vacuum, adsorbed CO on Ni(110) forms a
2x1 structure consisting of an ordered zigzag arrangement
of tilted molecules on short-bridge sites of the substrate as
depicted in Figure 64. The structural parameters obtained
from the most recent LEED (low energy electron diffraction)
study [1] are given in Table 1.

The experiments reported here were performed at the
Surface Diffraction Beamline ID3 with a specially designed
ultra-high-vacuum (UHV)/high pressure chamber. We
collected two independent sets of crystallographic data in

Fig. 63: Measured (0,1), (1,0) and (1,1) CTR’s of the
Al2O3/NiAl(110) interface. The lines are calculated curves
from the results of the best-fit procedure.
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situ after exposing a well prepared Ni surface to 10-10 bar
and 2.3 bar of CO. Figure 65 shows the results. The top
panel gives the structure factors of six diffraction rods [i.e IH,K

(L)]. Four have integer-valued H and K corresponding to the
periodicity of the substrate lattice and two rods have
fractional index arising from the CO 2x1 periodicity. The
bottom panel displays the structure factors of the fractional
reflections at L ≅ 0. Inspection of the figure shows
immediately that the vacuum and high-pressure data sets
are virtually identical and thus demonstrates that both
structures are the same. Crystallographic analysis of the
high pressure data through a least squares minimisation
routine results in the continuous red curve in the figure. The
best fit model resulted in the structural parameters shown in
Table 1. The agreement with the results of Zhao et al. [1] is
excellent, and additionally, our analysis reveals a slight
expansion of the Ni planes, which had not been detected.
The table also shows the results of the analysis of the low-
pressure data, which coincide with those at high pressure.

From the previous experiments we can conclude
unambiguously that the equilibrium structure at room
temperature of CO on Ni(110) at 2.3 bars of CO ambient
pressure is the same as that obtained under UHV conditions
by dosing the Ni(110) surface at saturation with 10-10 bar of
CO. To our knowledge this is the first chemisorbed structure
determined in detail near atmospheric pressure.
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Fig. 64: Top and side views of the CO/Ni(110) 2x1 structure. A1, A2 and A3 are the lattice vectors
used to describe the crystal lattice. A1 = A3 = a0/√ 2 ( a0 = 3.524 Å  is the lattice constant on Ni)
and A2 = a0. The rectangle shows the 2x1 unit cell. The tilt angle and bond lengths of the adsorbed
CO molecules  are those obtained from the fit of the data set at 2.3 bars of CO. In reciprocal
space, H, K and L are coordinates parallel to A1, A2 and A3 respectively.

Zhao et al. [1] This work This work
Ultra-High-Vaccum 10-10 bar      2.3 bar     

Ni-C tilt angle (deg) 20(4) 21.7(5)    21.3(5)
C-O tilt angle (deg) 20(4) 23.5(9)    23.9(7)
Ni-C bond length (Å)   1.85(4)      1.84(2)    1.83(2)
C-O bond length (Å)    1.15(7)      1.19(3) 1.21(3)
Ni-Ni expansion  (Å)        - 0.052(3)  0.058(2)

Table 1: Structural parameters of
CO/Ni(110)(1x2).

Fig. 65: Crystallographic structure factors of
CO/Ni(110)(1x2) at room temperature. Upper panel: Black
circles are measured structure factors from four integer rods
[(H, K) = (1,0), (0,1), (1,1) and (2,0)]  and two fractional order
rods [(H,K)= (1/2,1), (3/2, 1)] in 2.3 bars of CO; Blue open
triangles: structure factors measured in  10–10 bars of CO; Red
solid lines are calculated structure factors from our best fit to
the high-pressure data. In the integer rods, the diverging
values of the structure factors at some integer values of L
correspond to the bulk Bragg reflections of the Ni crystal.
Lower panel: In-plane fractional order structure factors
measured at L = 0.1. The radius of the black 120º sectors are
proportional to the structure factors of the reflections from
the structure in 2.3 bar of CO. The error bars are indicated by
the two radii. The blue sectors represent the structure factors
for the vacuum structure and the red ones are calculated from
the fit to the high-pressure data.
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Picosecond Pump-and-probe
Studies of Photo-excited
Silver Nanoparticles
Nanocrystal assemblies [1] possess intriguing properties for
novel material applications. Metal nanoparticles are used for
fast optical applications such as light switching, or for three-
dimensional micro patterning. Finite-size effects, such as
particle-plasmon resonances, determine the optical
properties.These resonances in the visible spectrum can be
tailor-made through shape variation. A series of ultrafast
energy-relaxation processes is observed after excitation
with femtosecond laser pulses. These comprise plasmon
decay, electron gas heating and lattice expansion through
electron phonon coupling. Two channels of lattice reaction
are excited, an incoherent heating of the particles which cool
down through interaction with the matrix in hundreds of
picoseconds and a coherent nuclear motion described as
(acoustic) phonons or shape oscillations with frequencies in
the picosecond range.

From optical spectroscopy [2] the nuclear motion can be
modelled under a free particle approximation, but no clear
distinction of the strain or disorder state of the lattice can be
made. Therefore X-ray diffraction is used here to focus on
the lattice dynamics of laser-excited silver particles in a glass
matrix. At ID09TR a time-resolved pump-and-probe setup is
realised allowing a study of the lattice reaction to a
femtosecond laser pulse at 400 nm with a fixed time delay
with picosecond accuracy in a stroboscopical mode. We
collected the powder diffraction from embedded silver
particles of sizes from 20 to 100 nm on a MarCCD.The shift
of the size-broadened (111) Debye-Scherrer ring allows
us to resolve lattice expansions in the range of 2·10–4

(Figure 66).

Figure 67 displays the shift of the (111) ring to lower angles
immediately after the laser impact.This shows the presence
of an expanded lattice. Following the Bragg angle shift with
the delay time between X-ray and laser pulse, one can
clearly determine the cooling rate of the particles by heat
transfer to the matrix. As for the larger particles (100 nm
diameter) the surface to volume ratio is smaller, the cooling
rate is considerably lower than for the particles of 60 nm
diameter (150 ps vs. 970 ps decay time). Under the
assumption of a bulk expansion coefficient one can deduce
a maximal jump of the lattice temperature of 140 K for the
60 nm particles.Yet the distinction between coherent motion
and thermal expansion is not obvious and a line profile
analysis can give additional information.

In conclusion, we could resolve the transient expansion of
nanoparticles triggered by a short laser pulse. The
parameters of the heat transfer can serve as a valuable
absolute determination of lattice temperature and may help
to identify the coherent contribution to the motion.
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Fig. 66: Powder pattern from silver particles in a matrix.  The
(111) reflection of the fcc lattice is used for the tracking of
the lattice dynamics. The insets show a TEM micrograph
(lower) and the plasmon resonance curve in the optical
spectrum (upper).

Fig. 67: Shift of the Bragg angle as function of the delay time
between laser excitation and X-ray probe. The onset time is
determined by the temporal resolution of the X-ray pulse (80
ps), whereas the decay of the transient reflects the heat
transfer to the surrounding matrix. The inset displays the line
profiles at different delay times for the 60 nm particles.
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The Electron Waveguide in
FeAu Multilayers
The electron waveguide effect, often called electron
channelling, was predicted by band structure and
conductivity calculations. It has been suggested that this
effect plays a role in giant magnetoresistance. The
channelling occurs because the band structure of Fe is spin
dependent and although there is a good band match
between the majority bands (the spins that are parallel to the
magnetisation) and the Au bands, there is a substantial
mismatch between the minority Fe and the Au bands. The
upshot is that the minority spin electrons can be confined to
the Au layers by specular reflections at the Au/Fe interface.
Recent magneto-transport measurements performed at the
University of Leeds have only now provided the first
experimental evidence of the presence of this phenomenon
in magnetic multilayers.

Measurements were performed on Fe/Au multilayers grown
by molecular beam epitaxy on either (001) oriented MgO or
(11

–
20) oriented sapphire. The Fe/Au multilayers grew with

(001) and (111) orientation respectively on the two
substrates. It was found that the conductivity in a saturating
magnetic field was substantially higher for the (001)
multilayers than for the (111) multilayers of equal thickness
of Au and Fe. Further, the gradient of the conductivity versus
Au thickness, at constant Fe thickness, was higher for the
(001) multilayers than for the (111) multilayers. Synchrotron
radiation experiments undertaken at BM28 played a crucial
role in establishing that the result was not an artefact of
differing crystal perfection.

Grazing-incidence specular and diffuse scattering
established that the multilayers grown on MgO had a
roughness amplitude about three times that of those grown
on sapphire and that the in-plane correlation length of the
roughness was very similar. The higher conductivity of the
(001) orientation multilayers therefore did not arise from lower
scattering at smoother interfaces. High-resolution diffraction
measurements showed comparable lattice perfection in a
direction normal to the surface, with both systems exhibiting
many superlattice satellites around the 002 and 111

reciprocal lattice points respectively. From reciprocal space
maps such as those illustrated in Figure 68, the mosaic
distribution has been determined and, for the first time, the
variation of the peak width transverse to the diffraction vector
has been measured as a function of satellite order. As the
mosaic spread of the (111) multilayers is less than that of the
(001) multilayers, this removes a further artefact from the
interpretation.

The in-plane mosaic structure has been measured using
grazing-incidence surface diffraction from Bragg planes
perpendicular to the surface. From the peak width in a scan
in which the sample only is rotated about its surface normal,
equivalent to a horizontal cut through the full in-plane
reciprocal space map shown in Figure 69, a direct measure
of the mosaic spread can be obtained. Once again, the X-
ray scattering measurements provided the crucial evidence
to demonstrate that the magneto-transport effects were
associated with the electron channelling, rather than the
different layer or interface structure.

By studying in-plane reciprocal space maps such as
Figure 69 as a function of Fe thickness, it has additionally
been possible to determine the mechanism of the fcc. to bcc.
transition that occurs for Fe growth on (111) Au.
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Fig. 68: Reciprocal space map around the 002 reciprocal
lattice point for a Fe/Au multilayer grown on (001) MgO.

Fig. 69: In-plane reciprocal space map of a Fe/Au (111)
multilayer grown on sapphire.  The peaks at a detector angle of
~ 45° are the Au (220) peaks.  Those near detector angles of 30°
show the coexistence of two Fe phases for 20 Å Fe layers.
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Strain and Stacking of GaN
Quantum Dots in
Multilayers
The current interest in self-organised growth of strained
semiconductor nano-structures is based on the possibility of
achieving novel optical and electronic properties. Among
them, nitride compounds are especially interesting due to
their application in the blue-ultraviolet wavelength range. In
the system GaN/AlN (wurtzite phase), the in-plane lattice
mismatch amounts to 2.4%. The resulting strain, which
accumulates during the molecular beam epitaxy of GaN on
AlN induces the Stranski-Krastanov transition from a 2D
layer-by-layer growth to a 3D growth of dislocation-free
islands. Embedded in the AlN matrix, these GaN islands
behave like artificial atoms and are called quantum dots.

The electronic properties of the quantum dots are
considerably influenced by their internal structure. It has

been shown that the growth of quantum dots in superlattices
results in an improved size distribution and a good vertical
stacking.These properties, which are difficult to observe with
real space methods can be obtained by X-rays, where the
information is averaged over a macroscopic ensemble of the
dots. Since the total thickness of the superlattice is typically
only some tens of nm thick, grazing-incidence X-ray
scattering using synchrotron radiation allows us to study
strain and ordering of the quantum dots, even as a function
of depth. The GaN quantum dot multilayer samples are
grown in a commercial MECA 2000 MBE chamber. The
multilayer, consisting of 13 GaN/AlN bi-layers with a AlN
spacer layer thickness of 4 nm, was deposited on a SiC
(0001) substrate (Figure 70a).

The X-ray grazing incidence (GI) experiments have been
performed at beamline ID1. The intensity is collected with a
linear detector as a function of the angle 2θ, measured from
the plane of incidence (Figure 70b). The corresponding q⊥
and q// reciprocal space axis are aligned normal and parallel
to the surface plane, respectively. In the grazing-incidence
small-angle X-ray scattering regime (GISAXS), for small
2θ values, the scattered intensity is governed by the
morphological properties of the dot multilayer. In the grazing-
incidence diffraction (GID) regime, at large 2θ values, the
surface Bragg peaks are exploited to measure the strain
distribution in the superlattice.The variation of the incidence
angle αi allows depth sensitive measurements.

The reciprocal space intensity map, representing the
GISAXS pattern, is shown in Figure 70c. Three intense
Bragg sheets indicate the high replication of the quantum
dots in vertical stacks. They permit the quantification of the
degree of vertical ordering [1]. We find that the dots
throughout the whole superlattice deviate from an average
stack position by only about 4% of their diameter of 15 nm.
From other quantum dot systems it is known that the vertical
ordering is mediated by strain, which here has been
measured by GID (Figure 71) performing radial scans close
to a (30-30) surface reflection. We observed that the lateral
lattice parameter distribution induces two maxima (apart

Fig. 70: (a) Sample; (b) Set-up used for grazing-incidence
scattering methods; (c) GISAXS pattern showing Bragg sheets
of diffuse intensity.

Fig. 71: GID scans in radial direction qr at the (30-30) Bragg
reflection for different αi.



HIGHLIGHTS  2001 52ESRF

Surfaces, Interfaces and Nano-science

from the sharp SiC substrate peak) which can be attributed
to the undistorted part of the AlN superlattice and buffer
layer and a broad peak (noted (A) and (B)) resulting from
GaN quantum dots strained to a lattice parameter smaller
than the bulk value of GaN. The green curve stems from a
scattering depth of roughly 10 nm while the blue one
represents the whole multilayer. The shift of the GaN peak
from position (A) to (B) evidences an increase of lattice
relaxation near the sample surface [2].

To conclude, we have shown that GISAXS and GID are well-
suited techniques to quantify strain and ordering of self-
assembled nanostructures in group III nitrides. The
systematic investigation of samples with varying spacer
layer thickness is underway and aims to improve our
understanding of the growth mechanisms in this QD system.
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Self-organised Orientation
of Microporous Channels in
Silicalite-1 Films
Microporous materials have attracted considerable attention
in recent years as promising structures for a variety of
applications such as supports for catalysts, separation
membranes, functional optical coatings, selective chemical
sensors, and templates for growing conductive materials. A
variety of deposition strategies have been explored for the
preparation of thin microporous films on different substrates
including direct crystal growth in zeolite precursor mixtures,
chemical modification of the substrates, and seeding with
colloidal crystals prior to further hydrothermal treatment
[1,2]. The functional properties of the films could be
improved substantially by designing the orientation of the
zeolite micro-channels, however, the corresponding
processes of self-organised nucleation and crystallisation
are not yet well understood.

In this work, thin silicalite-1 films, grown from colloidal
solution on pre-deposited seeded layers, have been
investigated by grazing-incidence diffraction (GID) mainly at
ID10B. This method yields 3D structural information on size
and orientation of the silicalite-1 crystallites forming the film.
Exploiting refraction effects at angles close to the critical
angle for total external reflection, αc, the structural
parameters are obtained as a function of depth, thus
shedding light on the nucleation process during deposition
and film growth. In GID only Bragg reflections with the lattice
vector G(hkl) parallel to the sample’s surface can be
accessed, except for those in the receptive range of the
position-sensitive detector (PSD) which is placed
perpendicular to the surface (see Figure 70b). The intensity
distribution along the exit angle (αf) gives direct information
on the orientation of those crystallites, which contribute to
the Bragg reflection under investigation. The so-called “αf-
spectra” expected for different grain orientation are depicted
schematically in Figure 72. In all cases the intensity
maximum at αc is a direct measure of the density of the film.

Most important for the orientation properties of the 
silicalite-1 crystallites is the intensity ratio of the (-101) and
(011), (200) and (020) reflections, as shown in Figure 73a.
The measurements are performed at αI = 0.1°, which is
smaller than the critical angle of 0.21° of the bulk material.
The adsorbed seeded layer (S1) shows only the (011) and
(020) Bragg reflections, which reveals that the crystals are
oriented with the a-axes perpendicular to the substrate
surface. In contrast, the grown films (S2, S3) contain only
reflections with k = 0 i.e. (-101) and (200). These results
clearly demonstrate the change in the crystal orientation
with the a-axes from being perpendicular to parallel to the
substrate surface as a function of film thickness. The zeolite
orientation within the film was investigated by depth sensitive
“αf-spectra” measurements at different angles of incidence
(αi) for the grown film (S3). In Figure 73b the radial scans of
the Bragg peaks are shown as a function of αi. In the near-
surface region at about 8 nm (αi = 0.1), the crystals are
oriented with the a-axes parallel to the surface, while at a

Fig. 72: The GID scattering geometry and three examples for
the intensity distribution along αf as a function of the
orientation of the reciprocal lattice vectors G(hkl).
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scattering depth of about 277 nm (αi = 0.3°) most of the
crystallites are oriented with the a-axes perpendicular to the
surface. Two “αf-spectra” of the corresponding (011) and (-
101) reflections are shown in Figure 74. For a highly-grazing
angle of incidence αi = 0.05°, the intensity distribution along
αf indicates that a thin film with a low density (note that
αc = 0.1°) covers the sample which has the typical “coarse
grain structure”. In the case of a large penetration depth
(αi = 0.3°), the main Bragg intensity stems from a well-
oriented film showing a single crystal-like feature of the “αf-
spectrum” (compare both cases with Figure 72).

In conclusion, the change in the orientation of microporous
silicalite-1 crystallites grown on silicon substrates is followed
by depth-selective GID measurements. The straight
channels change their orientation as a function of film
thickness from being parallel to perpendicular to the surface.
Laterally, the films remain in an untextured powder-like state.
The underlying self-organised growth process will be
studied by in situ GID measurements in the near future.
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Fig. 73: Radial 2θ-scans of seeded layer (S1) and grown films
(S2, S3) in the 2θ range 7-10°: a) αi = 0.1° constant b) depth-
sensitive radial scans of sample S3 for different αi.

Fig. 74: The “αf-spectra” of grown zeolite film (S3) for
different αi. 
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The study of collective atom dynamics aims
to investigate the correlated motion of
atoms in materials at length scales ranging
from below the typical interparticle
distances up to macroscopic distances. The
use of X-rays in this field represents one of
the success stories of third-generation
sources. This activity is still expanding, even
after many years of operation. Besides the
numerous scientific challenges, this is
possible thanks to continuing instrumental
and conceptual developments on the
dedicated experimental stations. A large
variety of research programmes is currently
being pursued, ranging from the study of
the dynamical properties of systems under
high pressure to the investigation of the
subtle interplay between the crystal lattice,
the electronic structure and phonons in
increasingly complex systems. 

The present highlights try to give a flavour
of the current trends and developments at
the ESRF.

An important milestone has been achieved
in the study of optical phonon dispersion in
high-temperature superconductors by
coherent inelastic X-ray scattering (IXS),
where valuable information on possible
mechanisms responsible for
superconductivity could be gained. For this
class of materials, IXS is often the only
spectroscopic tool to study phonon
dispersion, since inelastic neutron
scattering (INS) techniques need fairly large
samples, not always available in sufficient
crystalline quality.

A pilot experiment has demonstrated that
absolute cross-sections of molecular
vibrational excitations can be
straightforwardly obtained, thus providing a
complementary spectroscopic tool to the
established Raman scattering and infrared
absorption techniques. Other important
progress has been made in the field of
nuclear inelastic scattering (NIS), a
technique that allows the determination of
the element (Mössbauer isotope) specific
phonon density of states (DOS). The
method was extended to the 161Dy isotope,
thus allowing studies - besides Fe, Sn and
Eu - on dysprosium containing materials.
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Non-inelastic techniques can also give
information on dynamic properties. This is
exemplified by the anomalous X-ray
diffraction studies where electron density
modulations, induced by a charge density
wave, or externally, by a surface acoustic
wave, give rise to satellite reflections,
which in turn allow the quantitative
characterisation of these modulations. 

The selected highlights show that progress
in the field of collective atom dynamics is
intimately connected to a continuous
development of instruments and methods,
combined with an improved knowledge of
the underlying physical principles, gained
thanks to the fruitful interplay between
different experimental techniques and
theory.

2001  HIGHLIGHTSESRF

Anomalous Dispersion of
Optical Phonons in High Tc

Superconductors
Copper oxide superconductors exhibit the highest critical
temperature found so far. Since their discovery in 1986, the
microscopic mechanism at the origin of their
superconductivity is still unexplained [1]. While it is well
established that in conventional superconductors the
coupling between electrons and phonons (collective
vibrations) leads to charge carrier pairing, and therefore
superconductivity, the role of this coupling in copper-oxide
superconducting compounds is still the subject of intense
research efforts. Inelastic neutron scattering (INS) studies
on some hole-doped high-temperature copper oxide
superconductors revealed an anomalous behaviour of the
highest energy optical phonon mode, related to the Cu-O in-
plane bond stretching vibrations [2]. This anomaly may be
related to a strong coupling between the lattice vibrations
and the charge carriers, as the conduction in the copper
oxide superconductors takes place by charge hopping along
the Cu-O bond in the CuO2 planes. Within this framework,
the optical phonon anomaly is expected to be ubiquitous,
and therefore should also be observed in electron-doped
copper oxide superconductors, such as Nd2-xCexCuO4+δ.
Phonon dispersion data are, however, not available to date,
since accurate homogeneous doping and good structural
quality can only be achieved in single crystals of a few tens
of µm3, a size too small for INS studies. This limitation can
be overcome by inelastic X-ray scattering (IXS), because
lateral X-ray beam sizes of a few tens of µm can routinely be
obtained.

The experiment was carried out at beamline ID16.
The probed scattering volume corresponded to about
1.5 x 10–3 mm3. The sample was a single crystal grown by
the travelling-solvent floating-zone method at Stanford
University. It was mounted on the cold finger of a closed-loop
helium cryostat, and cooled to 15 K. We chose low
temperature and high momentum transfer (up to 12.5 Å-1) in
order to optimise the count rate on the high-frequency
optical modes.

The right panel of Figure 75 displays the longitudinal
phonon dispersions (o) for superconducting
Nd1.86Ce0.14CuO4+δ at T = 15 K along the a* direction,
together with a lattice dynamics calculation (solid lines).The
experimental frequencies and intensities are in agreement
with the calculations, except for the high-energy bond-
stretching branches.The left panel shows an enlargement of
this high energy part and the comparison with the
longitudinal phonon frequencies from INS spectra in the
insulating parent compound Nd2CuO4+δ (from [2]). Besides
an overall renormalisation, an anomalous softening of the
highest optical branch is clearly visible. This softening might
be linked to an interaction between the in-plane oxygen
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vibration (see Figure 76) and a charge modulation with a
periodicity of about 3-4 a in the CuO2 planes.

In conclusion, the present results reveal that the anomalous
softening previously observed in hole-doped compounds [2],
is also present in the electron-doped cuprates, therefore
suggesting that this is a generic feature of the high-
temperature superconductors. Furthermore, this study
demonstrates that high-energy resolution inelastic X-ray
scattering has developed into a valuable tool for the
investigation of the lattice dynamics of complex transition
metal oxides, allowing measurements on small high-quality
single crystals.
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Optical Phonon
Overbending in Diamond
Despite the fact that diamond and silicon are neighbouring
elements in the group IV of the periodical table, possessing
the same crystal structure with tetrahedrally coordinated
covalent bonds, their electronic band structure and lattice
dynamics are profoundly different. For example, diamond is
a perfect insulator of unparalleled hardness, while silicon is
much softer and a semiconductor. One of the unusual
properties of diamond, absent in silicon, which have
intrigued scientists since its first observation in 1947, is the
existence of a peak in the second order Raman spectra two
times higher than the zone centre (Γ-point) one phonon
energy. Various explanations were put forward, but only the
advent of reliable ab-initio computational methods allowed
the reproduction of this unique feature. These calculations
suggest that the peak is due to an "overbending" of the
longitudinal optic (LO) phonon dispersion branches with a
minimum at the Γ-point, and maxima reached at some
arbitrary points along all three high-symmetry directions [1].
This prediction stimulated more detailed experimental work
on this phonon mode, and an inelastic neutron scattering
(INS) study, performed at the ILL, confirmed the
overbending for the LO phonon branch along the ∆-direction
([1 0 0]) [2]. However, the results from a subsequent inelastic

Fig. 76: Atomic displacement pattern on the CuO2 plane (ab)
for the high-energy optical mode along the a directions.

Fig. 75: Phonon dispersion in Nd2-xCexCuO4+δ along the a*
direction.
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X-ray scattering (IXS) study are not in agreement
quantitatively with the INS results, and furthermore the
presence of overbending in the other directions was
contested [3]. In order to resolve this controversy and
apparent disagreement between the theoretical predictions
and the IXS results, an accurate IXS study was performed
on ID28.

The experiment was performed with a total energy
resolution of 3 meV full-width-half-maximum (at 17794 eV
incident energy). The diamond single crystal (4 mm
diameter) was of excellent quality as testified by the narrow
width of its rocking curve of only 0.004°. The stability and
reproducibility of the instrument was checked by recording
the Stokes–anti-Stokes pair of a longitudinal acoustic
phonon near the Brillouin zone centre, and by repeated
scans of the Γ-point phonon. Figure 77 shows
representative spectra at reduced momentum transfer
values, q, as indicated in the figure, obtained along the Λ-
direction ([1 1 1]), together with their best fits to a Lorentzian
profile.The data clearly reveal an overbending for 0.15 < q <
0.25. We furthermore note that the measured Γ-point
phonon energy of 164.75 meV is in excellent agreement
with Raman data, which yield 165.18 meV. Figure 78 shows
the resulting dispersion relations for all three high-symmetry
directions, together with the INS results and the ab initio
calculations. The overbending, as determined by IXS,
amounts to 1.5, 0.5 and 0.2 meV along the three high-
symmetry directions (∆, Σ and Λ). The IXS data are in very
good agreement with both the INS results and the
calculations. These results unambiguously reveal the LO
overbending in all three high-symmetry directions, finally
providing the physical origin for the anomalous peak in the
two-phonon Raman spectrum. Furthermore, the present
work demonstrates that the reproducibility of state-of-the-art
IXS instruments, which is intimately linked to temperature
stability of the high energy resolution optical components on
the milli-Kelvin scale, can yield results reproducible within
10-3 on the time scale of weeks.
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Fig. 77: Experimental IXS data (circles) and their best fits
(solid lines) for the longitudinal optic phonon along Λ. The
vertical line indicates the position of the Γ-point phonon and
serves to emphasise the overbending.

Fig. 78: Experimental
(IXS: red points; 

INS: blue points) and
calculated (solid lines)

phonon dispersion
relations along the

three high-symmetry
directions in diamond.
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Molecular Vibrational
Spectroscopy by Inelastic 
X-ray Scattering: the Case of
Liquid Nitrogen
The vibrational properties of condensed matter are routinely
studied by Raman scattering and infrared absorption
techniques, which generally ensure a high signal-to-noise
ratio together with high resolution. With these spectroscopic
methods, it is generally easy to obtain precise information on
the frequency position of the vibrational bands and then to
compare them with theoretical models. Nonetheless there
are cases where additional information is required in order
to interpret the vibrational spectrum correctly (e.g. its
spectral intensity, or the dependence of the vibrational
excitations on the wavenumber). In such cases, where the
mentioned techniques are not very helpful, the neutron
scattering technique has already proven to be an important
tool [1]. Here, we want to show that the inelastic X-ray
scattering (IXS) technique can provide similar and
complementary information with respect to neutron
scattering. For this purpose, we present the results of an IXS
study of the vibrational band of liquid nitrogen.

The experiment was carried out at beamline ID16 using the
vertical arm spectrometer for the scattered energy analysis
with an instrumental energy resolution of 10 meV (FWHM).

IXS spectra were collected in the 40-400 meV exchanged
energy range for several values of the exchanged
momentum, q, comprised between 1.45 and 11.8 Å-1. The
nitrogen sample was kept at a temperature of (76 ± 0.2) K
and at a pressure of (1 ± 0.1) bar. The final spectral
intensities (Figure 79) are characterised by two distinct
features: a central band and a much weaker band at high
energy. The peak position of the latter band corresponds to
the stretching energy of the nitrogen molecule at 289 meV,
while the former band is due to the roto-translational
dynamics of the molecule. As a general consideration, the
capability of IXS to access the vibrational dynamics in the
condensed phase, recently demonstrated at one q value for
the case of the O-H stretching band in liquid water [2], is
here clearly confirmed in a broad q range for the case of
liquid nitrogen.

The relative intensity of the vibrational band with respect to
the total spectral intensity, Sv(q) / S(q), can be readily worked
out from the experimental data.Moreover, values for the total
spectral intensity S(q), which corresponds to the atomic
structure factor, can be obtained on an absolute scale.
Therefore, the absolute scattering cross section per unit
solid angle, Ω, for the vibrational excitation, ∂σv (q) / ∂Ω =
ro2 fq2 Sv(q) (ro classical electron radius; fq atomic form
factor), can be determined (Figure 80). These data can be
compared with a semiclassical calculation where the
correlations among translational, rotational and vibrational
degrees of freedom were neglected – an approximation
which is very well suited to the case of liquid nitrogen. The
result of this calculation is also reported in Figure 80, and
compares well with the experimental data. This
demonstrates i) the good accuracy which is currently
obtainable with IXS for the determination of the absolute
cross-sections of vibrational excitations in a large q-range,
and ii) how direct the comparison between experimental
data and theoretical calculation can be made given the
simplicity of the expression for the IXS cross-section.

Fig. 79: IXS spectra of liquid nitrogen at several values of the
exchanged momentum, q. The spectra are reported on a
semilog scale in order to emphasise the weak vibrational band
at ≈ 289 meV.

Fig. 80: q-dependence of the absolute cross-section per unit
solid angle for the vibrational excitation of liquid nitrogen
(full circles). The result of a theoretical calculation made in
semiclassical approximation is also reported (dashed line), and
compares well with the experimental data. 
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Nuclear Inelastic Scattering
with 161Dy
Nuclear inelastic scattering (NIS) is an isotope-specific
technique (and consequently element-specific), which
allows one to determine the phonon density of states (DOS)
of atoms that possess a nuclear resonant level. The
technique is fast, precise, requires only a small amount of
material, and can be applied to samples in various
aggregate states [1]. Since the start of its development in
1995, the majority of studies were performed on systems
that contain the “classical” 57Fe isotope. Later the technique
was extended to the 119Sn and 151Eu isotopes. Here we
report on a first application of nuclear inelastic scattering to
161Dy. This development was motivated by the role of
dysprosium in various fields of research. For instance, Dy is
a constituent atom of several high-temperature
superconducting materials, and NIS studies may give new
insights into their lattice dynamics and thermodynamics.
Furthermore, several Dy compounds have interesting
magnetic properties, where NIS could help clarifying the
influence of magneto-acoustic interactions on the lattice
dynamics. Finally, Dy forms stable complexes with
fullerenes, which are model objects for rotational dynamics
studies.

We have elaborated a high energy-resolution
monochromator for the 25.651 keV radiation of 161Dy with an
energy bandpass of 1 meV providing 5.7 x 106 photons per
second at 90 mA current in the storage ring. The
monochromator consists of two ''nested” channel-cut
crystals. For the outer channel-cut crystal, an asymmetric
Si(4 4 4) reflection was chosen with an asymmetry factor
of 0.10. For the inner channel-cut crystal, a symmetric
Si(18 12 6) reflection was used.

The experiment was performed at the nuclear resonance
end-station ID22N. The sample was a 50 µm thick foil of Dy
metal with a 95.7% abundance of the resonant 161Dy
isotope. The energy dependence of the nuclear inelastic

absorption is shown in Figure 81. It gives the probability of
nuclear inelastic absorption as a function of energy, obtained
from the lattice due to phonon annihilation (E < 0), or
transferred to the lattice for phonon creation (E > 0). At room
temperature, the energy spectrum is dominated by multi-
phonon contributions, while at 15 K the spectrum consists
mostly of single-phonon absorption with only a small
contribution of multi-phonon components.

From the data at 15 K we derived the phonon DOS
(Figure 82, open circles). These are compared to the
phonon DOS at room temperature from ref. [2], where the
dynamics of dysprosium was evaluated by an interpolation
of data of the elastic constants from terbium and holmium.
Our measurements give approximately a factor of two
smaller amount of phonon states in the soft part (E < 8 meV)
of the spectrum. This difference may be explained by the
damping of lattice vibrations at higher temperatures.

Fig. 81: Energy dependence of inelastic nuclear absorption of
synchrotron radiation in a 161Dy metal foil at room
temperature and at 15K.

Fig. 82: Phonon density of states for Dy metal: open circles
and thin line (guide to the eye) show the phonon DOS as
derived from the energy spectrum of nuclear inelastic
absorption measured at 15K. The solid line shows the results
of theoretical calculations for room temperature [2].
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In summary, we have demonstrated the feasibility of nuclear
inelastic scattering for the 25.651 keV nuclear transition of
161Dy. Applications making use of this technique for 161Dy
can now be envisaged. Furthermore, by combining nuclear
inelastic scattering with nuclear forward scattering, magnetic
and electronic properties may be probed simultaneously
with the lattice dynamics.
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Anomalous and High-
resolution Diffraction Study
of the Charge-Density-Wave
for the Compound (TaSe4)2I
The physics of low-dimensional metals is the subject of
active research due to their very peculiar electronic and
elastic properties. The low dimensionality in the metal-metal
interactions strongly enhances the electron-electron,
electron-phonon (e-ph) and spin-phonon coupling strengths
which, under suitable conditions of temperature, pressure or
magnetic field, result in the partial or complete condensation
of the free carriers by formation of a charge (and/or spin)
density wave C(S)DW. A structural transition, the so-called
Peierls transition, occurs when a phonon mode (which is
strongly affected by the e-ph coupling) condenses below
T = TP, thus inducing below this temperature a structural
modulation with the same period as the CDW. While other
CDW systems are now well characterised, the detailed
nature of the e-ph coupling mechanism in (TaSe4)2I was not
fully understood, and has been the motivation for the present
study.

(TaSe4)2I, crystallises in the tetragonal I422 space group
and consists of infinite covalently bonded (TaSe4)n chains
along the c-axis, with an average number of conduction
electrons per Ta equal to 0.5. A first diffraction experiment,
conducted on BM2, the French CRG D2AM beamline, has
allowed us to characterise the domain structure in this

compound. The low-temperature charge modulation gives
rise to 8 first-order satellites (Figure 83) around each
reflection, at q = (±0.05, ±0.05, ±0.08).This is consistent with
previous observations and confirms that the modulation has
a strong acoustic character, i.e. with all atoms moving along
the same direction with the same amplitude, and that the
displacements are mainly perpendicular to the chain axis
(acoustic shear modes). Furthermore, the high-resolution
diffraction images show a splitting of all reflections, which
demonstrates that the sample consists of 4 degenerate
domains, each with a different modulation wavevector, the
splitting being due to a monoclinic distortion.

In a second, anomalous X-ray diffraction experiment,
diffracted intensities were recorded as a function of the
incident photon energy around the Ta LIII absorption edge in
order to determine specifically the displacements of the
tantalum atoms. On intensities recorded for [hkl] reflections
with l = 4n + 1 (Figure 84), only diffraction satellites with
qz = +0.08 showed a notable anomalous signal, while
reflections with l = 4n – 1 showed a strong anomalous signal
for qz = -0.08 satellites. This behaviour is consistent with
optic-like Ta displacements along the metallic chains
corresponding to a LLSS pattern of long and short in-chain
Ta-Ta distances (Ta-tetramerisation modes). Thus, the
overall Ta displacements are the sum of (i) acoustic
displacements perpendicular to the chains, of amplitude
~ 0.1 Å, and (ii) tetramerisation displacements along the
chains, of amplitude ~ 0.015 Å.

These results strongly support a previously proposed
scenario [1], in which the conduction electrons couple to

Fig. 83: (a) Reciprocal space sketch of the 8 satellites around
each reflection. (b) High-resolution diffraction image showing
the [16 4 4] reflection and its satellites. (c) Satellite indexation
on the image. Note the splitting of all reflections, due to the
domain structure. Up to third-order satellites have been
observed.
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zone centre optic modes and induce the above LLSS
pattern along each chain. These modes in turn interact with
long-wavelength acoustic shear modes leading to the
condensation of a long-wavelength modulation of mixed
acoustic-optic character.
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Evidence of Friedel
Oscillations in Quasi-one-
dimensional Conductors
Low dimensional, and in particular quasi-one-dimensional
(1D) conductors, have been the object of extensive studies

in the past.Their peculiar properties are intimately related to
the instability of the 1D electron gas, which leads, through
electron-phonon coupling, to the stabilisation of a periodic
lattice distortion at the Peierls transition. The period of the
corresponding modulation of the electronic density, the so-
called charge-density wave (CDW), is the inverse of twice
the Fermi wave vector kF, which is in general not an integer
multiple of the underlying crystal lattice. In real crystals, this
incommensurate CDW is pinned by crystal defects, such as
impurity atoms, giving rise to local modifications of the
electron density, the Friedel oscillations (FO). These can be
seen as a result of the screening of the impurity charge by
the conducting electrons. Detailed information on the FO’s
and the pinning can be obtained by an intensity and profile
asymmetry analysis of the X-ray diffraction CDW satellite
reflections.

We have performed experiments on BM2, the French CRG
D2AM beamline, on heavily vanadium-doped (2.8 at % V)
blue bronzes (K0.3MoO3). These quasi-one-dimensional
materials consist of clusters of ten octahedra MoO6 stacked
along the b direction of the monoclinic lattice. Below its
Peierls transition (TP =183 K), satellite reflections appear at
a reduced wave vector qc = (1, 0.748, 0.5).We have carefully
measured the profile of pairs of ±qc-satellite reflections at
low temperature along the chain direction b* (Figure 85).
The widths of these reflections are much larger that the
experimental resolution (0.008 Å-1 along b*), indicating the
loss of the CDW long-range order. From the excess width,
the CDW correlation length along the chains was estimated
to be lb* = 28.7 Å at 15 K, corresponding roughly to the
average distance between impurities. Also, Figure 85 clearly
reveals profile asymmetries of the satellite reflections, not

Fig. 84: Anomalous variations (corrected for
the absorption) around the Ta LIII edge of the
[1 0 13] reflection and its 8 satellites. Only the
four upper satellites (red curves), with
qz = +0.08, exhibit a strong anomalous
variation, demonstrating a tetramerisation of
the Ta atoms.
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observed in pure materials, which we interpret to be due to
FO around the V impurities.

In order to understand the unusual diffraction profiles of
Figure 85, we have modeled the distortion around the
Vanadium defect by a CDW/FO structure. In 1D, the
oscillating part of the electronic density, δρ, around an
impurity of charge Z, located at x = 0 (Figure 86a), reads:

δρ(x) = exp(-|x|/ξ)cos(2kF|x|+η)/|x|,

where ξ is the damping length, and η the phase shift of the
electronic wave function at the Fermi level. η is related to Z
by the sum rule Z = (2/π) η. Physically, this relation means
that the additional charge Z has to be screened by the
conduction electrons by bringing a charge of opposite sign
into the vicinity of the impurity. In blue bronze, the V5+ atom
provides a negative charge (Z = –1) with respect to the
molybdenum Mo6+ background, and the induced phase shift
amounts to η = π/2. Figure 86b shows a tentative
representation of the CDW/FO structure. In a tiny 2ξ = 16 Å
distance around the defect, the FO dominates the charge
modulation while at larger distance the CDW is recovered
(dotted line). The Fourier transform of this FO/CDW model
fits reasonably well with the experimental scattering,
especially its asymmetric parts. It is important to point out
that the asymmetry effect is due to the phase shift η of the
FO, while the regular part of the peak is due to the CDW.

In summary, our results provide convincing evidence of
Friedel oscillations in the vicinity of vanadium impurities in
blue bronze.Additional experiments on crystals with different
doping levels are planned in order to elucidate more
quantitatively the microscopic features of the CDW pinning
in low-dimensional materials.
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Characterisation of Surface
Acoustic Wave Fields by
High-resolution X-ray
Diffraction
Electronic devices based on surface acoustic waves (SAW)
are widely used today in modern communication systems
(mobile phones, TV, GPS, radars, etc.). This development is
accompanied by an increasing need for a precise
characterisation of the acoustic fields in these devices,
especially if higher frequency ranges above 1 GHz are to be

Fig. 85: High-resolution profile of the ±qc-satellite reflection
at 60 K. The solid line corresponds to the Fourier transform of
the FO/CDW distortion shown in Figure 86.

Fig. 86: a) Representation of a pure Friedel oscillation.
b) Oscillating part of the hole charge density around an
impurity placed at the origin, as a function of the unit cell
index n. Circles represent the Mo atoms.

a)

b)
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reached. In this respect, high-resolution X-ray diffraction
provides a unique tool: the propagation of a specific SAW, a
Rayleigh wave, induces a sinusoidal modulation of the
atomic planes at the surface of a crystal which extends into
the bulk (Figure 87). This leads to X-ray diffraction satellites
whose pattern and intensities can be compared with a
model, allowing the retrieval of important parameters of the
SAW, such as the acoustic amplitude at the surface, H0, the
penetration depth of the acoustic wave, µac

-1, and the
acoustic wave vector K.

A systematic study of X-ray diffraction by SAWs
in a LiNbO3 crystal was carried out on the optics
beamline BM5, varying the acoustic amplitude,
the acoustic wavelength Λ, the crystal cut and
the X-ray energy. Triple-axis diffractometry was
required to separate diffraction satellite peaks
induced by the acoustic wave periodicity from

the “ordinary” Bragg reflection. Figure 88 shows two typical
rocking curves of a LiNbO3 (030) YX-cut crystal recorded at
a fixed X-ray energy of 13 keV, Λ = 12 µm, and acoustic
amplitudes of 1.0 Å and 2.4 Å, respectively.

In order to interpret the spectra, we developed a simple
model within the framework of kinematic X-ray diffraction
theory, in which the SAW is treated as a strong perturbation,
suppressing the dynamical X-ray diffraction properties of a
perfect single crystal. Assuming an exponential damping
of the acoustic amplitude along z, the vertical displacements
of atoms with coordinates (x,y,z) can be written as: H(x,z) =
H0exp(-µacz)exp(-iKx), where K = 2π/Λ, and µac

-1 is of the
order of the acoustic wavelength, i.e. a few micrometres.
This model is expected to provide a correct quantitative
description as long as the ratio between the acoustic and the
X-ray penetration depth, µx

-1, is higher than 1.This condition
is fulfilled for the spectra shown in Figure 88, as can be seen
from the good agreement between experiment and model
calculation.

If, on the other hand, the X-ray beam penetration is larger
than the excited layer thickness, the kinematic model fails,
since a significant amount of the undistorted crystal volume
contributes to the diffraction pattern.This is demonstrated in
Figure 89 where two rocking curves recorded at 18 and
20 keV, straddling the Nb K edge, are displayed. Due to the
large contribution of undistorted regions at 18 keV (high 
X-ray penetration depth µx

-1 ~ 25.6 µm), the 0th order peak,
arising from diffraction of the perfect (unperturbed) crystal
lattice, is predominant, while in the opposite case
(E = 20 keV, µx

-1 ~ 4.6 µm), the 0th order peak remains at the
same level as the other ones. In the latter case, the
kinematic model is still valid (as for the spectra reported in
Figure 88), while in the first case, dynamical diffraction
effects have to be taken into account. The development of
such a refined model is currently in progress.
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Fig. 87: Scheme of the atomic planes distorted by the acoustic
wave. The z scale is multiplied by a factor 104 with respect to
the x one. Only a few planes are represented.

Fig. 88: Rocking curves measured (solid circles) and
calculated (open circles) for two acoustic amplitudes. E = 13
keV;  Λ = 12 µm; (030) reflection.

Fig. 89: Rocking curves measured at 18 and 20 keV. 
Λ = 12 µm; (030) reflection; H0 ≈ 4.5 Å.
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In this section, we present a small selection
of articles in the areas of magnetism and
electronic structure. In particular spin,
orbital, charge order, and their interplay
have been studied in many different
materials. These articles are briefly
introduced below.

Magnetic multilayers are very interesting as
potential new magnetic recording media.
There have been many studies in the last
few years and new phenomena are still
being discovered. For example, the
magnetic coupling in 3d-5d materials is
found to be a case of a 'violation' of the
pure intra-atomic Hund's rule picture
(Wilhelm et al., page 65). Another obvious
issue for recording materials, is the speed
at which magnetic materials can be
switched. Time-resolved studies have shown
that dynamic magnetic coupling can be
very different from static (Bonfim et al.,
page 66). A further important parameter
for a magnetic material is its
magnetocrystalline anisotropy energy.
The experimental verification of X-ray
magnetic linear dichroism as a direct probe
of this quantity is consequently of great
significance (Dhesi et al., page 67).
Magnetic nanostructures have also been
growing in importance, as the quest for
denser recording media becomes more
pressing. Basic studies of ultrasmall Fe
islands show that, here again, unexpected
phenomena can be observed (Röhlsberger
et al., page 69).

X-ray resonant scattering is an increasingly
important probe of charge, magnetic and
orbital ordering phenomena. Several
examples are given: the existence of 
1-dimensional charge order in Yb4As3 is
demonstrated (Staub et al., page 70), the
first observation of quadrupolar order of
the 5f electrons in UPd3 is made
(McMorrow et al., page 71), and the
interesting coupling between spin and
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orbital order in KCuF3 is presented
(Paolasini et al., page 72).  Another
interesting study of hydrogenated holmium
films can be found in the article by Sutter
et al. in Europhys. Lett. 53, 257 (2001). 

Charge ordering in magnetite (Fe3O4) has
also been studied by very high-resolution
powder diffraction (Wright et al., page 73).
In addition, novel experiments on the
orbital population in the Mott insulator
Ca2RuO4 are found in the article by
Mizokawa et al. in Phys. Rev. Lett. 87,
077202 (2001).

Although magnetic circular and linear
dichroism are relatively mature techniques,
work at the ESRF continues to demonstrate
that there are many other rich dichroic
phenomena to be studied. One recent
example is the first observation of X-ray
magnetochiral dichroism (Goulon et al.,
page 74).

Another area where the technique is being
rapidly developed is non-resonant inelastic
scattering where recent studies of excitons
in LiF have extended the potential of this
method (Hämäläinen et al., page 76). Also
there is current interest in pushing the field
of photoelectron spectroscopy into the 
X-ray range. Experiments on Samarium
metal show the potentiality of this field
(Dallera et al., page 77).

ESRF

Systematics of the Induced
Magnetic Moments in 5d
Layers and the Violation of
Hund's Third Rule
Magnetic multilayers are formed by periodic alternation of
ferromagnetic and non-magnetic layers. A large fraction of
the atoms are located at the interfaces, and two-dimensional
directly-coupled non-magnetic layers are formed facing a
ferromagnetic layer. This special configuration allows the
tailoring of magnetic moments, magnetic anisotropy,
magneto-optics and magneto-transport properties for each
application. Here we focus on the induced magnetic
moments of the 5d elements in magnetic multilayers. While
induced magnetic moments in alloys have been studied
previously, it was difficult to separate the small induced
moments from the total magnetisation in ultrathin magnetic
structures due to the lack of element-specific techniques
with monolayer sensitivity. The experimental technique that
allows one to study the induced magnetism is X-ray
Magnetic Circular Dichroism (XMCD), which provides
quantitative information on spin and orbital magnetic
moments of the absorbing atom in both amplitude and
direction. It is demonstrated that the induced magnetism in
magnetic multilayers may be radically different from that in
alloys due to the different geometry and electronic structure
and so unexpected phenomena may be observed.

In Figure 90 we plot the normalised X-ray absorption (XAS)
and X-ray magnetic circular dichroism (XMCD) spectra at
the L3,2 edges of W in a Fe/W magnetic multilayer with 3
monolayers of W in each period.The spectra were recorded
at ID12 using the total fluorescence detection mode. The

Fig. 90: Normalised XAS (top) and XMCD (bottom) spectra at
the L3,2 edges of W. For better illustration, the XMCD spectra
have been multiplied by 50, while the XAS spectra have been
shifted vertically. The XMCD integrals (dotted line = measured
and dashed line = hypothetical) serve to visualise the relative
orientation of µL and µS. 
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XMCD signals are very small compared to XAS, as the large
scaling factor of 50 reveals. However, the signal-to-noise
ratios are still large due to the high photon flux and degree
of polarisation offered at the ESRF. By knowing the direction
of the magnetic field and the helicity of the beam we
conclude that W is polarised antiparallel (AFM) to Fe, in
agreement with previous reports for alloys.This behaviour is
consistent with the general trend for the transition metals
with a less-than-half-filled d shell. However, contrary to the
third Hund’s rule, the W spin µS and orbital µL magnetic
moments are coupled in parallel (FM). This is visualised via
the XMCD integrals in Figure 90. The measured integral
(dotted line) does not change sign showing that µL/µS > 0.
For a negative sign (AFM coupling) the XMCD integral
should change sign as the hypothetical dashed line of
Figure 90 reveals. This can not be understood in a single
atomic picture. One has rather to consider interatomic spin-
orbit coupling. We consider three types of interaction
possible: (i) the largest is the spin-spin coupling between Fe
and W, Jinter 

. Sz
Fe . Sz

W, (ii) in addition, we have the classical
intra-atomic spin-orbit coupling for W, λintra

. Sz
W . Lz

W. If this
was all, µL should be AFM coupled to µS. To understand the
opposite observation (FM coupling) one may propose (iii) an
interatomic Fe-W spin-orbit interaction λinter 

. Sz
Fe . Lz

W. As
shown in Figure 91, we conclude the inequality that the
interatomic spin-orbit coupling is smaller than the exchange
coupling but larger than the intra-atomic spin-orbit coupling
of W. Such an effect is attributed to hybridisation effects at
the Fe/W interface [1].

Results for the ratio µL/µS and the total moment µtot

derived by application of the sum rules for the beginning
(W) and the end (Ir,Pt) of the 5d series in magnetic
multilayers are listed in Table 2 [2]. µL/µS is significant
only for Pt (≈ 0.2-0.3) revealing a large orbital magnetism
contribution. Moreover, we find µtot ≈ 0.2 µB/atom for both
Ir and W, which is in fair agreement with recent ab initio
calculations.

Pt Ir W
µL/µS 0.2-0.3 0.10 0.09
µtot 0.17-0.29 0.2 -0.2

Table 2: Data for the ratio µL/µS and the total magnetic
moment µtot for three 5d elements (Pt, Ir, W).

In conclusion, systematic trends for the induced magnetism
of elements of the 5d series in multilayers are shown.These
multilayers may serve as a demonstration of a prototype
experimental case of a ‘violation’ of the pure intra-atomic
Hund’s rule picture, which can be understood via the
existence of strong interatomic interactions at the 3d/5d
interfaces.
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Element-selective
Nanosecond Magnetisation
Dynamics in Spin Valves 
Sub-nanosecond dynamics of magnetisation reversal in thin
magnetic films is essential for the future of magnetic
recording and non-volatile magnetic memories, where
writing and reading times already approach the nanosecond
timescale [1]. Commercial magnetic read heads use giant-
magnetoresistance sensors based on spin valves, complex
multilayer systems in which a soft free layer is separated
from a hard magnetic layer by a non-magnetic metallic
spacer. A complete understanding of the magnetisation
dynamics of a spin valve requires the ability to probe the
magnetisation of the individual layers as well as their mutual
interaction. This investigation is possible with the time-
resolved X-ray Magnetic Circular Dichroism (XMCD)
measurements, which we have developed at the ESRF.
As an example, we show results obtained for
Ni80Fe20(5nm)/Cu/Co(5nm) spin valves.

XMCD experiments were carried out in single bunch mode
on beamline ID12B. Time-resolution is achieved using a
pump-probe (stroboscopic) scheme by synchronising the
magnetic pulses created by a microcoil (pump) with the 
X-ray photon pulses (probe), at the repetition frequency of
the ESRF (357 kHz). X-ray absorption is measured in

Fig. 91: Schematic representation of the Fe/W layers and the
various type of interactions that one needs in order to
describe the violation of the third Hund’s rule in a simple
atomic model.
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fluorescence detection by mounting the sample in the gap of
the microcoil. Chemical selectivity is obtained by tuning the
photon energy to the Co L3 or the Ni L3 white lines to study
the cobalt and the permalloy layers respectively.

The Ni80Fe20/Cu/Co sample is saturated in the negative
direction by a static field applied along the easy
magnetisation axis of the sample and a short positive
magnetic pulse is applied to reverse the film magnetisation.
The X-ray absorption of the two layers is measured at the
selected energy as a function of the delay between pump
and probe, for right (σ-) and left (σ+) circular polarisation.The
difference signal (σ- – σ+) gives the XMCD vs. delay and
therefore the time-dependence of the magnetisation of the
probed layer. An average of about 105 pulses are needed to
obtain a good signal-to-noise ratio.

The quasi-static magnetisation cycles, measured by XMCD
(Figure 92a), show that for 6 and 8 nm of Cu the
magnetisation of the two magnetic layers are aligned
parallel, with Co and Ni80Fe20 reversing simultaneously in a
coercive field of 4-5 mT. For 10 nm of Cu the magnetic layers
are nearly uncoupled and two separate hysteresis curves
are measured.

The results of the dynamic measurements obtained with
30 ns-long pulses are shown in Figure 92b. For 10 nm and
6 nm of Cu the dynamic behaviour is similar to the static case.
For 10 nm of Cu the two layers are uncoupled while for 6 nm
of Cu the dynamic response is identical for the two layers.

In the 8 nm Cu sample the two FM layers are strongly
coupled in the quasi-static regime but the dynamic reversal
is different for the two layers. On the rising edge of the pulse,
the two layers reverse with a different speed, the Ni80Fe20

magnetisation reversing well before Co. On the falling edge,
the Ni80Fe20 magnetisation also decays faster than Co.

However, a tail in the magnetisation decay shows
that a fraction of the Ni80Fe20 layer remains coupled
to Co. Apparently, in contrast with the static regime,
there is a field range in the dynamic regime where a
nearly antiparallel configuration between the two
layers is achieved. This difference in magnetic
coupling in static and dynamic regimes is illustrated
here for the first time thanks to the chemical
selectivity of XMCD. We attribute this behaviour to a
difference in the reversal processes - dominated by
domain wall propagation in the static regime,
dominated by nucleation in fast dynamics [2].
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Establishing X-ray Magnetic
Linear Dichroism as a Probe
of the Magnetocrystalline
Anisotropy
The magnetocrystalline anisotropy energy (MAE) is the
energy required to rotate the magnetisation (M) away from
the easy direction of magnetisation and plays a key role in
the development of magnetic storage media. In magnetic
multilayers the interface MAE stabilises perpendicular
magnetic anisotropy, which is important for high-storage
density, and affects oscillatory exchange coupling, which
governs magnetoresistance in reading devices. A
microscopic understanding of the interface MAE is therefore
important, but requires a probe which is element and site-
specific. X-ray absorption spectroscopy (XAS) is a well-
established element-specific probe of localised electronic

Fig. 92: Static and dynamic measurements of Co/Cu/Ni80Fe20

trilayers: (a) Static hysteresis loops measured by XMCD for the
Co (open dots) and Ni80Fe20 (squares) layers; (b) Dynamic
response of the permalloy (top) and cobalt layer (bottom) to
pulsed fields from 9 to 23 mT and width 30 ns. 
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structure since it involves transitions from core levels to
states above the Fermi level. For transition metals, dipole
selection rules ensure that 2p core levels are excited into the
unoccupied 3d levels which are the states driving the
magnetism. In recent years, X-ray magnetic circular
dichroism (XMCD), which is XAS combined with circularly-
polarised light, has emerged as a unique element-specific
tool for separating the spin and orbital magnetic moments in
ferri- and ferromagnetic systems. XMCD can then yield the
orbital moment anisotropy, which is related to the MAE via a
perturbation model. However, this approach is far from ideal
because the orbital moment anisotropy is strictly not
proportional to the MAE. Since the MAE arises from the
spin-orbit interaction, a technique probing this quantity would
seem far more appropriate. XAS combined with linearly-
polarised light, X-ray magnetic linear dichroism (XMLD), has
been proposed as a means of measuring the anisotropy in
the spin-orbit interaction which can be related to the MAE
using a straight forward sum rule [1]. XMLD also has the
added advantage that it is sensitive to antiferromagnetism as
well as ferri- and ferromagnetism.

In order to verify the proposed relationship between XMLD
and the MAE a Cu crystal with 5 miscut surfaces, at an angle
ω from (001), was used as a substrate for growing ultrathin
films of Co. For stepped Co surfaces, grown on Cu, it is

known from surface magneto-optical Kerr measurements
that the MAE increases linearly with step density [2]. The
experiments were carried out on beamline ID12B (now ID8)
which is an intense source of polarised soft X-rays. Co XAS
spectra recorded for a stepped Co film grown on Cu (ω= 4°)
with M perpendicular (solid line) and parallel (broken line) to
E are shown in Figure 93 along with resulting XMLD (solid
circles). The double peaked structure arises due to
transitions from the spin-orbit split 2p core levels to
unoccupied 3d states. The inset of Figure 93 shows the
integral of the XMLD which should be zero if there is no
contribution from the charge anisotropy. Figure 94 shows
the MAE of the stepped Co films, determined using XMLD,
as a function of step density. The same linear trend for the
MAE determined using XMLD proves that XMLD is directly
related to the MAE. This establishes experimentally XMLD
as a new element-specific tool for studying the
magnetocrystalline anisotropy and opens up the possibility
of, for instance, magnetic anisotropy imaging using high-
resolution photoelectron emission microscopy across
symmetry broken surfaces and exchange biased interfaces.
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Fig. 93: Co L2,3 XAS, from 6 monolayers of Co grown on
Cu(ω = 4º), measured with M perpendicular (solid line) and M
parallel (dashed line) to E. The XMLD (dots with guideline) is
the difference between the two XAS spectra and has an
integrated intensity close to zero (open circles in the inset).

Fig. 94: The Co MAE determined from the XMLD as a function
of step density. The straight line is a linear fit to the data. The
right axis has been calculated assuming a Co atomic volume
of 8.47x10-28 m3.
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Magnetic Order in
Ultrasmall Iron Islands on
Tungsten (110)
The magnetic structure of nanoparticles is a fascinating
research area with many new and unexpected results. Its
relevance results from fundamental aspects of spin structure
in low-dimensional systems and technological applications
in fields like magnetic recording as well. Magnetism in low-
dimensional systems relies on various kinds of anisotropies.
A well-established model system is the pseudomorphic Fe
monolayer on W(110) that exhibits a pronounced in-plane
anisotropy.

At coverages below 0.58 monolayers, one observes the
formation of stable and well-separated pseudomorphic
islands with diameters of about 2 nm, as shown in
Figure 95. These structures should exhibit a different
magnetic order when compared to a continuous film, e.g.
due to elastic strain and the change of interatomic distances.
From previous studies it is already known that above 100 K
these islands appear nonmagnetic due to thermal
fluctuations of the magnetic moments (superparamagnetic
relaxation). However, the magnetic order of these islands in
the low-temperature regime has not been studied so far.
Surprisingly, we found strong evidence for a perpendicular
spin orientation in this system below 100 K.

Studies of the magnetic order were performed at beamline
ID18, employing nuclear resonant scattering at the 14.4 keV
resonance of 57Fe. The Fe islands were prepared under
UHV conditions on a clean W(110) surface, and coated with
about five monolayers of Ag. Time spectra of the grazing-
incidence reflectivity were recorded at various temperatures.
Two selected data sets are shown in Figure 96. From the
analysis of these spectra the magnitude and the orientation
of magnetic fields in the sample can be derived [1]. The
almost monotonous decay of the time spectrum at 300 K
indicates the system to be nonmagnetic. At low
temperatures an additional modulation appears in the

spectra. This pattern is characteristic for a perpendicular
spin orientation of the Fe islands with a magnetic hyperfine
field of 13.5 T. The right panel in Figure 96 shows the
hyperfine field distributions as obtained from the theoretical
simulation (red lines).

To understand this unexpected magnetic ordering one has
to investigate the contributions from different kinds of
magnetic anisotropies if a continuous film breaks up into
separated islands: First, due to the small island size the
shape-anisotropy that favours an in-plane magnetisation is
reduced, and, secondly, the relaxation of the elastic strain in
the film leads to a strong contribution to the magneto-elastic
anisotropy.

This interpretation is supported by a striking elastic behaviour
in this system that has been observed recently [2]. Both
contributions and the influence of the Ag capping layer finally
change the total anisotropy to favour a perpendicular spin
orientation. Future studies on size-selected nanoparticles will
elucidate this relationship in more detail.
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Fig. 95: STM image of Fe islands on W(110) at a coverage of
0.57 bulk monolayers, deposited at a temperature of 450 K.

Fig. 96: Time spectra of nuclear resonant grazing-incidence
reflection from ultrasmall Fe islands on W(110). While the
data recorded at 300 K represent a nearly nonmagnetic state,
the islands order magnetically at low temperatures with a
perpendicular spin orientation. The corresponding hyperfine
field distributions are shown in the right panel.
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Direct Observation of 
One-dimensional Charge
Order in Yb4As3

Metal-insulator (MI) transitions have recently attracted
renewed interest due, in particular, to their relevance for
superconductivity and colossal magnetoresistance. The
metal-insulator transition is often related to charge, orbital
and/or magnetic order.Yb4As3 is an exotic material, with an
incomplete metal-insulator transition, which has been
proposed to be driven by a 1-dimensional charge order. At
room temperature, Yb4As3 is a cubic metal. Assuming a
charge of –3 for As, each Yb has an average non-integral
valence of +2.25. At TMI ~ 290 K, there occurs a first-order

structural phase transition from cubic to rhombohedral
symmetry, associated with the metal-insulator transition. To
quantitatively study the proposed 1-dimensional charge
order, we have performed resonant X-ray diffraction at ID11
on a tiny crystal (40 x 40 x 40 µm3). A small crystal has the
advantage that it is less likely to be destroyed when cooling
through the transition.

The equally spaced Yb ions located along the body diagonal
can be viewed as forming a chain labelled A, and the
remaining Yb ions are labelled B. The experiments have
focused on reflections for which the structure factor is
proportional to (fA-fB). The difference in the scattering factor
f of Yb2+ and Yb3+ far away from resonance is very small.
However, in the vicinity of the Yb L3 resonances, which are
split by 7 eV, the individual scattering factors are very
different. Therefore, the diffracted intensity is strongly
enhanced (Figure 97), giving direct evidence of the 
1-dimensional charge order.

To reliably describe the energy dependence of these
reflections, knowledge of the real and imaginary parts of the
scattering factors is required. This we obtained from X-ray
absorption data and the Kramers-Kronig transformation.The
calculated energy-dependent intensity compares well with
the experiment and is a direct indication of the 1-dimensional
charge order in Yb4As3. The proportionality of the resonant
diffracted intensity to (fA-fB)2 allows a quantitative
determination of the temperature-dependent valences
(Figure 98).

Our results have direct implications on the model, which
describes the electronically driven metal-insulator transition
in terms of a band Jahn-Teller effect of correlated electrons
[1]. The Yb valence of site A decreases much less with
increasing temperature than predicted by the model.The Yb
valence can also be estimated from the length of the body-
diagonal of the distorted cube. Surprisingly, the temperature
dependence of the valence determined in this way is
distinctly weaker than that of the hole concentration on the
chain. This may be due to the strong Coulomb repulsion
between ordered holes, to an electronic contribution to the

Fig. 97: Energy dependence of the real (f’; top), and the
imaginary (f’’; center) parts of the scattering factors of Yb2+

and Yb3+, and of the 30
–
3 reflection, together with a fit to the

latter in the vicinity of the Yb L3-absorption edges in Yb4As3. 

Fig. 98: Temperature dependence of the site-selective Yb
valence/hole concentration from resonant diffraction
(open/closed circles), from the model [1] (broken curve) and
from the structure (dotted curve).
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lattice expansion or to different fluctuation time scales of the
charge and the lattice distortions.

In conclusion, resonant X-ray scattering experiments on
Yb4As3 directly confirm the existence of the 1-dimensional
charge order of holes on the Yb sites below TMI. In addition,
a temperature-dependent hole ordering is obtained which,
surprisingly, does not follow the structural distortion.
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Quadrupolar Order of the
5f Electrons in UPd3 Studied
with Resonant X-ray
Scattering
The electron-shell specificity of X-ray resonant scattering
(XRS) is now widely used to investigate a diversity of
ordering phenomena in solids. Examples include magnetic,
orbital and more recently quadrupolar order. Restrictions
imposed by accessible absorption edges often mean that it
is difficult to probe the electron states responsible for the
order. Using XRS at the U MIV edge (3d3/2 – 5f5/2), we have
studied directly the anti-ferroquadrupolar (AFQ) order of the
5f electrons in UPd3.

From earlier studies of bulk properties and neutron
scattering it had been established that below T0 (≈ 7.6 K)
UPd3 undergoes a sequence of transitions between different
AFQ structures (Figure 99). Neutron diffraction, which is not
directly sensitive to the AFQ order, but does measure any
accompanying lattice distortions, showed the existence of
two distinct ordering wavevectors, q = (1,0,l), with l even or
odd (orthorhombic notation).

Our XRS experiments were performed on ID20. At base
temperature (T = 1.6 K), superlattice peaks were observed
at (1,0,3) and (1,0,4). Both peaks displayed resonant

behaviour close to the dipolar transition energy (3.728 keV)
at the MIV edge of U, confirming that the peaks originate
from ordering of the 5f electrons. At resonance, the
polarisation properties of each peak were then determined
as a function of temperature, and the results are
summarised in Figure 100. Particularly noticeable is the
existence of strong critical scattering at (1,0,3) for T > T0.

For the phase between T1 < T < T0, the (1,0,3) reflection
appears in the (π−π) channel at resonance. Detailed
calculations of the cross-section show that this is consistent
with the AFQ structure shown in Figure 99a. Below T1 the
(1,0,4) reflection appears mainly in the (π−σ) channel, and a

Fig. 99: Proposed AFQ structures in UPd3. (a) The U 5f
quadrupole moments on the quasi-cubic sites of the dhcp unit
cell are represented as ellipsoids. Within one basal (x-y) plane
there is a doubling of the unit cell along x. For the phase
between T1 < T < T0 there is an anti- phase stacking of
quadrupole moments along z. (b) Possible structure of the
AFQ phase below T1.

Fig. 100: Temperature dependence of the (a) (1,0,3) and (b)
(1,0,4) superlattice peaks measured with a polarisation
analyser at the MIV edge of U. For each peak the unrotated
(π−π) (filled symbols) and rotated (π−σ) (open symbols)
components of the scattering were measured.
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weak (π−σ) component also develops at (1,0,3). This
indicates that below T1 the ellipsoids must distort away from
the high-symmetry directions. A structure consistent with our
observations is shown in Figure 99b.

In conclusion, our XRS experiments give direct evidence for
AFQ ordering of the 5f electrons in UPd3, and provide new
insight into the nature of the phase transitions in this
fascinating compound.
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Coupling Between Spin and
Orbital Order in KCuF3

The interplay between charge, orbital and spin degrees of
freedom is the key ingredient underlying the physics of
transition-metal oxides. An ideal tool for studying the
consequences of such a correlation is provided by resonant
X-ray scattering (RXS), a process in which photons are
virtually absorbed by exciting the core electron to empty
states, and subsequently re-emitted when the excited
electrons and the core holes recombine. We applied this
technique to a pseudo-cubic perovskite KCuF3, where
orbital order has been theoretically predicted below
TOO = 800 K, and three-dimensional antiferromagnetism
observed below TN = 38 K. The results show that magnetic
order is driven by orbital ordering, and that the orbital order
parameter acts as a hidden parameter of the magnetic
transition.

The experiment was performed on ID20 at the Cu K-
absorption edge. The sensitivity to magnetic order at the
quadrupole threshold, 1s-3d, has its origin in the spin
polarisation of the 3d states, whilst at the 1s-4p dipole
transition-energy the resonant enhancement for magnetic
reflections is due to the 4p-3d intra-atomic Coulomb
interaction and to the mixing of the 4p with the 3d states of
neighbouring Cu atoms. RXS is also sensitive to the
occupancy of 3d valence orbitals, and has been used to
probe long-range orbital order in several transition-metal
oxides [1, 2]. Forbidden reflections become permitted due to
the asphericity of the atomic electron density, giving rise to
anomalous tensor susceptibility (ATS) components in the
atomic scattering factor.

At the dipole resonance, superlattice reflections were
observed at Bragg positions corresponding to a propagation

vector <111> and, below TN, <001>. The former indicate an
alternate occupation of 3dx2-z2 and 3dy2-z2 Cu2+ hole orbitals,
the latter signal the occurrence of antiferromagnetic (AF)
order. Both the magnetic and orbital peaks exhibit an
oscillation with two-fold symmetry when the crystal is rotated
around the scattering vector, as shown in Figure 101. The
shift of 45° between the two curves is a direct proof that the
Cu magnetic moments are directed along the [110] direction
of the pseudocubic cell whilst the main contribution to orbital
signal comes from the difference in px(y) density of states on
the two sublattices (inset of Figure 101).

As T is lowered, no variations are observed for the charge
peaks, neither in intensity nor in position and width. On the

Fig. 101: Angular dependence of the magnetic (005) and
orbital (331) intensities. Data were taken at 12K in σ−π'
channel using LiF(004) analyser, with the incident energy
tuned at E = 8.992 keV. The inset shows the crystal structure
of KCuF3, with a possible ordered pattern of the Cu 3d
orbitals. The arrows indicate the direction of the magnetic
moments in the ordered phase.

Fig. 102: Temperature dependence of the integrated intensity
of the (331) orbital ordering peak (blue circles) and the
magnetic (441) Bragg reflection (red circles). The qualitative
behaviour of the orbital order parameter ψ as a function of
temperature, computed in the mean-field approximation, is
shown in the inset.
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other hand, the intensity of the orbital peaks, which is
practically constant down to 43 K, increases below this
temperature and saturates below 38 K (Figure 102). A
similar increase in intensity of the orbital peaks, in a
temperature region where the orbital order parameter y is
expected to be saturated, has been reported near TN for
several manganites [2].

An account for the behaviour of ψ vs T, can be given
assuming that magnetic order is driven by orbital order, in
the sense that the exchange constants between
neighbouring atoms are determined by the relative
orientation of the occupied orbitals. A simple Landau
effective free-energy F, which assumes that TN is
determined by the exchange constants and that those are in
turn related to ψ, can be easily written as a function of ψ and
the magnetic order parameter S. At high temperature,
T > TOO, both ψ and S are zero. As T becomes smaller than
TOO, ψ begins to grow, with S still vanishing until TN is
reached. For T < TN, also S is non vanishing; the equation
determining ψ is then modified, being given by the
minimisation of F with respect to both order parameters. As
shown in the inset of Figure 102, a steeper rise and a larger
saturation value of ψ is obtained as the temperature further
decreases below TN, in agreement with the experiment.
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Charge Ordering in
Magnetite Below the Verwey
Transition
Magnetite (Fe3O4) is the eponymous magnetic material,
whose properties were first recorded by Greek writers in
~800 B.C. At ambient temperatures magnetite is
ferrimagnetic and electrically conducting, with a cubic
inverse spinel crystal structure. Below the 122 K Verwey
transition [1], the conductivity falls by a factor of ~100 and a
small structural distortion is observed. This transition has
been assumed to be the result of Fe2+/Fe3+ charge ordering,
although a detailed picture of the low temperature phase has
yet to emerge.

In order to further characterise the low temperature structure
we have refined the crystal structure of magnetite at 90 K
using very highly resolved powder X-ray (BM16) and
neutron diffraction data (HRPD, ISIS). The compression of
the three dimensional reciprocal space into one dimension
in the powder diffraction pattern is compensated by avoiding
many of the technical difficulties associated with single
crystal experiments for this sample, which include severe
twinning, extinction and multiple scattering effects.

The refined model represents an averaging of the true low
temperature structure, as a smaller unit cell and non-
crystallographic symmetry constraints were required for
convergence of the refinement. Despite these limitations the
model accounts well for the intensities of the vast majority of
the superstructure reflections, with only very few weak
reflections remaining unindexed. The model is similar to
previous results [2] but shows that two of the four unique
octahedral iron sites have, on average, significantly longer
Fe-O distances than the other two. This provides direct
crystallographic evidence for at least partial long-range
charge ordering in magnetite, with an apparent difference of
0.2e- between the average charges at the two sets of sites.
Figure 103 shows a small region of the fit to the X-ray data,
plotted on a logarithmic scale so that the weak
superstructure peaks can be seen. Data collected above the
Verwey transition, at 130 K, are also shown displaced above
the fit for comparison.

It is possible to account for the pattern of displacements of
the ions in terms of a [001] charge density wave in the
reduced unit cell that was used for refinement. Alternatively,
charge-ordered models can be proposed by generating all
possible charge-ordering schemes consistent with the larger
unit cell and comparing them to the refined model in the
smaller unit cell. Figure 104 shows the model having the
lowest electrostatic repulsion energy while remaining
consistent with the data. While our results do not distinguish
between these alternatives, it is clear that none of the

Fig. 103: Profile fit to BM16 powder diffraction data for
Fe3O4. Upper and lower tick marks refer to Fe2O3 (0.8 wt.%)
and Fe3O4 respectively.
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charge-ordering schemes that give the minimal electrostatic
repulsion are consistent with the refined model. Thus,
charge-ordering schemes consistent with our refinement do
not meet the widely accepted Anderson criterion of
minimum electrostatic repulsion. This indicates that the low
temperature structure of magnetite is a compromise
between electrostatic repulsion and structural distortions
and suggests that the transition is driven by an [001]
electronic instability, which opens a band gap through a
charge density wave mechanism.
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X-ray Magnetochiral
Dichroism: A New Probe for
Parity-violating Magnetic
Solids
Natural Optical Activity (OA) of visible light was discovered
early in the 19th century. In contrast, natural OA of X-rays
was discovered quite recently [1]. Unlike magneto-optical

spectroscopies, e.g. Faraday rotation, Magnetic Circular or
linear dichroisms (MCD,MLD), which are all consistent with
the usual electric dipole approximation, OA mixes multipole
moments of opposite parity and thus requires odd space
parity. Typically, OA of X-rays is caused by electric dipole-
electric quadrupole E1.E2 interference terms [1]. It has long
been argued that OA effects could be either even or odd with
respect to time-reversal: time-reversal even OA properties
are called natural whereas time-reversal odd properties are
called non-reciprocal. A non-reciprocal X-ray magnetic linear
dichroism (nr-XMLD) has recently been measured at the
ESRF [2]. We report below another non-reciprocal effect in
the X-ray range which we called X-ray Magnetochiral
Dichroism (XMχD). We stress that XMχD, unlike X-ray
magnetic circular dichroism (XMCD), does not require a
polarised beam since it is a property of the Stokes
component S0.

Magnetoelectric (ME) solids are good candidates to detect
XMχD since magnetoelectric properties are odd with
respect to Parity (P) and time reversal (Θ) but are invariant
in the product PΘ. The generic example of ME crystals is
Cr2O3: it has the centrosymmetric corundum space group
(R

–
3c) but it belongs to the non-centrosymmetric 

–
3’m’ space-

time group below the Néel temperature. The spin moments
can order in either one of the two 180° domains shown in
Figure 105. One can grow such single domains by
magnetoelectric annealing: it consists in heating the crystal
in the paramagnetic phase and in applying simultaneously
along the c axis a modest electric field E (5 kV/cm) plus a
weak magnetic field H (± 0.5T). XMχD experiments were
carried out at the ESRF beamline ID12, all spectra being
recorded in the fluorescence excitation mode using the most
convenient backscattering configuration. We produced
artificially unpolarised light by incoherent superposition of
fluorescence excitation spectra recorded with right and left
circularly polarised incident photons: F0 = F[Rcp] + F[Lcp].
We have reproduced in Figure 106 the XMχD spectrum
measured at T = 50K of a (001) Cr2O3 single crystal with the
c axis parallel to the wavevector k. It is shown that the signal

Fig. 104: A model charge-ordering scheme for the low
temperature phase of Fe3O4. Labels 1-4 refer to distinct
crystallographic sites with black and yellow circles indicating
Fe2+ and Fe3+, respectively. 

Fig. 105: Magnetic structure of the two 180° domains grown
by magnetoannealing.



2001  HIGHLIGHTSESRF

Magnetism and Electronic Properties of Solids

75

can be as large as 1.6% due to the strong contribution of the
E1E2 interference terms in the X-ray regime. It also appears
from Figure 106 that the same XMχD spectrum can be
obtained using a powdered pellet of Cr2O3: the price to be
paid is, however, a reduction (1:6) of the amplitude of the
signal whereas the theory of XMχD predicts a slightly
smaller reduction (1:5). Whereas X-ray natural circular
dichroism (XNCD) can only be detected in single crystals, it
is quite remarkable that XMχD can be measured in a
powder due to the fact that the orientational isotropy is
broken by the ME order.

At this stage, there is no existing ab initio computer program
which would allow the proper simulation of the XMχD
spectra but, nevertheless, some valuable information can
yet be extracted from the edge selective OA sum rules
derived recently by Carra and co-workers. The effective
operator Ωz

– which describes the mixing in the ground state
of p and d atomic orbitals at the Cr absorbing site was
identified with the orbital anapole. According to group
theory, the universally cited magnetic group 

–
3’m’ of Cr2O3 is

not compatible with an invariant anapole moment. There is,
however, no deep contradiction with our experiment: our
XMχD spectra reveal that this magnetic group may be
suitable to describe the spin configuration but not the overall
magnetic symmetry including orbital moments and currents.
In other words, the spin anapole moment of Cr2O3 certainly
vanishes but it is our interpretation that the true space-time
symmetry is most probably only 

–
3’ since this group admits

the orbital anapole moment Ωz
– as invariant.
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Advances in X-ray
Dichroism and Resonant
Diffraction 
In the X-ray region, novel dichroic phenomena have been
investigated at the ESRF by Goulon and his collaborators,
who reported the observation of two effects:

• X-ray natural circular dichroism (XNCD), probed in
Na3Nd(digly)3 ⋅ 2NaBF4 ⋅ 6H2O [1] and in α-LiIO3 [2]. (The
effect was observed at the Nd L3 edge and at the iodine
L edges.) 
• X-ray nonreciprocal linear dichroism (XNLD), detected at
vanadium K edge in the low-temperature insulating phase of
a Cr-doped V2O3 crystal [3].

We remind the reader that XNCD measures the difference
in absorption between right and left circularly-polarised
radiation. XNLD implies a difference in absorption between
radiation with linear polarisation parallel or perpendicular to
a local symmetry axis.

It is crucial to observe that both phenomena stem from the
interference between electric-dipole (E1) and electric-
quadrupole (E2) transitions that raise an inner-shell electron
to empty valence orbitals. Detecting a nonvanishing signal
thus requires an ordered structure (crystal) and the breaking
of space inversion.

The work of Goulon and his collaborators is of particular
importance as it identifies new directions in the microscopic
analysis of materials using X-ray absorption spectroscopy. In
fact, simple symmetry considerations indicate that XNCD
and XNLD are, respectively, sensitive to the electric and
magnetoelectric properties of crystals.

It is known that X-ray dichroism probes crystalline orderings,
which are described by magnetic (orbital momentum and
spin) and centrosymmetric charge order parameters, in the
case of pure electric multipole transitions.

Recent work by scientists in the ESRF's Theory Group [4]
has shown that E1-E2 dichroism is described by space-
inversion-odd electron operators, revealing the presence of

Fig. 106: Comparison of the XMχD spectra recorded with a
(001) Cr2O3 single crystal and with a powdered pellet for
k //E//H. Note the 1:6 amplitude reduction factor for the
powdered sample.
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parity nonconserving interactions. XNCD and XNLD are
thus sensitive to additional order parameters, which can be
obtained from the following fundametal operators: the
familiar orbital angular momentum L, an electric dipole
n = r/r, and Ω = (n x L – L x n)/2, a magnetoelectric vector.
Two classes of order parameter are identified:

• Space-odd and time-odd operators, obviously invariant
under the combined symmetry Spaceinversio ⋅ Time-
reversal and thus describing magnetoelectric properties of
crystals.
• Time-even and space-odd operators corresponding to
one-electron polar properties, which arise from a
noncentrosymmetric distribution of charge.

These afford a microscopic interpretation of XNCD and
XNLD experiments. (For the readers convenience, a
summary of X-ray dichroic effects is provided in Table 3).

As a concluding remark, we would like to observe that the
foregoing ideas are readily extended to E1-E2 X-ray
resonant scattering. In this case, the form of the scattering
amplitude indicates that ferroelectric and antiferroelectric
structures can be studied using X-rays at resonance. It is
believed that a confirmation that this is indeed the case is
provided by the change with temperature of the (0,0,3)H
reflection in (V0.972 Cr0.028)2O3 measured by Paolasini et al.
[5].
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Fluorine K-edge Core
Exciton in LiF
Non-resonant inelastic X-ray scattering (NRIXS) gives very
detailed information about electronic excitations and the
underlying electronic structure of materials. The measured
inelastic scattering cross-section is proportional to the
dynamic structure factor S(q,ω), which is related to the
dielectric function e(q,ω) via the fluctuation-dissipation
theorem. The dielectric function then directly couples the
electronic structure and the macroscopic behaviour of a
material, and it is also measurable via the reflectance and
refractive index, for example. Therefore, several
complementary methods, including electron energy-loss
spectroscopy, can be used to determine the dielectric
response. However, the uniqueness of the NRIXS technique
lies on the fact that both the energy and the momentum
transfers (ω and q) to the scattering target can be varied, in
contrast to optical spectroscopy, for example.

Depending on the momentum and energy transfer values,
various elementary excitations can be probed using NRIXS,
giving diverse information on the scattering target. In the
high-momentum-transfer limit (Compton regime), information
about the ground-state momentum density can be obtained.
If the dynamic structure factor is written using time-
dependent formalism as a Fourier transform of the density-
density correlation function, it is easy to see that certain types
of collective excitations (plasmons) can be studied as well.
Scattering of hard X-rays can also generate single-particle
excitations between valence and conduction bands with
energy losses of only about 1-10 eV, comparable to optical
absorption, where information on the joint density of states
can be obtained. However, in the case of NRIXS, hard X-rays
can give genuine bulk information even on opaque samples
and can excite electrons across an indirect band gap [1].

We have studied NRIXS from relatively deep-lying fluorine
1s core states (often referred to as non-resonant Raman
scattering) of LiF. In the case of inner-shell excitations, the
transition matrix elements become simpler, and it has been
shown that in the low-momentum-transfer limit the scattering
cross-section is directly proportional to the absorption
coefficient. However, in inelastic scattering the direction of
the momentum transfer determines the reference coordinate
system instead of the direction of the polarisation, which is
the case in X-ray absorption.

Nature of Order Parameter X-ray Dichroism Space Inversion Time Reversal X-ray Transition
Charge Linear + + Pure
Magnetic Magnetic Circular + – E1 or E2
Electric Natural Circular – + Interference
Magnetoelectric Nonreciprocal – – E1-E2

Table 3: Order
parameters and 
X-ray dichroic
effects. 
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Figure 107 shows the measured high-resolution NRIXS
scattering spectra from LiF measured at beamline ID16
using an eV-resolution backscattering Rowland-circle
spectrometer utilising a spherically bent analyser crystal,
together with our ab initio calculation. As expected, there is
no dramatic momentum transfer dependence in the spectral
shape beyond the expected q2 intensity variation. However,
when the edge region is measured with better energy
resolution (as shown in Figure 108), peculiar intensity

dependence for the resolution-limited pre-peak is observed.
Our calculation, which takes into account the important
electron-hole interaction [2], shows that the observed feature
is associated with excitons, typical for a wide-gap insulator
like LiF. Furthermore, since our computational scheme is not
limited to the dipole approximation, we can associate the
pre-peak as an s-type exciton (with an expected q4 intensity
dependence).

With this work we have shown that high resolution NRIXS
experimental data together with an ab initio computational
scheme can give detailed information about the electronic
structure beyond absorption spectroscopy, giving an
opportunity to distinguish the various core excitations with
different spatial symmetries.
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High-energy Photoemission
Study of the Bulk and
Surface of Samarium
Compounds
Photoemission spectroscopy is a powerful tool for
investigating the electronic structure of solids. It provides
information on a topmost layer whose depth depends on the
kinetic energy of the measured electrons. The minimum
value of the electron escape depth (few Å) occurs for kinetic
energies around 10 → 100 eV, while for increasing kinetic
energies it gets larger. Hence bulk-sensitive information can
be obtained in photoemission experiments only if high-
energy electrons are detected. Few experiments [1,2] have
been performed so far in the high kinetic-energy range, due
to the unavailability of intense photon fluxes (required by the
low cross-section values at high energy) and of analysers
able to measure large photoelectron energies.

The analyzer limits were extended to their present
capabilities in a recent experiment on ID32: we performed a
photoemission study of samarium in selected samples that

Fig. 107: The experimental (lower) and the theoretical NRIXS
(upper) spectra of fluorine K-edge in LiF. The various
momentum values used are indicated in the figure.

Fig. 108: The pre-edge region of Figure 107 measured with
energy resolution of about 1 eV. The spectra above the pre-
edge region are normalised to the same peak value to
emphasise the different momentum dependence of the s-type
exciton feature at about 692.5 eV. 
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have different valence in the bulk and at the surface: Sm as
a pure metal is divalent at the surface and trivalent in the
bulk, in SmSe it is mixed valent, and in SmPd3 it is trivalent.
Spectra of 3d core levels measured with high-energy
excitation are largely bulk sensitive and allow the valence of
the rare-earth component in the volume to be determined.
Photon energies from 3 to 6 keV were used in order to
investigate the change of the surface vs. bulk sensitivity.

Figure 109 shows photoemission spectra of the 3d levels of
Sm in the different samples, excited at hν = 6 keV.The peaks
related to the Sm2+ and Sm3+ configuration are well
separated and reflect the different valence states. It is
interesting to compare the photoemission spectra with
absorption spectra of the Sm L3 edge in the same
compounds (inset of Figure 109): the two techniques have
similar bulk-sensitivity (sampled depth ~ 40 Å) but the larger
lifetime broadening of the 2p levels hides the small divalent
surface component of metallic samarium in the absorption
spectrum. SmSe, at variance with the previous samples,
shows a clear Sm2+ feature.

The change of the surface vs. bulk contribution to the
spectral shape is shown in Figure 110. Our photoemission
spectra of the Sm 3d core levels are compared with a
spectrum excited with a conventional X-ray tube. The
spectral weight at lower binding energies originates from the
divalent configuration present in the outer layers of
samarium. A striking decrease of the surface component
intensity is seen in the bulk sensitive spectra excited at 3 and
6 keV. The decrease of the divalent intensity when
increasing the photon energy from 3 to 6 keV is slower than
expected from the anticipated square root dependence of
the escape depth on the photoelectron kinetic energy. This
might perhaps indicate the presence of a divalent

component in the bulk, or a trend of the escape depth
different from what was derived from earlier data. Both
hypotheses are challenging and deserve being studied on
further samples and in a wider photon-energy range.
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Fig. 109: Photoemission spectra of samarium 3d levels in three
samples with different weight of the divalent and trivalent
component in bulk and surface, after background subtraction.
The L3 edge absorption spectra (inset) show less structure due
to the larger lifetime broadening. 

Fig. 110: Photoemission spectra of 3d levels in pure metallic
samarium. Spectra at 3 and 6 keV were measured at ID32
while the spectrum excited at 1486 eV was taken with an 
X-ray tube. A relevant decrease of the divalent surface
component with increasing energy is seen.
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Materials science research involves the
investigation of the relationship between
the structure of the materials and their
properties. The structure-property
relationship is the basis for the rational
design of new materials with specific
properties. Materials research is thus the
underlying motivation for a large fraction
of research at the ESRF. This section
presents some examples that cannot easily
be fitted into specific chapters.

The clear tendency in materials research is
the utilisation of the unique properties of
the X-ray source i.e. the high brilliance, the
high energy, the microfocussing capability
and its coherence. Many of the experiments
thus deal with time-resolved studies, non-
ambient conditions such as high pressure or
temperature, and mapping of stresses and
strains.

The first two studies deal with liquids or
liquid alloys. An EXAFS study of the Hg-Rb
liquid alloy has been performed in order to
understand the difference in conductivity
of mercury if non-alkali or alkali metals are
added. The study suggests that the alkali
metals are involved in a solvation process
with the mercury reducing the conductivity
of the alloy. The second example deals with
the nucleation process in under-cooled
liquid metals. This study presents a novel
general method for determining the
nucleation rates. In this case palladium
droplets dispersed in Al2O3 powders are
studied. The method is based on a non-
destructive use of the phase-sensitivity of 
X-ray absorption above the core-electron
absorption edges.

Microstructure and grain structure are
important factors determining the
properties of materials. The new 
“3D-microscope” at ID11 has been used to
develop an in situ method for determining
the tensile deformation on many individual
grains, of sizes down to a micrometre. The
study indicates that present models are not
sufficient for predictions of the effect of
deformations. Magnetic elements exhibit
interesting nanostructural properties. In an
EXAFS experiments on Co atoms implanted
in an Ag matrix, the effect of heat
treatment of the samples showed that Co
dimers or larger clusters are formed as a
function of temperature. 
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Three examples illustrate the widespread use
of high pressures to study materials. The first
example deals with the novel superconductor
MgB2. Here the structural properties have
been studied by angle-resolved X-ray
diffraction up to pressures of 40 GPa. X-ray
diffraction shows no structural instability. 
The observation of colossal
magnetoresistance in perovskite manganites
has prompted a high-pressure study of
LaMnO3 up to pressures of 40 GPa. In the
high-pressure study it was observed that
between 18 and 32 GPa an intermediate
insulating structure with suppressed Jahn
Teller distortion is found showing that the
insulating phase is not caused by the JT
effect. The final high-pressure example deals
with covalent semiconductors. The III-IV
zincblende structures are expected to
transform from a NaCl structure to a CsCl
structure under pressure.  Here it is shown
that InAs does not convert to a CsCl
structure at high pressures but rather to a
site-disordered orthorhombic Pnma
structure. 

The high X-ray intensities available make it
possible to perform fast in situ studies.  In a
first example the oxidation of
SrFe0.97Cr0.3O2.8 occurring at high
temperatures when a N2 atmosphere is
replaced by O2 has been studied showing a
two-step oxidation process. In the final
example, an in situ study of a working Li-ion
battery is presented. Very high X-ray energies
(87.5 keV) were used to penetrate the
lithium battery and record powder
diffraction patterns as a function of the
charging cycle.

The Structure of Liquid 
Hg-alkali Alloys
Mercury, the liquid metal by excellence, has always
fascinated scientists and even artists. Whereas the mercury
fountain of Alexander Calder continuously cycles its content
at the Miro museum of Barcelona, scientists try to enter the
mysteries of this particular liquid. The advent of 3rd

generation X-ray sources such as the ESRF has made it
possible to overcome the technical impediments for solving
one of the longstanding mysteries of mercury: that its
conductivity decreases with the addition of alkali metals.This
is even more surprising as we know that the addition of non-
alkali simple metals to mercury decreases its anomalously
high electrical resistivity down to the typical values of simple
liquid metals. The work of P.D. Adams [1], N.F. Mott [2], and
others, at the beginning of the seventies provided an
understanding of the behaviour of mercury and its alloys
with non alkali metals within the near free electron model
framework. However, the behaviour of mercury-alkali
amalgams remained unexplained. N.F. Mott concluded that
something different due to a charge transfer, such as the
solvation of Hg by alkali atoms, should take place. Many
years have passed and still no one has been able to prove
Mott's hypothesis. This is not surprising as mercury is an
extremely good X-ray and neutron absorber and this has
impeded the structural studies.

EXAFS spectroscopy excels in the structural studies of
alloys because of its atomic selectivity. We have chosen to
study Hg-Rb liquid amalgams, because the accessibility of
Hg and Rb edges allowed probing of the local structure
around both atoms. The toxicity of Hg, the spontaneous
ignition of Rb in the atmosphere, in addition to the corrosive
properties of the liquid alloy, imposed severe safety
constraints as shown in Figure 111. In the particular case of
Hg-Rb liquid alloys we can take advantage of additional
selectivity (due to the strong contrast of photoelectron
scattering amplitudes): not only are we able to distinguish
the central atom selected, but also the nature of the
neighbours contributing to the EXAFS signal. In fact, at both

Fig. 111: Scientist
checking the sealing of the
Hg-Rb cell at the BM29
beamline.
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Rb K and Hg L edges, only Hg neighbours are resolved,
providing respectively a direct signature of the Rb-Hg and
Hg-Hg neighbour correlations (i.e. the low distance part of
the partial radial distribution functions).

Already, without the need of a detailed analysis, the main
results are very clear. We observe in Figure 112 that at the
Rb K-edge, the amplitude of the EXAFS signal increases
with the Hg content. This is what would be expected in any
ordinary alloy: if we progressively add Hg atoms, the
number of Hg neighbours around Rb increases. The
situation is dramatically different when we look at the
EXAFS signal at the Hg edges: the distribution of Hg
neighbours around Hg does not change. In addition this
distribution is markedly different from the one of pure liquid
mercury. The data analysis shows that this behaviour is
closely related to what has been observed in crystalline Hg-
alkali amalgams where mercury associates in units of 4-5
atoms encaging the alkali atoms. This is also observed in
Zintl-type compounds forming clathrate-type structures
very similar to the ones of the Hg-alkali crystalline
amalgams. Mott's suspicion, even if not totally right, was a
good starting point.
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Nucleation of Undercooled
Liquid Metals

Many liquids can be cooled, without observing solidification,
far below their equilibrium melting temperature into a
metastable undercooled liquid state. In the absence of
external forces which may trigger the so-called
heterogeneous nucleation process, the crystallisation of an
undercooled liquid is driven by localised fluctuations in the
configuration space, leading to the spontaneous formation
of a stable crystalline nucleus (homogeneous nucleation)
[1].

The crystallisation process of an undercooled drop can be
schematised by the sequence of two steps: i) the
appearance of a critical crystalline nucleus; ii) the
propagation of the crystal front through the volume of the
melt. In the case of liquid metals, the timescale to complete
the transformation is largely dominated by the time required
to form the crystalline nucleus.

The nucleation phenomenon can then be described by a
physical quantity I defined as the number of crystallisation
nuclei that are formed in the melt per second per volume (or
mass) unit.This rate is strongly temperature dependent.The
functional dependence of I(T) from fundamental quantities of
undercooled liquids is illustrated by the standard theory of
homogeneous nucleation. The study of nucleation
phenomena and the experimental determination of I(T)
are of crucial importance for the understanding of the
physics of metastable liquids. In fact, I(T) is linked to
basic thermodynamical quantities, and the nucleation
phenomenon itself has critical implications in some
metallurgical processes and in materials science.

We have developed a new experimental non-destructive
method to measure I(T) in undercooled liquid metals. The
method is based on the phase sensitivity of the X-ray
absorption coefficient above core-electron absorption edges
[2]. It can be applied to emulsions of liquid droplets or
powder mixtures at high temperatures. By tuning the photon
energy to a high solid-liquid contrast value, and during
suitable sample temperature scans, one can accurately
measure the liquid total mass fractions Xl(t) as a function of
temperature (or time). Because of the intrinsic properties of
the steady state nucleation process mechanism, once the
Xl(t) are determined, it is possible to directly calculate the
I(T) by a numerical solution of an appropriate integral
equation. When compared with conventional one-particle
techniques, the power of this new method relies on the fact
that a large number of particles are probed simultaneously,
thus largely improving the statistics of the measurement.

As an example, we show how this method can be applied to
the crystallisation of undercooled liquid palladium droplets
dispersed in sintered Al2O3 powder. To measure I(T) over a

Fig. 112: EXAFS oscillations as a function of Rb content.
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wide temperature interval, we prepared three different
samples A, B and C, characterised by substantially different
Pd grain mass distribution. In Figure 113 we present the
typical liquid fraction Xl[T(t)] curves measured by X-ray
absorption temperature scans, at several cooling rates. The
different slopes and limiting nucleation temperatures in the
various curves have to be attributed to the spread in the
cooling rates and to the differences in the size distributions
among the three samples.The nucleation rate data obtained
from those curves are reported in Figure 114, where we
present the I(T) of undercooled liquid Pd spanning over
about 6 orders of magnitude. By applying this method, one
can obtain nucleation rates which are overlapping within the

experimental errors, when starting from totally separated
Xl(t) curves.
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Grain Rotations during
Deformation of Polycrystals 
Metals are polycrystalline, with physical, mechanical and
chemical properties that to a large extent depend on the
structure of the grains and the topology of the grain
boundaries. For instance, strength and ductility is a function
of grain size, lattice orientation, and the structural relation
between neighbouring grains. When deformed the
individual grains have to change their shape and orientation
to comply with the external forces. Hence, the topology of
the polycrystal is altered in all aspects. To predict the
properties of the processed material, it is therefore
necessary to describe the plastic response of the grains.
However, to date experiments have been confined to
studies of the macroscopic evolution of texture (surface
investigations are not representative due to strain
relaxation). Such data are not very powerful in terms of
distinguishing between models, and as a consequence
present-day models of deformation are simplistic ones,
formulated at the beginning of the 20th century [1]. Provision
of better deformation models is vital in other fields, including
geophysics, where the formation history of rocks is
deduced from the grain morphology.

Here we present a universal technique for in situ studies of
the plastic deformation of the individual grains. It has been
developed at the 3DXRD microscope at ID11, which
provides focused hard X-rays in the energy range of 50-100
keV. Hence, millimetre to centimetre thick specimens can be
investigated, as required by typical deformation processes.
The experimental principle is sketched in Figure 115.
Diffraction spots are produced by the rotation method using
a monochromatic beam.They are sorted with respect to the
grain of origin by the indexing program GRAINDEX [2,3],
which can handle about 100 grains simultaneously. Knowing
the orientation of the grains at each strain level, the rotations
are found.

Fig. 113: Liquid fractions Xl[T(t)] curves as obtained from
different X-ray absorption temperature scans. In each set of
curves the cooling rate is larger when lower freezing
temperatures are reached.

Fig. 114: Nucleation rate for undercooled liquid Pd in Al2O3

as determined by the new method described in this work.
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The first results for the tensile deformation of 4 deeply
embedded grains in a pure Al sample is shown in
Figure 116. Compared to predictions of the standard Sachs
and Taylor models, the models are found to fail in terms of
both the direction and the rate of the rotation. At the same
time information on the sub-grain scale (grain sub-division)
is provided from the width of the diffraction spots. The
experiment was later repeated, providing a reference data
set of 100 grain rotations. Likewise, the methodology was
expanded to include the evolution of the elastic strain tensor
of the embedded grains [3].

The method is universally applicable provided grains are
larger than 1 micrometre. Furthermore, it can be combined
with other 3DXRD methods to provide 3D maps of the grain
boundaries and their dynamics during processing [3].

References
[1] G. Sachs, Z. Ver. Deu. Ing. 72-22, 734 (1928).
[2] E.M. Lauridsen, S. Schmidt, R.M. Suter and
H.F. Poulsen. J. Appl. Cryst., 34, 744-750 (2001).
[3] H.F. Poulsen, S.F. Nielsen, E.M. Lauridsen, S. Schmidt,
R.M. Suter, U. Lienert, L. Margulies, T. Lorentzen and D. Juul
Jensen. J. Appl. Cryst., 34, 751-756 (2001).

Principal Publication and Authors
L. Margulies (a, b), G. Winther (a), and H.F. Poulsen (a),
Science, 291, pp 2392-2394 (2001)
(a) Risø National Laboratory, Roskilde (Danemark)
(b) ESRF 

Evidence of Co Dimers in Ag
Clusters of magnetic elements [1] exhibit very exciting
properties in the frontier field of nanostructures. Of particular
interest is the distinction between interior and interface
contributions of large agglomerates embedded into a matrix.
In order to confine small Co clusters in a silver matrix, cobalt
was implanted at 50 keV in an Ag layer 50 nm thick, grown
by molecular beam epitaxy (MBE), with a homogeneous
concentration of 0.1 at%. Other methods were also used
such as MBE co-evaporation of Ag and Co, and Co
implantation during the silver layer growth, for dilutions up to
6 at%.The samples were observed at several temperatures
(77, 125, 175, 225 K) by the XAFS technique at BM8, the
GILDA CRG beamline, to investigate the local configuration
around a Co absorber. The spectra, analysed by standard
methods, clearly showed first, second, and third
coordination shells around Co, with Co and Ag features very
well resolved in each shell. From the coordination number
and distance of each contribution we can easily deduce
several important conclusions about the local aggregation of
cobalt. Depending on the dilution and on the thermal
treatment different scenarios can be drawn: the first is
concerned with the presence of Co dimers slightly
contracted in the matrix in quasi substitution configuration in
the fcc silver lattice; they appear in a chainlike order with
each dimer at 90° from each other, along opposite square
faces of the silver lattice, as shown in Figure 117.This result
was obtained for the as-prepared sample at low dilution. At
higher concentration we detected small cobalt clusters as
Co8 at 6 at% (co-evaporated sample) and Co20 at 1.9 at%
(implanted sample). After suitable thermal treatment larger
clusters can grow: we observed in fact Co80 and Co136

agglomerates. Here, the separation of the interface bonds
from the homoatomic interactions is particularly valuable.
The evolution of the raw absorption spectra in the near edge

Fig 115: Experimental principle. All of the grains within the
channel illuminated by the beam will give rise to diffracted
spots during scanning of ω. During straining these diffraction
spots rotate. By indexing the spots the orientation changes of
the grains can be inferred. 

Fig 116: The rotation of four embedded Al grains during
tensile deformation up to 11%. The experimental data (o) are
shown as inverse pole-figures, that represent the position of
the tensile axis in the reciprocal space of the grains. A
comparison is performed with the evolution path from 0% to
11% (––) as predicted by a Sachs model. 
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region demonstrates another interesting feature shown in
Figure 118. A clear phase transition is visible from the
comparison of the shape and features of a hcp Co foil with
respect to the nanoaggregates and to the dimers. Whereas
the spectrum of the largest Co cluster looks very similar to
the Co foil spectrum, the dimers, in the fcc configuration of
the silver lattice, present strongly shifted features, showing
evidence of a fcc → hcp phase transition as the number of
atoms/cluster is larger than about 100. Furthermore, the
gradual evolution, as the size of the clusters increases,
towards the bulk cobalt structure could indicate the presence
of fcc/hcp stacking faults and/or a combination of hcp
clusters with a more diluted cobalt in Ag precursor stage.
Finally, we point out that the vibrational behaviour of each
configuration vs. temperature permitted the determination of
the Debye temperature; we mention only the higher
hardness of the Co-Co dimer bond with respect to Co-Ag,
and the Debye temperature (200 K) of the interface bonds
Co-Ag for the largest clusters.
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High-Pressure Study of the
40 K Superconductor MgB2

The report by the team of Akimitsu [1] of a superconducting
transition temperature as high as 40 K in MgB2, a compound
which has been known for a long time, was probably one of
the most unexpected discoveries of year 2001 in the field of
solid-state physics. It soon led to a large variety of
experimental and theoretical work aimed at understanding
the reasons for such a high Tc in this simple compound.
Among these, the knowledge of the high-pressure behaviour
can provide insight into the origin of superconductivity, as
was demonstrated in the case of the high Tc cuprates. We
have therefore undertaken a study of the electrical and
structural properties of MgB2 up to 40 GPa.

Magnesium diboride has the AlB2-type hexagonal
(P6/mmm) structure, with a = 3.08Å, c = 3.51 Å (inset of
Figure 119). The structure can be described as the
alternate stacking of planes of boron atoms forming a
honeycomb lattice, and planes of magnesium atoms
forming a triangular one. The equation of state of MgB2

was determined up to ≈ 39 GPa by angle-resolved X-ray
diffraction (λ = 0.3738Å) at ID30, the high-pressure
beamline, using a membrane-driven diamond anvil cell
with diamond tips of diameter 300 µm and stainless-steel
gaskets with holes of 120 µm. Nitrogen was used as the
pressure transmitting medium in order to keep good
hydrostatic conditions.The pressure was determined using
the ruby fluorescence method. The diffraction patterns
were recorded with a Mar345 image plate detector located
at 360 mm from the sample and transformed into powder
diffractograms using the Fit2D software. These data were
successfully refined by the Rietveld technique with the
AlB2-type structure up to the highest pressure of ≈ 39 GPa
investigated.

Fig. 117: A possible configuration of 4 Co dimers in quasi
substitutional positions in the silver fcc lattice. The dimers,
contracted and disposed orthogonally to each other, form a
kind of rotating chain on parallel square faces.

Fig. 118: Near-edge structure of the spectra showing dramatic
modifications in the threshold features, clearly shifted with
respect to the reference Co foil.
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In Figure 119 we show the observed p(V) dependence; the
line represents the fit to the observed points using the Vinet
equation of state:

1 – fν 3
p = 3B0 –––––exp[––(B’0 – 1)(1 – fν)],

fν2 2

where fν = (V/V0)1/3, and B0, B'0 and V0 are the bulk
modulus, its derivative and the cell volume at room pressure,
respectively. The values obtained were B0 = 150(5) GPa,
B' = 4.0(3) and V0 = 29.00(4) Å3, the latter being in excellent
agreement with theoretical calculations. Figure 120 shows
the evolution with pressure of the a and c cell parameters
and c/a ratio. Both cell parameters decrease monotonically
with increasing pressure. No sign of a phase transition is
seen.The solid line in the figure represents a linear fit to the
data, with a slope of –1.3 10–3 GPa–1. The similar values of
the a- and c-axis compressibility (1.9 10–3 GPa–1 and 3.1
10–3 GPa–1) indicate an almost isotropic behaviour,
contrasting with the layered-type structure and the different
nature of the chemical bonds in the in-plane and out-of-
plane directions.

Our resistivity measurements under pressure suggest that
the dependence of Tc can be naturally explained by
considering that the 2D pxy holes are the driving carriers for

superconductivity. Although a structural instability has been
reported by others in Al substituted compounds, we do not
observe any crystallographic transition despite the fact that
we reach values of the cell parameters at the highest
pressures, which are smaller than those of AlB2.
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Pressure-induced Quenching
of the Jahn-Teller Distortion
and Insulator-Metal
Transition in LaMnO3

Perovskite-type manganites have recently received renewed
interest after the observation of a negative colossal
magneto-resistance (CMR) effect in La1-xCaxMnO3 and
related materials. Correlated magnetic and metal-insulator
transitions are observed as a function of temperature,
magnetic field, and doping along with charge and orbital
ordering/disordering phenomena [1,2]. The complex
electronic properties of both doped manganites and pure
LaMnO3 originate from an intimate interplay of lattice and
electronic degrees of freedom. At ambient conditions
LaMnO3 is an insulator with an orthorhombic perovskite
structure (space group Pnma, see Figure 121). Alternating
long and short Mn–O2 distances in the ac plane of the
structure are a sign of orbital ordering, which arises from a
cooperative Jahn-Teller (JT) distortion.

High pressure is a means to tune the interplay between
lattice and electronic degrees of freedom in LaMnO3. We
have studied the effect of hydrostatic pressure to 40 GPa on
its crystal structure by monochromatic (λ = 45.09 pm) X-ray
powder diffraction at the beamline ID9. These experiments
were complemented by Raman spectroscopy, optical
reflectivity, and electrical resistance measurements at high
pressures.

Fig. 119: Experimental data and fit to the equation of state for
MgB2 (the crystal structure is shown in the inset).

Fig. 120: Variation of cell parameters with applied pressure for
MgB2.
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Up to 15–20 GPa, the compression of LaMnO3 is anisotropic
with the soft direction along the a axis (Figure 122). Its initial
compressibility is ~ 4 times larger than those of the b and c
axes. LaMnO3 remains orthorhombic to at least 40 GPa.

Rietveld analysis of the powder diffraction data allows us to
refine the full crystal structure up to 11 GPa.The three Mn–O

distances of the distorted MnO6 octahedra decrease under
pressure (Figure 122).This effect is most pronounced for the
Mn–O2(a) distance which relates to the large a-axis
compressibility at low pressures. Extrapolation of the data
suggests that Mn–O bond lengths become nearly equal
around 18 GPa. The cooperative Jahn-Teller effect is
reduced with increasing pressure, a process that appears to
be completed near 18 GPa.

A pressure-induced insulator-metal transition takes place
at pressures much higher than required to suppress the
Jahn-Teller effect. It occurs at ~ 32 GPa as evidenced by
optical reflectivity and electrical resistance measurements
(Figure 123).

Our results suggest the existence of three distinct regimes:
(i) an insulating one with JT distortion and orbital ordering
[P < 18 GPa], (ii) an intermediate one with suppressed JT
distortion and no orbital ordering, but still insulating
[18–32 GPa], and (iii) a metallic phase without JT effect
[P > 32 GPa]. For a certain range of pressures, undoped
LaMnO3 thus appears to exist in an insulating state, which
is not caused by the JT effect. This supports the view that
LaMnO3 basically is a Mott (or charge-transfer) insulator.

The pressure-induced decreases of the Mn–O distances
and of the octahedral tilting both enhance the Mn-O-Mn
interactions and hence enlarge the bandwidth arising from
the eg orbitals. In the intermediate insulating state the eg

electrons are already sufficiently delocalised to suppress the
JT effect, but still not itinerant enough to make the system
metallic. It cannot be excluded from our data that the
stabilisation of this insulating state involves other instabilities,
e.g. a charge-density wave formation similar to that
observed in the isoelectronic (t3

2ge
1
g) Fe4+ oxide CaFeO3. In

contrast to the CMR materials, the insulator-metal transition
in LaMnO3 is driven by an increased bandwidth and not by
chemical doping.

The notion of delocalisation of eg (or t2g) electrons without
metallisation seems also of relevance for other transition
metal oxides with Jahn-Teller electron configurations, e.g.
Fe4+ oxides, rare earth nickelates, and LaTiO3. At ambient
pressure many of these materials are close to the insulator-
metal borderline and some reveal insulating states without
signs of orbital ordering.
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Fig. 121: Crystal structure of LaMnO3.

Fig. 123: Structural, electrical and optical properties indicate
three distinct regimes/phases in LaMnO3: insulating with JT-
distortion, insulating without JT-distortion, and metallic.

Fig. 122: Lattice parameters and Mn–O distances in LaMnO3

as a function of pressure.
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Absence of the High-
pressure CsCl Phase in InAs
One of the common properties of covalent semiconductors
is that all of them present first order phase transitions under
pressure that transform their open four-fold coordinated
structures to more dense six-fold coordinated structures.
The higher density structures to which tetrahedrally
coordinated compounds were thought to transform are
structures that exist at ambient pressure in more ionic
A(n)B(8-n) octet compounds. For example, III-V zincblende
(ZB) semiconductors were expected to transform into the
NaCl phase and eventually to the CsCl phase [1].

However, recent theoretical work [2] predicts that, while
statically stable, the CsCl phase is dynamically unstable at
high pressures for the more ionic III-V semiconductors. By
analysing the destabilising transverse acoustic modes of
CsCl the authors were able to identify two candidate
structures, InBi (P4/nmm) and AuCd (Pmma) that could
possibly replace CsCl. Experimental examination of these
predictions was obviously required.

We have examined the InAs compound, because it is
among the more ionic III-V semiconductors and has the
lowest predicted transition pressure to CsCl.

No direct investigation of the pressure evolution of the local
structure using X-ray absorption spectroscopy (XAS) has, to
our knowledge, been reported on InAs. However, XAS can
play an important complementary role in identifying the local
structure and the degree of short range chemical (site)
ordering in new phases, since it probes selectively the local

environment of the absorber atom and is sensitive to the
surrounding neighbours. The high pressure XAS and XRD
measurements were carried out on beamlines ID24 and
ID30 respectively.

Figure 124 reports XRD integrated profiles: the observed
structural sequence is the following: F-43m → Fm3m →
Cmcm → Pmma, with transition pressures 7.5(5) GPa, 15(1)
GPa and 30(3) GPa. While we are unable to address the
long range site ordering issue from our high pressure XRD
data, we can yield valuable short range chemical
order/disorder (sr-co / sr-cd) information using our XANES
data (Figure 125a). We compared the latter to full multiple
scattering calculations using a self-consistent energy
dependent exchange correlation Hedin Lundqvist potential.
The variations as a function of pressure in the features of the
XAS spectra (Figure 125b) can be associated to the
following structural sequence:
F-43m → sr-co Fm3m → sr-co Cmcm → sr-cd Pmma.

In conclusion, using X-ray diffraction and absorption
techniques, we have demonstrated that InAs does not
transform to the CsCl phase as previously thought, but to

Fig. 124: XRD profiles, Rietveld refinements and residuals at
0.6 GPa (F-43m), 14 GPa (Fm3m), 25 GPa (Cmcm) and at
60 GPa (Pmma).

a)

b)

Fig. 125: a) XAS spectra and b) edge region at i) 7.3, ii) 14, iii)
20, and iv) 40 GPa. The inset shows the trend on the
derivatives. c) energy shift of the absorption onset, defined as
the position of the maximum of the first derivative at the edge
(full dots) and absorption at 11869.1 eV (empty dots). Dark
and light areas correspond respectively to single phase
(Zincblende, NaCl, Cmcm) and phase coexistence regions
(Zincblende-NaCl, NaCl-Cmcm, Cmcm-Pmma).
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a short range chemically-disordered Pmma phase, in
agreement with recent phonon dynamics calculations. This
finding has important implications for the structural
systematics of semiconductors. InAs is the first of the III-V
semiconductors for which existence of a theoretically
predicted phase is verified a posteriori. This leave the
experimental examination of the remaining systems,
foreseen to have a similar behaviour, InP, GaP and GaAs, to
be undertaken.
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Fast Time-resolved in situ
Powder-diffraction Studies
of High-temperature
Oxidation/Reduction
Reactions
In order to perform fast time-resolved in situ powder
diffraction experiments of chemical reactions, a rotating-slit
system for the MAR345 imaging-plate system has been
developed for BM01B (SNBL) (Figure 126). A screen with a
wedge-shaped opening is rotated in front of the MAR345
image-plate detector.The time resolution can be adjusted by
varying the slit size and the rotation speed. In situ powder
diffraction data have been collected with a time resolution
around 100 ms.

The rotating-slit system has been used in time-resolved in
situ powder diffraction studies of the fast oxidation/reduction
reactions of oxygen ion conducting perovskite type materials
at high temperature, 400-800°C.

Perovskite type oxides with composition (A1-xA’x)BO3±δ,
(A = La, Y; A’ = Sr, Ca; B = Mn, Fe, Co) are of interest for
applications such as catalysis, oxygen permeable
membranes, solid oxide fuel cells and colossal magneto-
resistance. For these materials, catalytic activity, magnetism

and oxygen ion conductivity, are closely related to oxygen
stoichiometry, crystal structure and redox properties. The
oxidation/reduction reactions are of topotactic nature and
are completed within a few seconds at 800°C. Therefore,
very fast data collection is required. High-quality powder
diffraction data must be collected in order to monitor
structural changes during the reaction, preferable by means
of Rietveld analysis.

A capillary based micro reaction cell, allowing a flow of gas
to pass through the sample, was used for the experiments
[1,2]. Using a remote-controlled three-way valve, abrupt
changes between nitrogen and oxygen gas can be
achieved, allowing kinetic information to be extracted from
variation of intensity or position of selected Bragg reflections.
Samples were contained in 0.7-1mm quartz glass capillaries
mounted in a Swagelok fitting.The sample was heated using
a hot air blower.

Results are presented for oxidation of SrFe0.97Cr0.03O2.6 at
700-800°C. Switching from a nitrogen to an oxygen
atmosphere is done while the slit is rotating continuously in
front of the imaging plate (one rotation in 15 seconds).
Figure 127 shows the changes in one of the reflections as

Fig. 126: The rotating slit system at the MAR345
diffractometer at SNBL. A capillary-based in situ micro
reaction cell and a hot air heater are mounted on the
diffractometer (inset).

Fig. 127: Changes in position and intensity of one diffraction
peak during oxidation of SrFe0.97Cr0.03O3-δ at 800°C. 
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the oxidation proceeds at 800°C.The gas flow was switched
from N2 to O2 at time t = 0, and powder diffraction data were
integrated to provide a time resolution of 100 ms. An almost
instantaneous change in the diffraction pattern was
observed.

The unit cell volume normally decreases during the
oxidation of perovskite oxides. This is caused by shortening
of the metal-oxygen bond on increased valence state of the
cation, together with the efficient packing of coordination
polyhedra. As an example, consider the oxidation of
SrFeO2.6:

SrFe(III)0.8Fe(IV)0.2O2.6 + 0.1O2 → SrFe(III)0.4Fe(IV)0.6O2.8

Typically the unit cell decrease mirrors the variation in
oxygen stoechiometry. For the present oxidation process,
the time-resolved data reveal an unexpected increase in the
pseudo-cubic unit cell parameter (using LeBail profile
refinement) for an intermediate time interval (Figure 128). It
can be clearly seen that the oxidation process proceeds in
two steps. After an initial fast decrease, a plateau is reached,
most visible at 775°C. A maximum in the unit cell volume is
encountered before the final (slower) decrease occurs. The
same general features are observed at 700°C, where the
process is much slower.

So far thermogravimetric experiments have not shown mass
variations indicating a two-step oxidation process.The reactions
are too fast for in situ neutron powder diffraction studies that
otherwise could determine the time evolution of the atomic
coordinates for the light oxygen atoms. It is presently proposed
that the expansion anomaly is caused by redistribution of
oxygen vacancies, thereby changing the relative amount of
lower coordinated MO4 tetrahedra and MO5 square pyramids.
Forthcoming in situ synchrotron X-ray diffraction experiments
will hopefully solve this intriguing problem.
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In situ, High-energy X-ray
Diffraction Studies of
Electrode Materials for 
Li-ion Batteries
Li-ion batteries are the most common rechargeable power
supply for portable electronic devices. Their electrode active
materials, defined as “intercalation compounds”, are
capable of reversibly inserting (de-inserting) lithium ions in
their crystalline structure upon reduction (oxidation). To
understand the reason for their capacity to fade upon
charge-discharge cycling, a deeper knowledge of their
structural changes is required.The method to observe these
changes is usually the time-resolved in situ X-ray diffraction
carried out during the cycles. The main obstacle for such
investigations is the large X-ray absorption of cell walls and
electrolytic solution. Additionally, the sample itself produces
rather weak diffraction signals even when synchrotron
radiation is used as the primary beam.

In these experiments the very high-energy X-ray beam
(87.5 keV) available at ID15B was utilised, reaching an

Fig. 128: Unit cell parameter (pseudo cubic) of
SrFe0.97Cr0.03O3-δ during oxidation at 775 and 800°C. 

Fig. 129: Sketch of the test cell and of
the experimental setup.
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extremely small attenuation (<1%) of the beam through the
cell. The data collection was carried out by using an image
plate detector (model MAR 345), which allows a complete
collection of the Debye-Scherrer rings, which further
improved the counting statistics. Furthermore, the high-
energy of the beam guaranteed a good angular resolution
despite the grazing-incidence geometry (Figure 129)
required for the experiment. Indeed, if the radiation energy is
increased, the Bragg reflections are produced at lower
angles. Therefore, to keep the q-range unchanged, the
detector must be moved away from the sample. As a
consequence, the X-ray beam spot on the sample will appear
smaller when seen from the detector and the Fraunhofer
diffraction condition (point-like sample) is approached.

These favorable conditions enabled real-time measurement
of the lattice parameter a variation of the spinel Li4/3Ti5/3O4,
usually defined as “zero-strain” compound because of the
extremely small changes (∆a/a<1‰) it exhibits when used as
an anode material. Such a high structural stability is
considered as the main reason for the long cycle life of this
compound.

Figures 130a and 130b represent two intermediate stages
of data processing.They show that even minimal systematic
effects induced by the X-ray beam cannot be neglected
when very accurate measurements are necessary. In
Figure 130a, the time evolution of the a parameter is shown
when neither the thermal drift of the monochromator, which
induces a progressive shift of the beam energy, nor the slight
vertical movement of the X-ray beam upon storage ring

refilling are taken into account. In Figure 130b, the data are
corrected for the first effect only; in Figure 130c for both.

The result reported in the latter figure shows that
Li4/3Ti5/3O4, commonly considered as an almost ideal
material, undergoes structural variations qualitatively similar
to other common electrode materials, although on a much
smaller scale. The high sampling rate permitted the first
observation of a trend variation the Li4/3Ti5/3O4 a curve,
which can be attributed to the presence of single-phase
(shaded areas) and bi-phase domains.

The high statistics and high frequency sampling also
allowed us to accurately follow the real time changes of the
well-known LiNi0.8Co0.2O2 cathode material, in order to
observe its phase transitions upon cycling.

In Figure 131, two regions of the collected diffraction pattern
sequence are shown.The peak evolution in the (4.2-4.8) Å–1

q-range during the first 14 hours of the cell working
(Figure 131a) clearly reveals an irreversible transition
between the two hexagonal (both R

–
3m ) phases, H1 and

H2, occurring during the first charge. Another region,
corresponding to the (3.25-4.3) Å–1 q-range and to the whole
experiment duration, is reported in Figure 131b. In this case,

Fig. 130: Progressive refinement of experimental data (a and
b) to obtain the final curve (c) of the time evolution of the
lattice parameter a of Li4/3Ti5/3O4 (see text). The trend of the c
curve clearly follows the cell voltage profile reported below.
Shaded areas represent the intervals in which a unique phase
is present; elsewhere a coexistence of two phases occurs.

Fig. 131: Two regions in which an irreversible (a) and a
reversible (b) phase transition in LiNi0.8Co0.2O2 can be
observed. The former is revealed by the final disappearance of
the 113(H1) peak; the latter, by the disappearance and
reappearance of the 105(H2) and 107(H2) peaks. Peaks
labelled with (Al) are produced by diffraction of the
aluminum substrate.
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a second reversible phase transition from R
–
3m (H2) to

P
–
3m1 (H3) is observed at very high cell voltage.
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Stress Measurements in Thin
Films using Synchrotron
Radiation
The in situ determination of stress is an important
application of X-ray diffraction in materials science. The
measurement of strain along several directions allows the
determination of different components of the strain tensor.
However, when thin films are considered, these
measurements can prove to be difficult because the weak
intensity of the scattering prevents the accurate
determination of the Bragg peak positions, which is the
principal way of evidencing stresses in stiff materials. In
addition, large anisotropies are usually expected in thin films
depending on the orientation with respect to the surface.

The flux of synchrotron radiation and its small divergence
are necessary for these kinds of measurements.Here we
show that standard z-axis surface goniometers can be used
with several advantages for stress measurements.

Needs for stress measurements in thin films appear in many
areas of materials science ranging from nuclear industry to
micro-electronics. The example below deals with zirconia
thin films, formed on zirconium alloys used as fuel cladding
materials in pressurised water reactors.

On the coolant (water) side, an oxide layer forms, made of
both monoclinic and tetragonal zirconia. Due to the thermal
insulating properties of this layer, control of the factors
affecting its growth is technologically very important. The
stresses in this layer are key parameters in the  control of the
corrosion rate: they might induce crack formation in the
oxide, stabilisation of the normally unstable tetragonal
zirconia and alter the diffusion rate of oxygen through the
oxide. Many experiments have been performed at room
temperature on thick oxides showing a high compressive
stress in the gigapascal (GPa) range. If one wishes to
measure the true stress level related to the oxidation
mechanism, it is necessary to perform, an experiment at the
temperature at which the oxides are grown (i.e. 300°C in our

case) in order to avoid contributions from the different
expansion coefficients of the oxide and the metal.

When one is interested in the first stages of oxide growth
(thin films), the use of synchrotron radiation is necessary to
have an intense and nearly parallel incident beam. This
beam is projected into the oxide at a small angle of
incidence to control the penetration depth and avoid
illuminating the diffraction lines of the metal substrate.
Simultaneously the wavelength can be adjusted to tune
absorption and to increase the scattering angles.

Fig. 132: Geometry for strain measurements in grazing
incidence conditions.

The geometry used (Figure 132) has some analogy with a
standard surface scattering experiment: the incident angle
alpha is kept fixed while scanning the 2θ angle at constant
tilt angle ψ (ψ is the angle between the probed hkl planes
and the normal to the sample). Rotating the sample around
its normal also allows one to keep the azimuth angle φ
constant when 2θ is scanned.

A series of peaks recorded for different values of the tilt
angle ψ are shown in Figure 133.The shifts of several Bragg
peak positions as a function of the tilt angle ψ are measured
from these curves. When plotted as a function of sin2ψ, the
strains exhibit a straight line which allow the determination of
both in plane and perpendicular components of the strain
tensor using the standard “sin2ψ” method.

Fig. 133: Evolution of the Bragg lines as a function of the tilt
angle.
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Knowing the elastic constants of the material, the stress can
be obtained. It was shown in our case that the stress level in
both direction (σ1 and σ3) decreases as a function of the
oxide thickness (see Figure 134).

Fig. 134: Evolution of in-plane (σ1) and normal  (σ3)  stresses
as a function of oxide thickness for Zircaloy-4.

Among the results from such studies on zirconia thin films
one should mention the evidence that:
- residual stresses in the GPa range are present in thin
zirconia films at high temperature.
- the stress levels decreases when the oxide grows.
- cooling the sample back to room temperature induces a
relaxation of several hundreds of MPa.
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X-ray images are not new: they were
probably the main contribution to what we
would call today the “mediatic impact” of
the discovery of X-rays by Röntgen, just
over a century ago. Radiography, or
absorption imaging, remains a frequently
used and useful technique, either in its
original form, or under more elaborate
guises such as synchrotron radiation
angiography, which uses the subtraction of
images around a K-edge.

What is new is the tremendous, and partly
unforeseen, development of X-ray imaging
techniques that have occurred over the last
few years, in connection with the
development of modern synchrotron
radiation sources. The reasons lie in the
association of the source characteristics
with the new detectors and computers.
They can be described using a few
keywords such as “three-dimensional”,
“high spatial resolution”, “coherent
beams”, “in situ”, “real-time”, and
“combination of techniques”. The range of
applications is very wide: not only does it
includes topics from physics, materials
science and engineering, but it also
includes those from geophysical,
environmental, medical and biological
investigations.

The selected articles highlight these
different aspects. Furthermore, they show
in particular:
- new aspects of Bragg diffraction imaging
(“X-ray topography”), with the in situ
growth of an epitaxial layer and the real
time visualisation of the occurrence of
misfit dislocations
- the importance in microtomography of
phase contrast imaging and of quantitative
measurements, which are crucial to our
understanding of the importance of the
mineralisation process in osteoporosis
treatments 
- the emergence of new ways of scanning
imaging, associated with the recent
evolutions of microfocussing devices: a new
microprobe end-station, ID18F, is devoted
to microfluorescence scanning imaging
- the application of X-ray microscopy, using
the fluorescence yield, to resolve
environment-related problems, such as the
intermediate structure within clay gels
- the combination of techniques, which led
to new results in X-ray fluorescence
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microtomography, and to the first
combination of Bragg diffraction imaging
(“topography”) with microtomography, used
to reveal the three-dimensional arrangement
of dislocations in a diamond crystal.

A growing and important topic concerns all
things related to phase contrast images.
A few examples are given in the applied and
industrial applications section of the present
Highlights issue. Let us emphasise here
that 1) the use of a coherent beam allowed
the combination of Bragg and Fresnel
diffraction to access very elusive information
about the matching of ferroelectric domains,
and 2) that holotomography, which combines
phase retrieval (using images recorded at
several distances) and microtomography, is
now routinely used for a wide variety of
problems, which range from the visualisation
of the phases in semi-solid alloys to the
investigation of fine details of biological
materials, (as can be observed in Figure 135)
in this case an Arabidopsis plant.

In situ Imaging of Misfit
Dislocations during
Relaxation Processes in
Compound Semiconductor
Epitaxial Layers 
The molecular beam epitaxy reactor installed on beamline
BM5 has been used to perform in situ high-resolution double
axis X-ray diffraction topography (imaging) and diffraction
measurements on strained layers of the compound
semiconductor InxGa1-xAs grown epitaxially on the (001)
surface of GaAs. Opto-electronic and high-speed devices
based on such materials must operate reliably over
extended periods and this means that the strained layer
must not relax by creation of misfit dislocations at the
interface. Experiments conducted at the ESRF have shed
new light on the mechanisms by which such relaxation
occurs.

New experiments on Si doped layers have identified the
limits to which a modified Matthews and Blakeslee model,
incorporating Peierls stress and impurity pinning, is
applicable. For the fast B(g) dislocations, running in the [110]
direction, and nucleated at regions of damage at the edges
of the very low threading dislocation density, vertical gradient
freeze GaAs substrates, the model holds well up to a Si
concentration of 5 x 1018 cm-3.The critical thickness for misfit
dislocation nucleation rises monotonically with Si
concentration. For the slow A(g) set, running in the
orthogonal [1

–
10] direction, the model breaks down above a

Si concentration of 2 x 018 cm-3, the critical thickness then
becoming almost independent of dopant concentration. The
deviation from the model occurs at a Si concentration at
which cross-slip is observed to occur in the nucleation of the
A(g) dislocations (Figure 136). In undoped layers and those
with low Si concentration, no evidence of cross-slip was
found.

Fig. 135: Tomographic slices obtained by
holotomography of a seed of Arabidopsis. 
a) The cotyledon almost completely fills the seed. 
b) with a higher magnification we can see several
plant features: the tegumen (A), the protoderm (B),
intercellular spaces surounding the individual cells
(C) and organites with a higher density (D).
Energy = 20 keV. 
(Courtesy P. Cloetens and R. Mache)

Fig. 136: Double axis in situ X-ray topograph showing
evidence of cross slip occurring during nucleation of slow A(g)
misfit dislocations at high Si dopant concentration
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For undoped layers, only a very small change was observed
in the critical thickness as a function of growth temperature.
Inclusion of a temperature dependent term in the Matthews-
Blakeslee model yielded an activation energy of
0.3 ± 0.2 eV. A larger drop in critical thickness with
increasing growth temperature was observed in doped
layers and the activation energy for the various relaxation
processes observed in doped layers can be determined.

By measuring the intensity integrated over the image under
fixed setting of beam-conditioning optics, it has been possible
to observe for the first time the hardening of epilayers during
relaxation. This measurement provides a measure of the
radius of curvature of the wafer, which is proportional to the
strain in the epilayer. Figure 137 shows the integrated
intensity across the topographic image, as a function of
thickness during the growth of an epitaxial layer. In the elastic

region, the first of three stages visible, little or no relaxation
occurs and the rate of increase of wafer curvature is high. In
stage 1, equivalent to the region of easy glide in bulk
systems, misfit dislocations are created freely and these are
sufficiently mobile to relax all the additional strain introduced.
There is no increase in wafer curvature. In stage 2, the lattice
is hardened by interaction of the A(g) and B(g) dislocation
sets and misfit dislocation motion is impeded. As a result
substantial strain is locked into the layer and the curvature
increases, but at a slower rate than in the elastic region. In
situ rocking curve measurements, revealing incomplete
relaxation in stage 2, confirm the analysis.
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3D Microtomography
Imaging by Synchrotron
Radiation for Quantitative
Analysis of Bone Samples
Osteoporosis is a widespread bone fragility disease,
resulting from a negative unbalanced coupling between
bone resorption and bone formation. It is becoming a major
problem of health and the evaluation of bone quality remains
a technical challenge. New treatments such as
bisphosphonates have proved to be efficient for reducing
fracture risk without the expected increase in bone mass
density [1]. Recent studies suggest that the degree of
mineralisation, in addition to the amount of bone tissue and
the microarchitectural organisation, should be considered
when determining bone strength and mechanical resistance
to fracture [2].

The availability of three-dimensional measuring techniques
coupled to specific image processing methods opens
up new possibilities for the analysis of bone structures.
In particular, synchrotron radiation microtomography
(SR µCT) may provide 3D images with spatial resolution as
high as one micrometre. The SR µCT system installed at
ID19 has already been used to quantify trabecular bone
architecture [3]. However the possibility of doing quantitative
tomography using SR had not been tested. We showed that
the use of a monoenergetic synchrotron source allows
quantitative measurements of the degree of bone
mineralisation. To date, the main technique allowing the
quantification of the degree of mineralisation in bone was
quantitative microradiography of thin polished bone sections
[2]. The technique requires an accurate preparation of bone
sections, and is limited to a bidimensional (2D) analysis.

SR µCT images may be interpreted as accurate maps of the
3D distribution of the linear absorption coefficient within the
volume. Since the absorption depends on the mineral
content of bone, we employed a calibration method relating
the reconstructed gray level to the degree of mineralisation
(concentration of hydroxy apatite). The method was first
compared to the reference microradiography technique.
Then, it was applied to the analysis of human biopsies from
osteoporotic patients before and after one and two years of
bisphosphonate treatment (Figure 138). The distribution in
concentration of hydroxyapatite evaluated from the biopsies
of one patient, before and after one and two years of
treatment  is illustrated by Figure 139. The shift towards the
right of the histogram after treatment indicates that the bone
sample is more mineralised. While no significant changes

Fig. 137: Plot of integrated intensity across the topograph
image versus epitaxial layer thickness for an In0.04Ga0.96As
layer doped with 3.5 x 1018 cm-3 of Si. hc1, hc2, hm1, hm2

corresponding to the critical thickness for nucleation and
multiplication of B(g) and A(g) misfit dislocations determined
directly from the X-ray topographs.
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regarding structural parameters were observed with
treatment, the statistical analysis exhibited a positive trend
towards higher mineralisation. Thus, SR µCT appears as a
unique tool for analysing bone samples both in terms of
microarchitecture and bone mineral content.
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ID18F: A New X-ray
Microprobe End-station
A new User end-station, ID18F (Figure 140), dedicated to
precise and reproducible X-ray microprobe measurements,
has been constructed in the third experimental hutch of the
ID18F beamline in collaboration with the MiTAC laboratory
of the University of Antwerp, Belgium.The activities are also
funded through the EU Project (Growth Programme),
MicroXRF.

The goal of the end-station is to improve procedures of
micro-X-ray fluorescence analysis in order to reach 5-10%
average accuracy of quantification down to sub-ppm
concentration levels for elements of Z > 13. In order to
achieve this goal, high reproducibility of the measurement
geometry and instrumental parameters, and very good short
and long-term stability and precise monitoring (< 1%) of the
intensity variation of the incoming beam, are required.

The end-station uses the optics infrastructure of the ID18
beamline: the energy of the monochromatic radiation can be
tuned in the 6-28 keV range by changing the undulator gap
and employing a fixed-exit double crystal Si(111)
monochromator.

The micro-probe setup is positioned on a movable granite
table. Compound refractive lenses are used for focusing.The
routinely achievable spot size is 1-2 micrometres vertically
and 12-15 micrometres horizontally. Ionisation chambers and
photodiodes monitor the intensities of the incoming, focused
and transmitted beam. A miniature ionisation chamber with
an aperture of 50 micrometres in diameter as an entrance
window was developed at the ESRF (M. Kocsis, J. Surr) for
measuring the intensity of the focused beam close (< 5 cm)
to the sample. The 3-5 % precision available by using the
measured signal of the mini-ionisation chamber for
normalisation purposes will be improved further in the future.

Characteristic X-ray line intensities are detected by a Si(Li)
detector (GRESHAM) of 30 mm2 active area, 3.5 mm active
thickness and 8 micrometre thick Be window placed in 90°
geometry to the incoming linearly polarised X-ray beam. Fast
scanning XRF measurements (> 0.1 s live time/spectrum)
are possible. The AXIL software package is used for the on-
line evaluation of X-ray fluorescence spectra. Quantification

a) b)

Fig. 138: Reconstructed image of iliac crest biopsy sample: 3D
display (a) and first 2D slice (b). Voxel size = 10.13 µm. 

Fig. 140: Experimental setup of ID18F.

Fig. 139: Distribution of hydroxyapatite (HA) concentration in
cortical bone for one patient before treatment (Ø), after one
year of treatment (1) and after two years of treatment (2). 
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of scanning micro X-ray fluorescence experiments with
inverse Monte Carlo simulation is under development.

The analytical characteristics (degree of polarisation,
absolute and relative limits of detection) of ID18F were
determined by measuring certified reference materials. The
degree of polarisation is > 95%. The available relative
detection limits (DL) are < 0.1 ppm for elements of Z > 25.
DLs down to a few ppb are possible for a number of
elements on the basis of 1000 s time measurements and
that of ppm is available during several seconds. The
absolute DLs are less than 1 fg for elements of Z > 25. The
flux in the focused beam is 109-1010 photons/s depending
on the energy of the incoming beam.
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Oriented Mesostructures in
Aqueous Clay Gels
Phase transitions in colloidal suspensions have attracted
considerable attention in recent years due to the potential of
such systems for fundamental and applied research. The
phase behaviour of anisotropic colloids (relevant to most
natural systems) is complex due to possible orientational
ordering which can lead to inorganic liquid crystals.
Suspensions of rod-like particles exhibit an isotropic/nematic
phase transition described by Onsager’s theory, which also
applies to the case of uncharged plate-like colloids as
revealed by recent experiments on monodisperse or slightly
polydisperse platelets [1].The situation is much less clear in
the case of charged colloidal plates such as natural swelling
clays. Indeed clay mineral suspensions do not exhibit a clear
isotropic/nematic phase transition with phase separation
but, instead, at very low volume fractions (as low as 0.5 wt%)
a sol-gel transition turns out to be ubiquitous. However,
natural clay minerals are extensively used in drilling fluids
because of these gelling properties. The mechanism of gel
formation and the resulting gel structure are still not fully
understood.

In this regard, direct gel visualisation would represent a
significant advance. Multi-keV X-ray microscopy appears as
a most promising technique for such a purpose, since it
enables the investigation of hydrated samples without any
pretreatment. Montmorillonite gels were examined using the
X-ray microscopy beamline, ID21. The beam energy was
fixed at 2500 eV to ensure a good fluorescence yield for
silicon. The investigated depth was estimated to be around

50 µm. A few mg of Wyoming Na-montmorillonite gel 
(50 g.l-1) were placed in a vacuum-tight cell with two Kapton
windows. Figure 141 presents the silicon fluorescence yield
image obtained on a montmorillonite gel. The most striking
feature of this image is the presence of long range
orientational order (~ 200 µm) with aligned domains richer in
silicon (3 to 8 µm wide) alternating with Si-poor zones (5 to
30 µm wide) corresponding to water domains. Concentration
profiles perpendicular to the lamellae reveal a periodical
evolution with a concentration dependent period
(Figure 141).

This image represents the first direct experimental evidence
for the existence of a super-structure in montmorillonite gels.
It must be stressed that this orientational order is not directly
due to individual clay platelets for which the size lies
between 0.1 and 0.8 µm, i.e. two orders of magnitude lower
than the observed silicon-rich zones, but to “packs” of clay
layers, the structure of which remains to be determined. Our
preliminary study raises numerous questions about the
fundamental physical mechanisms underlying the formation
of such entities (isotropic/nematic transition frustrated by
charge [2] and/or entanglement, demixtion, spinodal
decomposition). In future work, we intend to explore the full
phase diagram of concentration and ionic strength by
combining X-ray microscopy experiments with optical and
rheological measurements. We also would like to study in a
more systematic way the influence of charge, particle
morphology (size and anisotropy) and polydispersity on the
existence and formation of the observed superstructures by
combining experiments on synthetic clay samples and on
natural montmorillonites from various geological
environments.

References
[1] F.M. van der Kooij, K. Kassapidou and H.N.W.
Lekkerkerker, Nature, 406, 868 (2000).
[2] A. Mourchid, A. Delville, J. lambard, E. Lécolier and
P. Levitz, Langmuir, 11, 1942 (1995)

Fig. 141: Silicon fluorescent yield mapping of a 
Na-montmorillonite clay gel at 50 g/l. The image was rebuilt
from four different scans 100 mm by 100 µm with a resolution
of 1 µm and a dwell time of 400 ms. 1, 2, 3 correspond to three
profiles analysed on the right of the figure.
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New Results in X-ray
Fluorescence Computed
Microtomography
XFCMT is a non-destructive, non-invasive imaging method
that has started to play an increasing role in microanalysis
during the last three years [1]. It complements transmission
imaging by offering the much-needed elemental sensitivity
down to trace element concentrations with the same
micrometre-sized spatial resolution.

The method has been described extensively [1 and
references therein], and currently ID22 performs
fluorescence tomography with resolutions as high as
1 micrometre, using the microprobe setup with compound
refractive lenses with fluxes as high as 109 to 1010 ph/s in the
beamspot, for energy in the range 14 – 25 keV, while PINK
beam mode allows flux increases of 10-20 times with the
expected slight degradation in the bandwidth.

The sample imaged was a micro-fragment from the
Tatahouine meteorite, fallen in 1931 and promptly stored at
the Natural History Museum in Paris. The grain analysed
was recently retrieved from the original site and compared to
the pristine ones retrieved in 1931. A series of experiments
in SEM and TEM [2] were performed, in order to study the
remnants of pleomorphic bacteria present in fractures and
fault lines of the meteorite.

The grain was placed in a sealed thin (≤ 10 µm thick) silica
capillary to guarantee the non-destructiveness of the
measurement – since we wanted to perform IR
spectroscopy afterwards. As the scattering peaks produced
a non negligible background, it was necessary to use the
AXIL fitting package for online data analysis, particularly for
the low energy lines which are subject to self-absorption.

The microbiological study of this meteorite revealed
bacteriomorphs of sizes between 0.1 to 0.6 µm, which were
obtained by cultures of the soil surrounding the grains.
Hence, it was postulated that these bacteria appear at the
fracture sites of the grain, following fluid circulation of
carbonates from the soil due to terrestrial weathering.
Therefore, our study aimed at identifying and locating non-
invasively carbonate phases as well as pyroxenes and
chromites specific to the grain. The grain was analysed

through the silica walls of the capillary which posed no
problems for the imaging of any elements with the exception
of Si which was the main constituent of the capillary walls. In
Figure 142 is shown the distribution of Fe, Cr and Ca
particular to the phases expected, with a resolution of 2 µm
using the ART reconstruction algorithm.

These analyses were completed by high-resolution (1 µm)
3D-transmission tomography that revealed the location and
sizes of cracks and fractures as well as phases denser than
the bulk of the grain. The tomographic set of data collected
allowed us to obtain a rich image of the grain and to non-
destructively characterise its morphology and structure,
prior to the other analyses which require sample preparation
and possibly alteration of the grain. This study is part of a
CNES/NASA benchmark to establish the feasibility of such
detailed analyses on Martian meteorites in the quarantine
phase through the walls of a mini-P4 sample holder.

In the near future, the ID22 group will continue
improvements of XFCMT, by upgrading both the
experimental setup as well as the methodology of data
collection, analysis and reconstruction, to enlarge the limits
of the applicability of this technique.
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Fig. 142: Fluorescence tomograms of a micrometeorite grain
inside a silica capillary. Reconstructions (using ART) of the Kα
lines for Si (capillary), Fe, Cr and Ca are shown. Resolution ≈
2 µm, Integration time = 2 sec/pt.
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3D Imaging of Crystal Defects
by “Topo-Tomography”
X-ray diffraction topography is a well-established method for
the visualisation and analysis of crystal defects in high-
quality single crystals. Distortions of the crystal lattice, such
as those provoked by individual dislocations, give rise, in the
low absorption case, to locally enhanced X-ray reflectivity.
They can be observed as line-shaped contrasts (so-called
“direct image” contrast [1]). However, in a single diffraction
topograph, the 3D dislocation structure is projected into two
dimensions. Therefore, more refined methods are required
to determine the spatial arrangement of the dislocations in
the bulk of the crystal.

Provided the direct image is the dominant contrast
mechanism, the intensity distribution in the diffraction image
is a good approximation to a 2D projection of the local
reflectivity along the direction of the diffracted beam.
Consequently, if one succeeds in measuring a large number
of such projections while turning the sample around a fixed
rotation axis, the principles of computed tomography can be
applied in order to reconstruct the unknown 3D distribution
of the local reflectivity. However, compared to conventional
absorption tomography, there is the additional constraint that
the crystal, during its turn around the rotation axis, has to
stay in diffraction for a given reflection.This can be achieved
by an experimental setup as depicted in Figure 143, which
allows precise alignment of the rotation axis a and the
reciprocal lattice vector g associated with the chosen
sample reflection.

Figure 144a shows one of the 500 diffraction topographs
recorded from a 7 x 7 x 2 mm3 sized synthetic diamond
sample. As can be seen from this diffraction image, the
crystal contains a large number of individual dislocations,
which superpose in this single projection. Figure 144b
shows the result of the tomographic reconstruction: the
depicted slice corresponds to a virtual section of the crystal

at the position of the dashed line AA’, indicated in
Figure 144a. One can clearly distinguish the trapezoidal
outline of the sample cross-section and a number of isolated
point-like contrasts. These contrasts correspond to the
positions where the dislocations thread through the layer.
Applying a simple intensity threshold to the 3D data set, one
can easily visualise the 3D arrangement of the dislocation
lines with standard volume rendering software. Such a 3D
rendition of a small part of the crystal (indicated by the box
in Figure 144a) is finally shown in Figure 144c. One can
observe different families of line-shaped contrasts, which
correspond to dislocations with preferential orientations in
the crystal lattice.

To summarise, “topo-tomography” may be regarded as a
new three-dimensional crystal characterisation technique,
based on the combination of X-ray diffraction topography
and computed microtomography.The approach is applicable
to high-quality single crystals and yields an approximation of
the three-dimensional distribution of the local Bragg
reflectivity in the bulk of the crystal.
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Fig. 143: Experimental setup used for topo-tomographic data
acquisition. During the tomographic scan, the crystal is turned
around the rotation axis a (angle ω). The crystal has to be
aligned such that the diffraction vector g is parallel to a.

Fig. 144: (a) Integrated, monochromatic beam X-ray
diffraction topograph (2D) of diamond sample (white
corresponds to higher diffracted intensity). (b) 2D
tomographic slice (plane AA’ in (a)), reconstructed from a
series of 500 diffraction topographs. (c) 3D rendition of the
small part of the crystal, indicated in (a).
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Following the tendency of recent years, a
substantial increase in proprietary research
at the ESRF was seen during 2001: Around
300 shifts were purchased, representing an
increase of 35% with respect to 2000.

Macromolecular crystallography data
collection was the main activity (80% of
shifts in 2001). A dozen companies
regularly take advantage of the ESRF
facilities in this area, both large
pharmaceutical companies and start-ups
driven by proteomics – a promising activity
generated by genomics.

In order to better meet the requirements of
industrialists, a “Fedex” service has been
launched whereby companies can send
their samples by post and the data
collection is carried out by ESRF scientists
who are specialised in industrial
biocrystallography. This new procedure will
allow the optimisation of beam time use
and will avoid many expensive and time-
consuming trips for industrialists.

Another growing activity for
pharmaceutical companies is X-ray powder
diffraction for characterising the crystalline
fine state of drugs. Mastering the crystalline
characteristics, i.e. amorphous versus
crystalline content, size of crystallites and
crystalline lattice, is of utmost importance
for the manufacturing process. Sometimes
tiny changes can only be detected using the
ESRF's high-resolution diffractometers; this
aspect is illustrated in this section by one
contribution.

Other industrial activities are concerned
mainly with materials, with diverse
applications such as microelectronics, glass,
cosmetics, petroleum, construction or
plastics. Four examples are given here. 
Two describe applications of
microtomography in various domains. 
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A series of microtomography images
illustrate the capabilities of this technique
for characterisation, control and process
development. The two other examples are
related to microelectronics, more precisely
to the control of silicon carbide processing
by synchrotron topography, and to the
characterisation of defects in silicon after
ion implantation and annealing using the
promising grazing incidence diffuse X-ray
scattering (GIDXS) technique. The ESRF is
ideally suited to exploit this technique to
study defects induced in the process of
fabricating shallow junction by sub-keV
dopant implantation. 

Finally the last article deals with the latest
results from the industrial facility that has
been installed at the ESRF to fulfil the
requirements of the semiconductor
industries in terms of contamination
control.

Structural Transformations
and Physical Properties of
Zopiclone 
Racemic zopiclone (a cyclopyrrolone hypnotic drug
marketed as Zimovane® tablets) crystallises in two
centrosymmetric forms: monoclinic dihydrate (I) (Figure
145) and monoclinic anhydrous (II). Zopiclone is also known
to form a non-centrosymmetric orthorhombic anhydrous
structure (III). Motivation for the study of the structural basis
of the reversible transformation I ↔ II (and the subsequent
solid-state chiral separation II → III) came from reports of
significant batch-to-batch variation in physical form amongst
commercial samples of zopiclone.

Figure 146 shows XRPD patterns collected on BM16 in the
range 2.2-3.6° 2θ (λ = 0.8 Å) for the three forms of zopiclone.
Form II was produced in situ from the starting sample of

form I by breaking the sealed end of the capillary
and exposing the sample to a warm N2 stream.The
transformation was monitored via the growth on
heating of the diagnostic (1 0 0) reflection at ca.
3.23°, which occurs at the expense of the dihydrate
(1 0 0) reflection at ca. 2.96°. Further heating
transformed II → III, as evidenced by the
appearance of the form III (0 0 2) reflection at ca.
2.57°.The crystal structures of all three forms were
determined directly from the XRPD data using the
simulated annealing procedure described
previously [1] which is now implemented in the
DASH computer program [2].

Fig. 145: The conformation of zopiclone in the crystal
structure of form I.

Fig. 146: The transformations of
zopiclone on heating.
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The molecular conformations and basic packing motif in
forms I and II are strikingly similar, with the zopiclone
molecules arranging themselves in bilayer sheets which
remain essentially unchanged in the dehydration process as
the water molecules are removed from the crystal structure.
The process is energetically straightforward since the
principal structural change during dehydration is the close-
packing of each bilayer sheet by 6.61 Å along the c axis and
1.48 Å along the a axis, both relative to the form I unit cell.
This close structural similarity also accounts for the ease
with which hygroscopic form II reverts to form I on exposure
to high relative humidity at room temperature.

The exothermic transformation of form II → III at elevated
temperature is a rare example of a spontaneous resolution
of enantiomers in the solid state and is accompanied by a
significant change in molecular conformation. There is no
doubt that the (R) and (S) enantiomers separate during the
transformation, although the XRPD experiment cannot
distinguish between formation of racemic twins or a racemic
conglomerate – either possibility is consistent with the
diffraction data. However, the sharpness of the powder
diffraction lines indicates domain sizes in excess of 1000 Å.

In summary, the monoclinic centrosymmetric form of
zopiclone dihydrate undergoes a sequential, two-step
transformation in the solid state upon heating which results
in enantiomer separation. Central to detailing the
transformations at molecular level was the requirement to
produce a sharply diffracting sample of form II and then
solve its crystal structure. In this regard the high instrumental
resolution and count rate offered by BM16, plus the efficient
global optimisation method, was ideally suited to the
experiment and demonstrates the power of structure
elucidation in ‘troubleshooting’ pharmaceutical processing
problems.
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First Direct 3D Visualisation
of Microstructural Changes
During Sintering
Sintering is the material preparation process that allows
densification of powders at temperatures lower than their
melting point. Mass transfers that take place to minimise
surface energies induce various microstructural changes
such as intergranular porosity disappearance and grain
growth. Since the sixties, much research has been done to
understand and model sintering phenomena. The data
collected for those studies came from large-scale
techniques or was obtained by averaging 2D
measurements. Consequently, predictions of densification
phenomena are generally limited to the case of ideal grain
arrangements [1]. Recent developments of the X-ray
computed microtomography technique opened the path to
non-destructive 3D characterisation at the micrometre scale
of samples during sintering, offering an entirely new
viewpoint for sintering mechanisms analysis.

The material considered was a soda-lime glass powder
constituted of spherical particles (average diameter of
120 µm).This size was chosen to have a significant number
of spheres in the X-ray beam while a high voxel resolution
was kept (2 µm). Isothermal sintering treatments and
microtomography measurements were performed
sequentially on pre-sintered samples at ID19.

Fig. 147: 3D image of the CT-reconstructed volume of a
quarter of a pre-sintered sample.



2001  HIGHLIGHTSESRF

Applied and Industrial Research

103

A 3D reconstructed image of a quarter of a sample in the
initial state (pre-sintered) is presented in Figure 147. Grains
appear as spheres lightly connected to each other which is
the typical microstructure of a powder compact at the very
beginning of sintering. More complete measurements have
been obtained from a given sub-volume of the compact
(200 x 200 x 200 µm3), extracted from the sample at different
times. The 3D microstructural evolution of that sub-volume
during sintering is illustrated in Figure 148, for the solid part
(left) and the porous part (right). These views give an
unprecedented description of the 3 stages of sintering. First
stage (a): formation of necks between particles and grain
rearrangement without pore elimination. Second stage (b):
neck growth, changes in grain shape and pore elimination.
Third stage (c): final densification and pore closure. Such
images clearly depict the complex geometrical changes that
take place all along the sintering process; the classical
description of pores as cylinders in the intermediate stage is
quite far from reality.

Some relevant parameters relative to sintering phenomena
have been extracted from these images. For example,
porosity evolution has been calculated both in the whole
sample and in the sub-volume in order to study the influence
of large packing defects on surrounding particles during
densification. More interesting is the time evolution of neck
connecting particles. First results suggest that necks formed
during the process increase in the same way as those that

were initially present. Accordingly, neck growth can actually
be described using a unique law within that glass material.
This observation agrees with numerical calculations
performed on such glass powder systems [2] showing that,
at least at the beginning of the process, neck growth is
mainly governed by the local minimisation of surface energy
and is almost independent of the grain surroundings.

This conclusion must be reinforced by more global and
precise analysis of the data, but it clearly reveals the
potentiality offered by this technique.

References
[1] R.M. German, Sintering theory and practice. Wiley-
interscience publication, ed. John Wiley & sons, New York
(1996).
[2] D. Gendron, Numerical and experimental study of
sintering at the grain scale, PhD. Thesis, University
Bordeaux 1 (2001).

Authors
D. Bernard (a), D. Gendron (b) and J.-M. Heintz (a)
(a) Institut de Chimie de la Matière Condensée de
Bordeaux, CNRS, Pessac (France)
(b) CERMEP, Grenoble (France)

Industrial Microtomography
Applications at ID19
X-ray imaging techniques, and in particular X-ray computed
microtomography (CMT) [1], provides a valuable tool for
applied research.These techniques are non-destructive and
give access to three-dimensional (3D) images of various
materials at the micrometer scale.

Over the past three years, an increasing number of industrial
companies have used CMT, on the ID19 beamline, to solve
problems they encounter.This is performed either by paying
for beam time and expertise, or through collaboration with
universities or research groups and peer-reviewed
proposals. One of the keys to this success is that, in addition
to confidentiality and rapid access, the ESRF now proposes
a complete service, which includes the preparation of the
experiment (discussion about the experimental feasibility,
mechanical and electronic device preparation, when
required), the experiment itself and data analysis (volume
reconstruction in CMT, image processing, etc.).

Three selected industrial applications are presented, with
the agreement of the industrial companies concerned. The
first two originate from the cosmetics industry, which is one
of the sectors of activity that benefit highly from
microtomography, and the third from the chemical industry,
more specifically for polyurethane foam processing.

Fig. 148: Morphological evolution of the solid phase (left) and
of the porosity (right) as a function of sintering time.
(a) ts = 20 min., (b) ts = 120 min., (c) ts = 270 min.
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Imaging of Soaps
Different kinds of soaps at different manufacturing stages
were investigated. Figure 149 shows particle distribution in
volume (3D rendering), with a voxel size of 1 micrometre.
The aim of such an experiment was to identify the various
soap components using quantitative information such as the
linear attenuation coefficient, and to determine their shape,
number and size.

Density Mapping of Hair
Using the holotomography technique [1], a study on hair was
performed at very high resolution (pixel size: 0.33 µm).
Figure 150 shows the result of 3D density mapping of
human hair.This figure represents a 3D rendering of the hair,
which shows the medulla as a lower density area within the
cortex [2].

Polyurethane Foam Processing
The large pixel size range (from 40 to 0.3 micrometres)
available at ID19 allows complete studies in the domain of
foam processing. The characterisation of foam closed-cell
details on a large scale, with good statistics is possible.This
implies the consecutive use of optics with a large field of

view at low resolution and a small field of view at very high
resolution in the same foam. Figure 151 shows two
reconstructed slices of the same foam, using low and high
resolutions, respectively.

It is clear that microtomography is well adapted to the
resolution of many types of industrial problems, and it is
expected that the number of industrial experiments and the
range of topics will extend over the next few years. The new
experimental hutch of the ID19 beamline, together with
instruments entirely devoted to microtomography, will allow
a fast and easy access, as well as better management of the
beam time for industrial experiments.
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Fig. 149: 3D rendering of soap - 512*512*256 voxels (voxel
size: 0.95 µm3).

Fig. 150: 3D rendering of
human hair (voxel size:
0.33 µm3).

Fig. 151: Reconstructed slices of the same closed-cell foam at
low (pixel size: 30 µm) and high (pixel size: 0.95 µm)
resolutions.
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Structural Defects in SiC
Schottky Diodes 
Thanks to its excellent thermal, mechanical and electronic
properties such as large band gap and high mobility, 4H
silicon carbide (4H-SiC) is an important semiconductor for
high-temperature, high-power and high-frequency devices.
The behaviour of SiC devices depends on the structural
quality and purity of the substrate, and on the device
processing. Structural defects in SiC crystals are misoriented
domains, inclusions, macrodefects, dislocations and
micropipes [1]. X-ray topographic investigations were
performed in order to separate and identify defects already
present in the substrate and those induced during processing
of Schottky diodes.

An n-type 6 µm thick epilayer with about 1016 cm-3 doping
was grown using the CVD technique at about 1450°C on the
front side of a 35 mm 4H-SiC 8° off axis wafer, 0.5 mm thick,
purchased from CREE.Titanium was deposited as Schottky
metal on top of the epilayer, and patterned, to make diodes
with surface ranging from 0.1 to 2.3 mm2.The ohmic contact
was obtained at the backside of the substrate, with a full
sheet metallisation, and subsequent annealing. The
synchrotron topography (diffraction imaging) was performed
at the ID19 and BM5 beamlines.

Structural defects were investigated, on bare wafers, after
epitaxy and after metallisation. The wafer curvature was
examined using the so-called “zebra” pattern technique [2]. It
consists of illuminating the crystal with a monochromatic
beam and a step by step rocking of the sample around a
given Bragg reflection peak. Due to the narrow wavelength
selected by the monochromator and the dispersive geometry
used, only some regions of the crystal diffract at a fixed
sample position. Figure 152 gives a typical example of the
“zebra” pattern recorded on a non-processed wafer and

indicates the non-homogeneity of the structural defect
density over the wafer and the presence of residual stresses.
The radius of the curvature of the wafer is approximately 6
m. The dislocation, micropipe and subgrain boundary
densities were not modified with processing. A detailed
analysis shows that Schottky process did not generate new
structural defects. On the other hand, the wafer curvature
was modified from 6 m to 50 m after epitaxy and 11 m after
the metallisation. The first modification is induced by an
annealing phenomenon during epitaxy. The second one is
due to the residual stress after polishing the backside of the
wafer.This step is necessary in order to obtain a good ohmic
contact.

Figure 153 is an optical micrograph of a whole wafer with
processed diodes. Figure 154 shows the 000l white beam
back reflection topograph of a part of the wafer. The large
white spots correspond to micropipes. The smaller spots are
elementary screw dislocations.Each processed diode can be
directly located on the topograph due to the stress introduced
by the metal contacts. Diodes with or without defects have
been selected in order to correlate the presence of defects
with the electrical behaviour of the diodes.

Schottky diodes were tested using an HP4156
Semiconductor Parameter Analyzer, by measuring I (V)

Fig. 152: “Zebra” pattern recorded on a non-processed SiC
wafer (35 mm diameter), monochromatic beam with
E = 18 keV used. The rotation step between consecutive
exposures was 0.005°.

Fig. 153: Optical micrograph in reflection of a SiC wafer
(35 mm diameter) with Schottky diodes. 

Fig. 154: White beam back reflection topograph of a part of
the wafer shown in Figure 153.
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characteristics in the forward and reverse mode. A
correlation between the presence of subgrain boundary and
leakage under low reverse voltage (20 V) was established.
No influence of screw dislocations or micropipes was
detected. A more detailed characterisation is underway,
involving more devices and higher reverse voltages.
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The "Lifetime" of Defects
in Silicon after Ion-
Implantation and Annealing
One of the major issues of concern for the future sub-
micrometre integrated circuit technology is the fabrication of
ultra-shallow junctions (< 100 nm) by dopant ion
implantation in silicon at different energies (≤ 1 keV for B and
some keV for As) and rapid thermal processing (RTP).
These junctions will be necessary for the next CMOS
technology nodes, where channel lengths of 0.13 µm in
2001 and 0.09 µm in 2004 are expected (International
Technology Roadmap for Semiconductors, ITRS, 2000
update). In the last few years, leading companies have
produced big efforts to construct innovative ion beamlines, in
order to support this new frontier of ion implantation. Ion
beams are now available with energies even below 1 keV
and currents, high enough to ensure high wafer throughput
for dopant ions of technological interest (boron, arsenic).

Lattice point defects and their agglomerates, introduced in
silicon by the implantation process, play a crucial role in
several processes used in the fabrication of electronic
devices. Despite the immense technological interest in these
defects, many of their properties are still unclear, due to the
difficulty of determining the atomic configuration of complex
cluster structures. The expected size of the defects induced
by implants with keV energies and ion masses of B and As
lies above that of simple point-like defects and below that of
extended defects. Severe difficulties arise when the defect
complexity increases and surface damaged layers of
thickness of the order of 10 nm have to be investigated with
conventional (laboratory) experimental techniques.
Therefore, we have started an intense investigation by the
technique of grazing incidence diffuse X-ray scattering
(GIDXS) of the damage introduced into Si by ion
implantation. GIDXS was chosen because of its high
sensitivity to very shallow surface layers and to different
atomic defect configurations.

The GIDXS has been developed and used on boron dopant
atoms implanted in silicon at higher energies (35 keV). We
have demonstrated the strength of the method to follow the
defect transformation as a function of annealing treatments
[1,2]. In essence, defect clusters consisting of B and Si
interstitials of a diameter of about 4 nm are formed after
implantation and low temperature annealing. After RTP the

Fig. 156: Growth and dissolution of the extrinsic stacking faults as a function of annealing time at a RTP temperature of 1060°C
(measurements performed at SSRL and ESRF).

Fig. 155: GIDXS reciprocal space map of the intensity
distribution close to the (220) surface reflection caused by
extrinsic stacking faults on {111} planes. a) qz points along
[001] and qradial along the [110] direction. The intensity along
qz is measured by a PSD (green bar). 
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clusters dissolve and the corresponding diffuse intensity
close to Bragg peaks (Huang scattering) decreases
dramatically. The boron atoms become electrically active.
The surplus silicon self-interstitials are condensed in
extrinsic stacking faults on {111} planes, which produce
characteristic intensity streaks along the <111> directions
(Figure 155). The width of these streaks perpendicular to
<111> is used to determine the size of the stacking faults,
the integrated intensity is a measure of the number of self-
interstitials bound in stacking faults. Depending on the
temperature of the RTP, the kinetics of growth and
dissolution of the stacking faults can be monitored by GIDXS
as shown in the figure for the case of 1060°C. It is clearly
demonstrated that within a short time-window of only 80
seconds the stacking faults grow and disappear almost
completely (Figure 156).

We have started a project called IMPULSE (Ion Implantation
at Ultra-Low Energy for Future Semiconductor Devices),
financed by the European Commission and involving
scientists from five European institutions and a company in
Germany. Due to the highly brilliant beam and the multi-
circle diffractometer, beamline ID1 is ideally suited to the
application of this promising technique for the first study of
sub-keV energy implanted Si with dopants (B, As). The
results obtained by GIDXS will be correlated with those of
MEIS and TEM and with the depth profiles of the dopants
measured by SIMS and SRP.
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How Synchrotron Light can
Help Develop Faster
Computers
The continuing drive for the production of faster electronic
devices requires technological developments in all stages
of chip manufacture. The improvement of the
manufacturing process can only be effective when
appropriate metrology techniques are available for
monitoring during both the development and production
phase. A key parameter for yield and reliability
management in the fabrication cycle is contamination
control and consequently a wide variety of analytical
techniques are employed to monitor the cleanliness of both

the manufacturing processes and the raw materials
involved. One of the most demanding structures in silicon-
based transistor technology is the insulating SiO2 gate
oxide which separates the transistor gate contact from the
Si channel for current flow between the source and drain
electrodes. The trend towards a reduction in the lateral
dimensions of transistor structures is necessarily
accompanied by a reduction in the thicknesses of this film
– the current technology uses insulating film thicknesses
of as little as 25 atoms. Metallic contaminant atoms in this
oxide film can “poison” its insulating properties causing
short circuits and hence device failure.

Faced with these difficulties, device manufacturers have
developed sophisticated procedures to ensure the
cleanliness of the wafer surfaces prior to oxide formation and
other processing steps. Among the methods employed to
evaluate the levels of surface contamination, total-reflection
X-ray fluorescence (TXRF) is widely used. TXRF is a non-
destructive, quantitative, surface chemical analysis
technique based upon the detection of characteristic X-ray
fluorescence emission from elements excited by a primary
X-ray beam incident at grazing angles on a sample. In
common with most other X-ray fluorescence techniques, the
measurement consists of the acquisition of an X-ray
spectrum (counts vs energy) using an energy-dispersive
detector. The energies of the observed peaks allow an
identification of the elements present (each element giving
rise to a discrete and well-defined fluorescence signature).
The intensities of the observed peaks are related to the
concentrations of the elements in the X-ray beam excited
region. TXRF uses the phenomenon that a flat smooth
substrate (such as a typical silicon wafer) will totally reflect
an X-ray beam which impinges upon the surface at a

Fig. 157: SR-TXRF spectrum from a ultra-clean wafer used
as across calibration test between SSRL and ESRF TXRF
facilities. The Cr, Fe and Ni contaminants are in the order
of few 108 at/cm2 and the lower limit of a detection in
107 at/cm2 scale.
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sufficiently small, “critical” angle. Under these conditions
the beam penetration into the substrate is reduced to a
surface layer of a few tens of Ångström thickness. As a
consequence, the characteristic fluorescence contribution
from the substrate is minimised and the sensitivity to surface
localised elements is greatly enhanced.

Although TXRF is extensively used as an in-fab analysis
tool for wafer quality control and characterisation, the
limited beam intensity of conventional tube or rotating
anode based X-ray sources restricts the sensitivity of the
measurements. By coupling the TXRF technique with a
high brightness synchrotron X-ray source, the combination
of increased beam flux, energy tunability and reduced
background allows an improvement in the attainable

detection limits which satisfies the metrology needs for the
next generation of semiconductor devices. Figure 157
shows a TXRF spectrum acquired from a 200 mm ultra-
clean silicon substrate at the ID27 TXRF facility which
provides an analytical service for contamination control for
industrial users. The detected contamination levels are of
the order of 108 atoms/cm2 and the spectra indicate a
minimum detection limit for the transition elements of a few
several 107atoms/cm2: equivalent to a number of
contaminant atoms of a few hundredths of a millionth of a
silicon monolayer!
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Exploiting the full potential of the ESRF
storage ring sources remains a permanent
challenge for the experimentalist. The
optics used today to adapt the X-ray beam
properties to the experiments are not
always of the quality needed to reach the
diffraction limit. For example, the spot size
produced by focusing elements such as
curved mirrors is still about an order of
magnitude above the theoretically possible
limit, situated at about 50 nanometres. The
detector can also severely reduce the data
flux compared to what could be reached in
an ideal situation, in particular when
recording two-dimensional images. Efforts
are required to improve the performance of
the instrumentation, both before and after
the sample, so that our Users will be in a
even better position to carry out
outstanding experiments. Diversification of
both optical elements and detectors is
needed to better match the beam
properties to the experiment and thus
optimise the resolution-flux-count rate
chain.

The present chapter reports on several
technical developments that go along these
lines: to improve the experiments and
increase their scope by providing better
performance and more diverse choices.
We begin with “simple” slit systems, where
new “clean” slits have been developed that
do not create artefacts by blade roughness
and that are compatible with the
coherence properties of the X-ray beams.
Once its cross-section is well defined, the
beam must be further conditioned and in
many cases focused to very small
dimensions, often below a micrometre, in
order to assess structural information on
the mesoscopic scale. This can be done by
several methods according to the specific
experimental technique employed.
A beautiful example of a micro-focusing
experiment is the microcrystallographic
study of samples of historical interest
using a recently developed X-ray waveguide
that compresses the beam down to
0.1 micrometres. The vertical aperture of
this one-dimensional beam condenser is,
however, quite small and therefore focusing
elements accepting wider beams and able
to focusing in two dimensions must be
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available. A well-known system is the
double-focusing Kirkpatrick-Baez (KB)
mirror device where two curved substrates,
coated either by a single metallic layer or
by a stack of multilayers, concentrate the
beam to a very small spot. The focusing
efficiency depends on the quality, i.e.
roughness and figure of the mirrors or
multilayers. Here substantial progress has
been achieved recently and the fabrication
of several KB systems is envisaged.

Focusing can also be produced by single
crystals, which, in addition to focusing,
select a narrow bandwidth out of a white
beam. Usually the crystals must be bent to
do so, but the clever use of refraction
effects that always occur at single crystal
diffraction, allows us to create a converging
beam. This very recent and novel technique
has the obvious advantage that no complex
and accurate mechanical structures are
needed for bending. It appears that it also
provides some energy tunability. It is very
unlikely that focal dimensions smaller than
about 10 micrometres can be reached, but
this is sufficient for many applications.
With respect to more flexibility, the
development of “tailored” multilayers with
a very wide or a narrow spectral window
will allow the user to choose between more
possibilities and thus to find a better
compromise between resolution and
intensity.

Finally, in the last contribution to this
chapter the most recent state-of-the-art of
detector performance and development at
the ESRF is described presenting impressive
achievements and perspectives in this very
important field of synchrotron
instrumentation.

Coherent Diffraction by Slits
High-brilliance third-generation synchrotron sources provide
intense beams of sizes down to less than 10 µm. High
angular resolution and small beam sizes need to be
combined when micrometre scale objects are probed, as
well as in ultra SAXS or in coherent scattering experiments.
The beam size ∆x and the resolution ∆q are, however,
restricted by the diffraction limit: ∆x ∆q > 1/2. If slits are to be
used to reduce the beamsize, it is a challenging task to
obtain well-defined beams for small apertures, since in
addition to strong diffraction phenomena, slits may cause
intense parasitic streaks when the aperture has the same
size as the typical length-scale of the surface roughness of
the slit blades.

We have developed slits using polished cylinders to reduce
the roughness. The performance of such a slit system
depends on the radius and the material of the cylinders:
either the incident photons are totally reflected from the
cylinder of radius R (for incident angles αi < αc) or they are
absorbed by them (for αi > αc), provided that the penetration
length µ-1 is small enough (µ-1 << 2Rαc). At 8 keV radiation,
this is readily accomplished by molybdenum cylinders with a
radius R = 1 mm [1]. A typical result obtained on ID1 in
conditions of coherence is shown in Figure 158 with a
2 µm x 2 µm aperture. The diffraction pattern shows
Fraunhofer interference fringes with a high contrast. Cross-
terms of interference are also visible. The asymmetry of the
diffraction pattern is explained by the intrinsic asymmetry of
the slit, which can be determined quantitatively by analytical
calculations [1,2].

In Figure 158, a strong background is observed due to slit
diffraction. For SAXS experiments this strong scattering
needs to be further reduced by inserting a “guard slit”
between pinhole and sample, the configuration of which is

Fig. 158: Diffraction pattern of two crossed slits made of
polished molybdenum cylinders.



obviously dictated by two limiting cases: while closing the
guard slits to the size of the pinhole aperture, they will
develop their own diffraction pattern and opening them can
only be done to an extent where they still reduce the
diffraction of the aperture pinhole significantly. Moreover, the
relative position of pinhole, guard slits and sample needs to
be optimised. A too small distance between pinhole and
guard slits is inefficient to reduce the background to signal
ratio. On the other hand, it cannot be too large because of
the front wave propagation. It can be shown [1] that for high
resolution experiments, the guard slit has to be located close
to the sample and at Λ = a2/2*λ from the pinhole (a is the
aperture).
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From diffraction theory one can estimate that the diffracted
intensity of two successive slits, though strongly reduced,
still decays with a q-2 dependence perpendicular to the
beam. For a more precise calculation, numerical simulations
have been performed [1], which result in a minimum of the
parasitically diffracted intensity as a function of the slit
opening (Figure 159). For a 10 µm pinhole at 8 keV for
example, the slit diffraction can be reduced by more than two
orders of magnitude for the guard slit closed to 27 µm and
located a2/2*λ = 40 cm downstream. The experimental test
of this prediction is displayed in Figure 160. It confirms that
a well-chosen setting of two cylindrical slits permits the
preparation of a well-defined primary X-ray beam with a
peak to background ratio larger than 2 x 104.
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Microcrystallography with
an X-ray Waveguide
X-ray microdiffraction experiments on the micrometre scale
are now routinely performed at third-generation synchrotron
radiation sources, such as ESRF [1]. With this in situ
technique, samples can be scanned with microscopic
positional resolution. There is growing interest in achieving
even smaller beam sizes in the sub-micrometre range in
order to investigate structural details on mesoscopic length
scales, i.e., between microscopic (micrometres) and atomic
distances (nanometres). Examples include biomaterials,
polymers and phase analysis in inhomogeneous mixtures
(see below).

X-ray waveguide optics is a promising approach for sub-
micrometre crystallography. These devices have been
shown to provide beams of 0.1 µm in one dimension [2].The
waveguide used in the present study has a Mo/C/Mo
sandwich structure with a carbon spacer of 80 nm. Radiation
transport in the waveguide takes place through the light
element layer by total reflection at the opposing metallic
layers. The experiment was carried out on ID13, the
Microfocus Beamline, at an energy of 13 keV. A graded
multilayer mirror was used to focus the beam horizontally to

Fig. 159: Calculated background for a 10 µm pinhole for
various apertures of the guard slit located 40 cm downstream.
A clear background minimum appears for a 27 µm optimal
aperture. 

Fig. 160: Primary beam intensity on a log scale obtained by
using the experimental setup described in the text. The direct
illumination CCD camera (pixel size: 22 µm) is located at
1.75 m from the guard slit. The primary beam has a maximum
intensity of 2 x 104 cps and covers 3 pixels only. 
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3 µm while the waveguide focussed the beam to 0.1 µm in
the vertical direction. The flux at the sample position is
109 photons/s in the 0.1 x 3 µm2 spot at a storage ring
current of 200 mA.The scanning setup developed at ID13 is
shown in Figure 161. Two video microscopes allow for
precise sample alignment. A three-axis piezo translation
stage enables positioning and scanning of the sample with
better than 0.1 µm repeatability.

When compared with standard experiments using large
beam sizes, X-ray microdiffraction on phase mixtures can
give more interesting and informative results. A rough
classification of the expected scattering patterns is possible
by comparing the beam size (S) with the size of the
coherently scattering object (L):

1. L > S means single crystal diffraction with only a few spots
on the detector.
2. For L ≈ S one expects the presence of spikes on the
Debye-Scherrer (powder) rings.
3. L < S implies powder rings.

As an example for all of these cases, we chose a grain from
the handle of a Koan transport amphora used during
the period 300 BC to 100 AD. It shows a complex phase
mixture, which is typical for ceramics samples.The scanning
electron microscope (SEM) image (Figure 162a) suggests
compositional changes on different length scales.
Correspondingly, the diffraction pattern (transformed to polar
coordinates, Figure 162b) shows that the size of coherently
scattering objects varies considerably. Spikes are an
indication for scattering objects of the same size as the
beam (case 2); weaker continuous lines below the spikes
suggest the presence of fine powder grains (case 3); in
addition, strong reflections from larger single crystallites are
observed (case 1).

The two averaged powder patterns shown in Figure 162c
were collected at sample positions that are 17 µm apart.The
calculated positions of reflections suggest the presence of
magnesian calcite, diopside and quartz. The strong 101
quartz reflection (red curve of Figure 162c) is clearly visible
as a prominent single crystal reflection (Figures 162b and
162d). The present data demonstrates that with sub-
micrometre beam sizes the signals from small amounts of a
rare component can be detected and discriminated against
the strong contributions of quartz or calcite.
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Fig. 161: Schematic view of the sub-micrometre scanning
setup on ID13 with combined mirror and waveguide optics. 

Fig. 162: SEM and X-ray microcrystallography results for
a grain from the handle of a Koan transport amphora.
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Kirkpatrick-Baez Optics for
Sub-Micrometre Focusing
Microanalysis covers an important area of research with
synchrotron radiation. Its applications require the highest
possible spatial resolution.The small source size (a few tens
of micrometres) and low divergence (a few tens of micro-
radians) of the X-ray beams produced by the ESRF storage
ring provide excellent starting conditions to create small
beams. Still high-performance X-ray optics are needed to
demagnify the source by focusing it onto the sample under
study. Many optical devices have been developed to
concentrate X-ray beams to very small spots, sometimes
even smaller than 100 nanometres.

Focusing methods based on reflection by curved surfaces
coated with a single layer (mirror) or a stack of many layers
(multilayer) present a number of advantages such as high
irradiance gain, wide energy range, large acceptance, even
at high energy with high efficiency. Here we want to report
on a crossed mirror system that has been developed at the

ESRF. It is based on the so-called Kirkpatrick-Baez (KB)
design. Two orthogonal coated silicon substrates are bent
into elliptical shapes by mechanisms based on flexure
hinges. This device provides both very high accuracy and
flexibility. It uses precise motors to tune the substrate shape
to the experimental conditions such as focal distance and
energy. Eight degrees of freedom are needed for alignment
and focusing. The length of the substrates of the systems
developed ranges from 92 to 300 mm.The surface quality of
the substrates and the reading accuracies have to be very
high. Typically, the final shape can be obtained to within a
few nanometres. Novel figuring techniques will allow us to
achieve a shape accuracy around 1 nanometre and maybe
even below [1].

Figure 163 shows a specific setup studied on beamline
ID19. At about 140 m from the source the dimensions of the
monochromatic beam of 19 keV energy were defined by
precise slits 0.2 mm x 0.25 mm wide. This beam was first
reflected by a 170 mm long vertically focusing platinum
coated mirror set at 3 milliradian grazing incidence. Then it
was focused horizontally onto the sample by the 96 mm long
second mirror. An X-ray sensitive CCD camera was used for
computer-aided alignment of the mirrors with respect to the
beam. A linear wavefront optimisation technique [2] served
to shape the mirrors correctly. A 43 µm wide platinum stripe
deposited on a polished silicon substrate set at a glancing
angle of 2.8 milliradian was used as a very narrow reflective
pseudo-slit, 0.12 µm wide, and scanned across the focus.
The measured full widths at half maximum (FWHM) were
0.2 µm horizontal and 0.6 µm vertical (see Figure 164).
These values were bigger than both the ideal source image
and the diffraction-limited spot sizes of 48 by 65
nanometres. Vibrations were clearly identified as a major
contribution to blurring.The irradiance gain was estimated to
3.5 x 105.Fig. 163: Microfocusing Kirkpatrick-Baez setup. 

Fig. 164: Vertical and horizontal scans through the focus by a 0.12 micrometre width reflective slit. Inset: projection image of a gold
grating with minimum periods of 300 nm.
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The spot size was confirmed by the resolution of a 268-times
magnified image of a gold grating obtained by projection
microscopy [3] where periods down to 300 nm could be
clearly distinguished (Figure 164).The microanalysis device
has been used for an experiment to study the wetting of a
nickel bi-crystal by liquid bismuth. By scanning the sample
across the X-ray focus, a microfluorescence raster image
was produced. Figure 165 shows the image obtained at the
bismuth L-edge with minimum feature sizes of 0.58 µm
FWHM. The same KB system was further examined on the
bending magnet beamline BM5 giving a spot size of
0.7 µm x 0.7 µm. We now aim at improving the stability, the
mirror quality [1], and the acceptance up to 1 mm2 by using
graded multilayers.
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Diffractive-refractive Optics:
A New X-ray Focusing
Monochromator
By diffractive-refractive optics we mean crystal devices that
utilise refraction phenomena occurring during X-ray
diffraction to focus or collimate a diffracted beam.

When a beam is transmitted through a prism it is deviated
from the direction of the impinging beam. The deviation of
the beam changes with the change of the angle between the
faces of the prism. In diffractive-refractive optics we do
basically the same with a Bragg-diffracted beam. If the
surface of a crystal is parallel to the diffracting planes, the
incident and diffracted beams form equal angles with
diffracting planes and in this sense the crystal behaves like
a mirror. If, however, the surface is inclined with respect to
the diffracting planes, the diffracted beam is deviated from
the “mirror-like” reflection and this deviation depends on the
size and the orientation of the inclination. Figure 166 shows
the general case of the inclination, representing the general
asymmetric case of diffraction. According to theory, the
diffracted beam is deviated by refraction, both in the
meridional and in the sagittal directions. The deviations are
very small, but sufficient to influence narrow and long
synchrotron X-ray beams.

We can exploit this effect to focus or collimate beams by
machining the diffracting surface into a suitable shape [1,2].
For example, a sagittally focusing monochromator designed
for synchrotron radiation consists of four grooved crystals
forming a so-called (-,+,+,-) dispersive arrangement. The
grooves should have a parabolic profile and should be cut in
the longitudinal direction. Each groove contributes to
focusing: the so-called dispersive configuration cancels the
smearing of the focus, which is caused by the wavelength
dispersion. It also eliminates the depth aberration that would
broaden the beam in the vertical direction after double
reflection.

A simplified version of this kind of monochromator was built
consisting of a crystal pair with longitudinal holes (Figure 167).

Fig. 165: Bismuth L-edge microfluorescence image of a nickel
bi-crystal showing 0.58 micrometres features. 

Fig. 166: Deviation of diffracted beam in the general case of
asymmetric Bragg diffraction. 

Fig. 167: Sagittally focusing four-bounce crystal
monochromator.
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The X-rays are diffracted twice inside each channel-cut hole.
In this case, the parabolic shape of the diffracting surface is
replaced by a circular one, which does create a small
aberration. Fortunately, this drawback is compensated by the
simplicity of the device.We have clearly demonstrated at both
the ESRF and the APS that this scheme works – even for a
long focusing distance of 20 m. Figure 168a shows the
image of an 8 keV X-ray beam diffracted by the sagittally
focusing monochromator using Si(111) crystals with an index
of asymmetry of 18.2 and a hole diameter of 4.5 mm. The
image was taken close to the monochromator, and the beam
size was 3.2 mm. Figure 168b shows the focus at the
focusing distance of 2 m. The size of the focus was 140
micrometres.

Our experiments show that with this method it is possible to
reach a focal width of several hundreds of micrometres
without any special treatment of the diffracting surface.
These focusing monochromators are simple and compact,
their focusing distance remains practically constant within a
certain energy range. Due to the dispersive four-bounce
configuration, they also keep the position of the exit beam
fixed.
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J. Hrdý (a), N. Artemiev (a), A. Freund (b) and J. Quintana
(c), Proc. SPIE 4501, 88-98 (2001).
(a) Institute of Physics ASCR (Czech Republic)
(b) ESRF
(c) APS (USA)

Tailored Multilayers: Narrow
or Wide Bandpass
Typical multilayers used as optical elements at third-
generation synchrotrons provide a spectral bandwidth of 1 to
5%. During the past year, the ESRF multilayer laboratory
has developed new types of multilayer structures to extend
the range of energy resolution to higher as well as to lower
values.

To obtain narrow bandpass multilayers it is necessary to
increase the number of layers contributing to a Bragg
reflection. This can be achieved by using materials of low
absorption and low optical contrast at the given photon
energy. From the variety of available systems we have
chosen Al2O3/B4C multilayers [1] that fulfil the above
requirements for a wide energy range and that also allow
smooth layer growth with low interface roughness. Al2O3/B4C
samples containing up to 800 layer pairs were characterised
on a high-resolution reflectometer installed on BM5, the
Optics beamline. We obtained a spectral bandwidth of only
0.27 % (see Figure 169) with a reasonable peak reflectivity
of about 35 %. However, residual errors in the stack affect the
performance and a further work will be necessary to improve
the sample quality. Here, extremely stable deposition
parameters are mandatory.

A different approach has been applied to fabricate wide
bandpass multilayers. In this case, depth-graded structures
are required to fulfil the Bragg condition either for fixed
energy and varying angles or vice versa.The key problem is
to find the vertical layer composition profile that will produce
a given reflectivity profile. We have based our study on
theoretical work done by Kozhevnikov et. al. [2] who used a
combination of an analytical approximation followed by a
numerical fit calculation to obtain the required sequence of
layers. As a first example, we have designed a multilayer
providing a constant reflectivity of about 20% at 8048 eV

a) b)

Fig. 168: a) Image of a beam recorded close to the exit of the
focusing monochromator; b) Image of the same beam
recorded at the focusing distance of 2 m after the
monochromator.

Fig. 169: Spectral bandwidth of a [Al2O3/B4C]680 multilayer
measured at 12 keV as compared to that of a conventional
[Ru/B4C]80 multilayer.



HIGHLIGHTS  2001 116ESRF

Methods and Instrumentation

within an angular range from about 0.9° to 1.1° resulting in a
Ni/B4C sample consisting of 43 irregularly spaced bi-layers.
Figure 170 shows the experimental data as well as a
simulation that takes into account the remaining fabrication
errors. As mentioned above, stable conditions during the
coating process play a crucial role. Further development of
wide bandpass multilayers will be one of the main activities
in the multilayer laboratory during the next year.
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Detector Development
With the continuous increase in source and optics
performance, there is an ever increasing pressure to
improve the detection capabilities.Therefore, a number of in-
house and collaborative detector developments were
undertaken during the last year. Some of these
developments were concerned with improving or
augmenting existing detectors, such as the gas filled
detectors and the high speed CCDs, or FRELON cameras.
Other developments concerned new detectors or detector
technologies, such as the pixel detectors.

Gas-Filled Detector
Gas-filled detectors, with delay line detection, suffer from two

main limitations. The first limitation is the local count rate.
When a large number of photons hit the detector in a small
area, many electron-ion pairs are created. Due to the
relatively slow drift velocities of the ions, a local cloud of ions
will form, and create a field screening effect, called space
charge. This space charge significantly decreases the
detector efficiency. The solution to this problem is to reduce
the drift length of the ions and to neutralise them as quickly
as possible. This is the principle of the gaseous electron
multiplication (GEM) technology. In collaboration with CERN
(group of F. Sauli) and within the scope of a European
project named PASERO, GEM-foil-based X-ray detectors
were developed. Sheets of 50 micrometre thick kapton were
covered on both sides with a thin layer of Cu, and have 60
micrometre wide holes separated by 140 micrometres.
Since the amplification process of electrons and ions
happens within the small holes, the drift length of the ions is
less than 50 micrometres, as compared to a few millimetres
in classical gas-filled detectors. With this technology, we
have now obtained an increase in local count-rate of two
orders of magnitude. Figure 171 shows the inner part of a
200 mm by 200 mm detector with GEM technology that has
been used successfully on the beamlines.

A second limitation of the gas-filled detectors, is the fact that
all wires are read through a single readout port, called the
delay line. While considerable progress has been made to
speed up this process [1, 2], the real solution to the problem
is to read all wires in parallel. Such a paralellisation is only
possible by using Application Specific Integrated Circuits
(ASIC). A first ASIC with 12 parallel channels has been
designed, fabricated and successfully tested in the lab, and
is now integrated within the GEM detector for the first
beamline tests. We are currently developing a completely
parallel readout structure based on ASIC’s and Field
Programmable Gate Arrays (FPGA). This will allow us to
improve the total count rate by at least two orders of
magnitude.

High Speed CCD FRELON Camera
CCD based detectors have become the workhorses of many
synchrotron beamlines. However, due to the increased flux
on the sample, the exposure times are often reduced to less

Fig. 170: Reflectivity of a [Ni/B4C]43 depth-graded multilayer
optimised for incident angles between 0.9º and 1.1º at a
photon energy of 8048 eV. The experimental data are
practically indistinguishable from those of the simulation.

Fig. 171: Inside view of the 200 mm by 200 mm gas filled
detector utilising the new GEM technology.
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than a second, whereas CCD readout times are typically a
few seconds. To eliminate this mismatch, the ESRF has
developed a Fast Readout Low Noise CCD camera, called
FRELON. This camera has been used successfully on
several beamlines for a number of years. To increase the
speed, a 2000 x 2000 pixel version and a streaking mode of
operation has been developed this year. In this mode only a
few lines of the CCD are used for exposure and the rest of
the lines serve as buffers.The streaking mode has been used
successfully at ID17, the medical beamline. Furthermore,
one camera has been coupled to a fibre optic taper, giving a
95 x 95 mm2 input field and a spatial resolution of 110 µm (full
width at half maximum). It features an interchangeable
phosphor mount for easy adaptation to various energies and
resolutions. A picture of the fibre optic coupled camera is
given in Figure 172.

Pixel Detectors
Since August 2000, the ESRF has been a partner of the
Medipix-2 collaboration. This is a collaboration of 15
European laboratories co-ordinated by CERN. Its goal is to
produce a readout chip (ASIC) with 256 x 256 pixels of
55 µm pitch, as well as complete photon-counting pixel
detector assemblies. Photon-counting pixel detectors
distinguish themselves from CCD detectors by the fact that
every pixel has its own data acquisition and processing
electronics (amplifier, discriminator, counter). Since it is a
counting detector, it has a certain energy resolution.
Therefore, one can discriminate between X-ray signals and
electronic noise and so virtually eliminate the noise.

Several beamline tests have already been done using the
current chip version (Medipix-1 [3]) with 64 x 64 square pixels
of 170 µm pitch bonded to a pixellated silicon sensor. The
detector easily discriminates 8 keV X-rays from noise counts,
as illustrated in Figure 173, and provides significant
advantages in terms of spatial resolution and dynamic range
when comparing with state-of-the-art CCD-based detectors.
Figure 174 shows a small-angle scattering pattern obtained
at ID10, showing an intensity range extending over five
orders of magnitude above background. Another distinct
advantage of the pixel detector is its possibility of fast
readout. We have achieved acquisition rates of 100 Hz with
the Medipix-1 chip at BM5 [4].

These results show that photon-counting pixel detectors
have now reached an operational state, with performances
surpassing those of current area detector systems.
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Fig. 172: FRELON 2000 x 2000 pixel camera coupled to a
95 mm by 95 mm input fibre optic taper.

Fig. 173: Threshold scan of a MEDIPIX-1 assembly at ID10.
The solid line gives the number of counts above a certain
energy. The dash-dotted line is the derivative of the solid line
and gives the number of counts at a certain energy.
The 8.12 keV X-ray peak is clearly separated from the
electronic noise. The energy resolution, ∆E/E, is 23%. 

Fig. 174: SAXS pattern of a SiO2 colloidal solution at 8.12 keV
energy. The exposure time is 100 seconds. Only a few non-
counting pixels (the black ones) can be seen.
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The lifetime, bunch length and energy spread depend on the
filling pattern. They are given in Table 6 for a few
representative filling patterns. Note that in both the 16 bunch
and single bunch modes, the energy spread and bunch
length decay with the current, the value indicated in the table
corresponding to the maximum current. The bunch lengths
are given for the usual RF accelerating voltage of 8 MV.

Filling pattern Uniform 16-bunch Single
bunch
Maximum current [mA] 200 90 20
Lifetime [h] 75 9 6
Rms energy spread [%] 0.11 0.12 0.22
Rms bunch length [ps] 20 48 73

Table 6: Current, lifetime, bunch length and energy spread in
various representative filling modes. 

Summary of Machine
Operation
The year 2000 was already a year in which records of
availability and mean time between failures (MTBF) were
set. In 2001, once again, these records were surpassed. A
total of 675 shifts (5400 hours) were scheduled for beam
delivery to the Users. Nine more shifts (72 hours) were
dedicated to radiation tests or personnel safety system
checks. Out of these 5400 scheduled hours for user service
mode (USM), 5224 hours were actually delivered, which
represents a record of availability of 96.8 % (compared to
96.4 % in 2000). The remaining hours are spread between
the unavoidable dead time for refills: 76.6 hours for 532 refills
(i.e., 1.4 % of the USM time) and the time taken up by
failures: 98.2 hours (i.e. 1.8 % of USM time) for 117 beam
interruptions. This gives a new record mean time between
failures (MTBF) of 46.1 hours (compared to 38 hours in
2000). It is worth highlighting that these results, and in
particular these low failure rates, are exceptional in the world
of X-ray sources! The figures are presented in more detail in
Table 7.

Introduction 
Throughout 2001, the Machine Division continued its efforts
to improve the performance of the X-ray source and
undertook a number of new developments that are
described in this section.

Machine Parameters
Table 4 presents a summary of the characteristics of the
electron beam of the storage ring.

Energy [GeV] 6.03
Maximum Current [mA] 200
Horizontal emittance [nm] 4
Vertical emittance
(*minimum achieved) [nm] 0.025 (0.010*)
Coupling (*minimum achieved) [%] 0.6 (0.25*)
Revolution frequency [kHz] 355
Number of bunches 1 to 992
Time between bunches [ns] 2816 to 2.82

Table 4: Main global parameters of the electron beam.

Table 5 gives the main optics functions, electron beam sizes
and divergences, at the various source points. For insertion
device source points, the beta functions, dispersion, sizes
and divergences are computed in the middle of the straight
section. Two representative source points of bending
magnet radiation have been selected corresponding to an
angle of observation of 3 mrad (9 mrad) from the exit, they
correspond to different fields. Electron beam profiles are
Gaussian and the size and divergence are presented in
terms of rms quantities. The associated fwhm sizes and
divergences are 2.35 larger. Beam sizes and divergences
are given for the uniform filling modes and apply to almost all
filling patterns, except the single bunch for which a slightly
larger size and divergence is reached due to the increased
energy spread of the electron beam.

Even ID Section Odd ID Section Bending Magnet Bending Magnet 
(ID2,ID6…) (ID1,ID3 …) 3 mrad 9 mrad

Field [T] Depends on ID Depends on ID 0.4 0.85

Horiz. Beta Functions [m] 35.2 0.5 1.41 0.99
Horiz. Dispersion [m] 0.137 0.037 0.061 0.045
Horiz. rms e- beam size [µm ] 402 59 100 77
Horiz rms e- divergence [µrad] 10.7 90 116 111

Vert. Beta Functions [m] 2.52 2.73 34.9 34.9
Vert. rms e- beam size [µm ] 7.9 8.3 29.5 29.5
Vert. rms e- divergence [µrad] 3.2 3 0.85 0.85

Table 5: Beta functions, dispersion, rms beam sizes and divergences for the various source points. 
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Filling Patterns
The major difference noted for the year 2001 when
compared to 2000 is the greater demand for uniform filling
mode. This mode, first delivered in 2000 at a rate of 3%, is
now delivered at the same rate as for the 2 * 1/3 filling, i.e.,
a share of 30-35% for each of these 2 modes.The remaining
35% is shared between the 16 bunch, the single bunch and
the hybrid 1 modes (Figure 175).The main advantage of the
uniform filling mode is a long lifetime, greater than 75 hours
at 200 mA hence reducing the heat stroke on the Users’
monochromators during the refilling of the storage ring. In
addition, it makes better use of the limited dynamic range of
the X-ray detectors.

Fig. 175: Distribution of the filling modes during the year
2001.

Nonlinear Optics Studies
Touschek scattering can have a detrimental effect on lifetime
of the electron beam, even for a high-energy ring like the
ESRF. In particular, Touschek lifetime is critical for time-
structured modes of operation (single bunch, 16-bunch). It
can be minimised by achieving a large momentum
acceptance.

For a long time, the comparison between experimental off-
momentum lattice characteristics (orbit, tunes, ß-functions,
synchrotron frequency…) and predictions from tracking
software had shown significant discrepancies at large ∆p/p

values. Several effects have been investigated to account for
this divergence:
- Tracking: off-momentum tracking always implies some
approximations in the description of elements. However
similar results are obtained from different tracking software
(BETA, MAD…).
- Non-linear effects due to higher-order field components of
magnetic elements: even a significant scaling of the
measured multipolar components does not remove the
discrepancy.
- Approximation of the thin sextupoles by a single thin lens
or by a succession of thin lenses. Given the variation of ß-
functions along sextupoles, this turns out to be the most
significant effect.

Starting from this revised description of the optics, a new
sextupole model has been established that relates sextupole
strengths and currents. It results from a global fit on all
sextupoles to minimise the differences between measured
and predicted tune shifts with energy over a wide range of
∆p/p values and a large number of sextupole settings. The
very non-linear, off-momentum behaviour of the lattice is
now well reproduced in simulations, as illustrated in
Figure 176. This gives us confidence in the fact that the
model may be used for pursuing the optimisation of the
energy acceptance of the machine.

Fig. 176: Comparison of measured (plain) and predicted
(dashed) tune shifts with energy.

RUN NUMBER TOTAL 2001-01 2001-02 2001-03 2001-04 2001-05 TOTAL
2000 2001

Start 19/01/01 16/03/01 18/05/01 17/08/01 19/10/01

End 07/03/01 09/05/01 25/07/01 10/10/01 17/12/01

Total number of shifts 870 141 161.875 204 162 177 845.9

Number of USM shifs 694 105.9 130.875 165.0 132.0 141.1 674.9

Beam available for users (h) 5351.7 821.4 1032.0 1273.4 1014.7 1083.1 5224.6

Beam availability 96,4 % 97.0 % 98.6 % 96.5 % 96.1 % 95.9 % 96.8 %

Dead time for failures 2.5 % 1.8 % 0.8 % 2.0 % 2.5 % 2.6 % 1.9 %

Dead time for refills 1.1 % 1.2 % 0.6 % 1.5 % 1.4 % 1.5 % 1.3 %

Average intensity (mA) 143 145 184 138 160 101 144.8

Number of failures 146 23 15 29 29 21 117.0

Mean time between failures (h) 38.0 36.8 69.8 45.5 36.4 53.8 46.1

Mean duration of a failure (h) 0.9 0.7 0.5 0.9 0.9 1.2 0.9

Table 7: General
figures for 2001,
detailed run by run.
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Investigating the Lattice
Focusing Errors
The correction of optics asymmetry due to quadrupole errors
is of great importance in reaching the ideal performance of the
storage ring. Following the success of utilising the off-diagonal
orbit response matrix to deduce skew quadrupole errors for
the analysis and correction of coupling, the extraction of
normal quadrupole errors has recently been attempted. Errors
are deduced by fitting the diagonal response matrix of the
model to the measured. The start is from a symmetrical
solution and the steerer calibration found in the averaged
response matrix analysis. An iterative solution of a linearised
equation is made with the singular value decomposition (SVD)
method. An application was made to the response matrix
measured with all quadrupole correctors switched off. The
error distribution obtained (Figure 177) gives a reasonably
good fit in both planes.

Fig. 177: Quadrupole error distribution along the ring
circumference deduced from the response matrix.

Twiss parameters and the invariant of motion can be
extracted from the phase space constructed at every straight
section using the mille-tour beam position monitors
(MTBPMs). Beta and phase advances are obtained at each
BPM by analysing the spectral amplitude and phase on the
tune frequency.The excellent precision of MTBPMs enabled
us to detect a quad error of 10-4 in strength deliberately
introduced into the lattice. Such an error was detected as a
step change in the phase advance. An application was also
made to study the origin of betatron tune shift with beam
current, by taking the difference in phase advance between
5 and 200 mA.Contrary to the case of the localised error, the
result showed a smooth increase in the phase difference,
which is consistent with the hypothesis that the origin is the
wake field generated in low-gap chambers distributed
around the ring.

Figure 178 presents a comparison of the beta functions
along the ring circumference by both methods (response
matrix and MTBPMs) showing a remarkable agreement. On
the basis of the quadrupole error distribution obtained, an
online correction of the optical asymmetry is underway.To be
able to iterate the correction, a partial response matrix
acquisition on a limited number of steerers will be made to

speed up the process. The linking of this scheme to the
conventional correction of half-integer resonances will also
be pursued. As opposed to the classically applied correction
of the closest half integer resonance, this method should
correct a large number of resonances simultaneously.

In-vacuum Undulators
In 2001, a significant effort went towards the construction of
four 2 metre-long in-vacuum undulators (Table 8,
Figure 179). Their operation at a much smaller magnetic
gap than conventional undulators, in which the magnets are
located in the air outside of the vacuum chamber, permits in-
vacuum undulators to produce higher photon fluxes and
brilliance.This is particularly important at energies above 30
keV. They are short period devices based on nickel coated
permanent magnet blocks of type Sm2Co17. Compared to
NdFeB, Sm2Co17 offers a good compromise between high
peak field and temperature resistance (vacuum baking at
150°C) and radiation damage.

Device Period [mm] ID straight Installation status
U23 23 ID22 Installed
U17 17 ID9 Winter 2001/2002
U21 21 ID29 Winter 2001/2002
U18 18 ID13 Summer 2002
Table 8: The new in-vacuum undulators

Fig. 178: Horizontal beta measured along the ring
circumference for an uncorrected lattice. A good agreement is
reached between the response matrix and the MTBPMs type
of measurement.

Fig. 179: In-vacuum undulator installed in the tunnel of the
storage ring.
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The usual magnetic field correction methods used for
conventional undulators are applicable to in vacuum
undulators (Figure 180). In particular, spectrum shimming
has a significant impact on the potential use of high
harmonics of undulator spectra in the energy range of 50 to

100 keV. Figure 181 shows the computed photon fluxes
versus energy  in a finite square aperture (1mm x 1mm) at
30 m from the source (U23 with a gap of 6 mm). The red
curve is the spectrum computed with the actual magnetic
field (including residual errors) and the blue curve
corresponds to the output from an ideal (error free). In both
cases the calculations assume standard ESRF electron
beam (I = 200 mA), emittance 4 nm (40 pm) horizontally
(vertically) and a device installed in a high beta straight such
as ID22.The differences between both spectral fluxes are
essentially visible on the high harmonics. In particular the
losses observed on the harmonic 15 (E = 95 keV) are lower
than 30%.

The construction of in-vacuum undulators will be pursued in
2002.

3 Tesla Permanent Magnet
Wiggler
A 3 Tesla permanent magnet wiggler [1] has been installed
in the ID15 straight section (Figure 182). It replaces the 4

Tesla super conducting wiggler. This prototype consists in
two periods of 380 mm. The magnetic field is asymmetric to
produce circular polarisation at high energy. The magnetic
structure has been optimised for the highest achievable field
(3.12 T) at a magnetic gap of 11 mm. The field integral
correction versus magnetic gap is particularly delicate due to
a high hysteresis of the poles. Note that this is by far the
highest magnetic field ever achieved by a permanent wiggler
on any synchrotron source.

Reference
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Meth. in Phys. Res. A421 352-360 (1999).

Progress with NEG-coated
Vacuum Chambers
Thanks to a collaboration with CERN during the last few
years, there are now 10 insertion device vacuum
chambers in operation on the ring that are pumped by a
non evaporable getter (NEG) coating.The getter material is
made of titanium, vanadium and zirconium, which provides
both a low photo desorption and pumping. It is deposited
on the inner wall of the chamber by magnetron sputtering.
The pumping efficiency of one such coating was previously
tested with some 11 mm internal aperture chambers by
measuring the bremstrahlung generated on the axis of the
straight section. In 2001, the NEG coating was applied to
the 8 mm internal aperture vacuum chambers. Five of
these narrow chambers are now in user operation. All 8
mm chambers were pre-conditioned on a dedicated
straight section and then moved to their final destination.
The other five NEG coated chambers are 15 mm thick and
made of aluminium. To date, all chambers have been
coated at CERN. The vacuum group is now developing its
own facility to coat the future chambers in house. This will
also serve to investigate the coating of other types of
storage ring chambers such as the quadrupole and crotch
vacuum vessels.

Fig. 180: Field measurement of an in-vacuum undulator.

Fig. 181: Spectral fluxes computed from measured magnetic
field (red) and an error free undulator (blue).

Fig. 182: 3 Tesla permanent magnet wiggler in the ring tunnel.
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Status of Transverse
Instabilities Studies
Betatron tune shifts with current have long been a puzzle.
They have opposite signs for the horizontal and vertical and
become larger than two synchrotron-side bands at the
operating current of 200 mA (Figure 183). When verifying
that the effect is not related to a closed-orbit drift and
depends only on the average current, the resistive-wall wake
field was suspected owing to its long-range nature. In fact,
studies have recently been made elsewhere showing that
resistive-wall chambers with an asymmetric cross section
generate a quadrupolar mean field. A program was
developed at the ESRF to compute the transverse wake
fields and was applied for the 10 and 15 mm stainless steel
ID vacuum chambers that contribute in a major way to the
instabilities. Incoherent tunes of each bunch were then
computed, taking into account the actual configuration of
low-gap chambers in the ring, the beam-filling structure as
well as the multi-turn effect.

The results showed firstly that the single turn effect is much
too small to explain the measured tune shifts, suggesting
the importance of multi-turn build-up of the wake field, and
secondly that the tune shift is much stronger horizontally
than vertically due to the different horizontal and vertical
lattice functions in the ID straight sections. To verify the
findings, head to tail tune shifts in a bunch train were
measured experimentally because they are expected to
represent the single turn effect. Both horizontal and vertical
tune shifts were found to be in good agreement with
expectations. Numerical studies also revealed a significant
detuning in single bunch due to the strong short-range
component of the resistive-wall wake field, which goes well
with observations such as a high sensitivity of the single
bunch at high current to the horizontal half-integer
resonance and an increase of horizontal coherent mode
frequency with chromaticity (Figure 184a). In particular, at
zero chromaticity, the mode 0 is only slightly detuned, while
other head-tail modes are focused by a similar degree
(Figure 184b). It may be that the mode zero is under the
influence of counteracting inductive impedance and a
mean resistive-wall field, while others are only focused by
the latter.

Fig. 184: a) Coherent tune versus chromaticity; b) detuning of
head-tail modes in the mode-merging regime, measured in the
horizontal plane.

Besides the peculiar behaviour of mode frequency shifts, a
marked reduction has been recently observed in the single
bunch threshold current horizontally (Figure 185). In
particular, the horizontal transverse mode coupling instability
threshold around 2 mA can no longer be regarded as high
compared to the vertical current threshold of 0.8 mA. While
the vertical instabilities, which are more critical, were studied
extensively within the framework of a PhD thesis presented
in 2000, horizontal investigations have been initiated this
year. The study is currently focused on quantifying the
incoherent tune shift, which should be subtracted from the
total tune shifts observed in order to estimate the horizontal
impedance.

Damping Links to Attenuate
Girder Vibrations
In order to attenuate the fundamental resonant vibration of
the ESRF machine girder around 7 Hz, and to improve
beam stability, damping links (a damping device) were
completely implemented in the storage ring after the 2001
March shutdown.

Fig. 183: Measured current-dependent tune shifts, with and
without orbit correction.

Fig. 185: Current threshold as a function of the horizontal
chromaticity.
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The damping link design adds a viscoelastic link between
the girder and the floor. It consists of three parts
(Figure 186):
• a sandwich structure with Aluminum plates and VEM (Al +
VEM + Al)
• a girder mounting fixture (GMF) links the sandwich
structure to the girder
• a floor mounting fixture (FMF) links the sandwich structure
to the floor.

Our aim was to use the sandwich structure with VEM to
absorb the dynamic strain energy of the girder assembly
related to the rocking motion. The damping links were
installed on the two extremities of the girder and floor (as
shown in Figure 186) in parallel to the existing jacks.

Vibration tests were performed on quadrupoles before and
after the damping link installation. The peak value in the
frequency response function at the fundamental resonant
frequency is the ‘so-called’ Q-value. The average Q-value of
all the quadrupoles was, respectively, 43.4 and 7.6 before
and after the installation of the damping links. The reduction
factor is 5.8.

The motion of the electron beam was permanently
monitored during the installation of the damping links. The
r.m.s amplitude of the horizontal motion in the frequency
range 4-12 Hz, where the damping links are efficient, is
shown in Figure 187. The amplitude was reduced from
10 µm initially to 2.7 µm (factor 4) after completion of the
installation. In broadband (4-200 Hz), the rms. amplitude is
reduced from 12 µm to 4 µm, which still significant. Note that
the installation of damping links was started during the July
2000 shutdown.

The power spectral density (PSD) of the horizontal
displacement of the electron beam, before and after
installation, is shown in Figure 188. Initially, there was a
main peak at 6.8 Hz in the horizontal displacement PSD.
Once the storage ring had been equipped completely with
damping links, the peak at 6.8 Hz in the PSD was
dramatically attenuated by a factor of 49. A broad peak
around 30 Hz was also observed on the PSD. The damping
links are inefficient there, because this peak is due to the
lateral rocking motion of the quadrupole QF2 (or QF7)
relative to the girder. The resonant motion of the
quadrupoles QF2 and QF7 at 30 Hz is excited by the water
flow in the cooling circuits. As the girder does not move for
this vibration mode, the damping links are therefore not
effective for the vibration of the quadrupoles, as well as for
the motion of the electron beam around 30 Hz. Some
countermeasures to reduce the vibrations of quadrupoles
QF2 and QF7 have been studied by finite element
simulation, and could be very effective.

The significant enhancement of the electron beam stability
was also observed on the X-ray beam. As an example,
Figure 189 shows the spectra of the X-ray beam intensity
variation measured with the ID14-EH1 beamline in January
2000 and in April 2001. Damping links for the machine
girders were installed between these two dates.The spectra
are expressed as a percentage of the DC value. The
fluctuation of intensity should be as small as possible,

Fig. 186: Damping link and installation on a G20 magnet
girder assembly.

Fig. 187: Rms horizontal amplitude (4-12 Hz) of the electron
beam motion along the installation of the damping links in the
storage ring.

Fig. 188: Horizontal displacement PSD of the electron beam
before and after the installation of the damping links in the
storage ring.

GMF:
Girder Mounting Fixture

VEM:
Visco Elastic Material

FMF:
Floor Mounting Fixture
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therefore the spectral value should be significantly smaller
than 1. The peak at 6.8 Hz in the X-ray bean intensity
spectra was removed completely after the installation of the
damping links in the storage ring. Note that a local feedback
on the electron beam was able to significantly reduce the
intensity variation around the peak frequency 6.8 Hz, but the
peak was still visible.

Time-resolved Beam Loss
Detection
The existing beam loss detectors have been adapted in
order to resolve in time, turn by turn, the rate of electron loss
following the injection process. The time-resolved study of
the losses following injection allows the study of the
mechanism of different loss processes. An understanding of
the significance of the different loss processes is important
in order to improve the overall efficiency and to control the
radiation dose produced during the injection.

The electrons lost during the injection process are detected
via the shower of secondary particles created due to their
passage through the vacuum chamber and the magnet
blocks. This secondary radiation scattered towards the
inside wall of the tunnel causes scintillation in a 60 cm long
by 25 mm diameter Perspex rod. The visible light so
produced is guided towards a photo multiplier tube at one
end. The whole apparatus is protected from synchrotron
radiation and stray light by a 1 cm thick lead tube.The signal
from the anode can then be coupled directly into a 50 ohm
cable and viewed on an oscilloscope in the control room.
Typical signals received after the cell 6 scraper are shown
in Figure 190. With this diagnostic system we were able to
distinguish for the first time, losses from the end of the
transfer line, losses due to transverse phase space
acceptance and also due to the longitudinal capture
process. Intense losses are seen during the first tens of
turns due to the large horizontal betatron oscillation of the

beam followed by distributed losses over several hundred
turns due to the longitudinal dynamics of the injected beam.
By looking just at the losses when exiting the TL2 transfer
line, we see that they account for a 1% loss of the beam and
the size of the beam was determined to be 1 mm FWHM.
The fact that the injection losses extend over many
synchrotron periods was at first puzzling, but has since also
been observed at other light sources such as BESSY II.

Progress in the Evaluation of
the Longitudinal and
Transverse Machine
Impedance 
The increase in the number of chambers of irregular shape
in the machine, in particular transitions to vessels of small
vertical aperture, has had detrimental effects on the beam.
The machine’s performance is suffering (along with other
effects) from the strong detuning of the working point with
increasing current resulting in low values of the current,
thresholds of longitudinal and transverse instabilities [1].The
underlying effect is characterised by a deformation of the
self-field of the beam (wake field) which leads to an
inhomogeneous deceleration and acceleration of the
individual bunches in the longitudinal as well as in the
transverse direction. The effect is formally expressed in the
quantities known as longitudinal and transverse machine
impedance.

Determination of the machine impedance requires the
calculation of the geometrical wakefield  produced by each
piece of the vacuum chamber of the ring. The computation

Fig. 189: Spectra of the X-ray beam intensity variation
measured with the ID14-EH1 beamline.

Fig. 190: Electron losses versus time during injection for
different accelerating RF voltages. The full time window is 4 ms.
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is made in three dimensions with a dedicated program [2]
which requires significant computer resources.This task was
initiated in 2000 and is advancing. So far it has been
restricted to the vertical plane.The main purpose consists in
understanding the detuning of the single bunch as a function
of current. The vertical transverse impedance of all tapers
(including in-vacuum undulators), cavities, scrapers, RF-
fingers and pumping slots have already been calculated.
The contribution from each element is weighted by its local
vertical beta-function. Simulations show that the contribution
from some components located at a spot where the vertical
beta-function is high plays a much more important role than
originally expected. This is true in particular for the RF-
fingers (located inside the bellows) whose change in cross-
section from one extremity to the other is found to produce
the dominant contribution of the total transverse impedance,
even assuming perfect electrical contact of the fingers.

At present, the simulations can account for one half of the
measured detuning. The study will be continued to identify
the other elements having an important vertical transverse
impedance contribution. It will also be extended to the
horizontal plane. Such studies allow the ab initio
computation of the impedance contributions generated by
each new piece of vacuum chamber and can therefore be
used to find a satisfactory engineering solution minimising
the impact on beam stability.

References
[1] J.L. Revol, R. Nagaoka, P. Kernel, L. Tosi,
E. Karantzoulis, EPAC 2000 Vienna.
[2] W. Bruns, GdfidL: A Finite Difference Program with
Reduced Memory and CPU Usage, PAC 97,Vancouver, p.
2651.
[3] ESRF Highlights 2000.

Stripline Type Electrodes
Several stripline type electrodes have been developed and
installed on the ring.

The stripline electrode is more sensitive than the classical
capacitive type electrodes used for the beam position
monitors. Figure 191 presents a view of such an electrode.
The coupling with the beam is quite high compared to the
electrostatic button pick-ups used for the BPM. The
frequency bandwidth is large. It is limited in the low
frequency domain by the length of the line, and in the high
frequency by the quality of the feedthrough connector.
When used as a pick-up electrodes, the high sensitivity
allows the detection of a single bunch of less than 10 µA.
This is of high importance to tune the orbit during injection
without producing excessive dose rates of neutrons and
gammas. When used as a kicker, its large frequency
bandwidth allows the selective excitation of a single bunch

which greatly simplifies the removal of the undesirable
bunches in the hybrid mode of operation (process also
known as cleaning).

Microwave Cavity Pick-ups
The microwave pick-up is shown in Figure 192.

These microwave pick-ups are resonant to a high frequency
of 10 or 18 GHz with a bandwidth of 20 Mhz. They provide
signals that probe the microwave oscillation modes of the
electron beam both along the vertical and longitudinal axis.
The plots in Figure 193 show the build up of a coherent
longitudinal microwave oscillation above a threshold current
of 5 mA per bunch.

Fig. 191: Stripline electrode installed on a short chamber
between two flanges.

Fig. 192: Drawing of the microwave pick-ups attached above
and below the vacuum chamber. 

Fig. 193: Signal delivered by the microwave pick-up: a) shows
a single peak the frequency of which is a high harmonic
number of the revolution frequency (recorded with a 5 mA
current); b) a set of sideband lines typical of the microwave
instability (recorded at 10 mA). 



2001  HIGHLIGHTSESRF

The X-ray Source

127

Towards 300 mA
Since 1996, the storage ring had been routinely operated
with an intensity of 200 mA in the multibunch mode, i.e. twice
the design current.Tests to increase the intensity to 300 mA
have been recently initiated with a view to identifying
possible experimental limitations and to define the
necessary R&D program with a long-term goal of delivering
this current to Users. Since higher order magnitude (HOM)
driven coupled bunch instabilities would very likely prevent
300 mA from being reached in the uniform filling mode, tests
were performed when filling only one third of the ring. With
this partial filling (330 bunches) of the circumference, the
periodic beam loading of the cavities induces a spread in
synchrotron frequencies in the bunch train that prevents the
constructive built-up of the instability. To guard against
resistive wall instabilities, the chromaticity was increased
above the routine multibunch values (ξx = 6.7, ξz = 9.5).With
these precautions, the first attempt to ramp the intensity
above 200 mA was rather easy (Figure 194). No abnormal

pressure rise or temperature increase on critical
components (crotch absorbers, RF windows…) was
observed. A slight retuning of cavity temperature could
easily cure fugitive HOMs. However, at 250 mA, the radiation
induced outside the shielding exceeded the authorised level
and the tests were temporarily interrupted. The lifetime was
rather moderate: 17 hours as compared to 75 h at 200 mA
and uniform filling mode.This comes both from the 1/3 filling
mode which is unfavourable in terms of lifetime due to the
larger intra beam scattering and from the higher pressure in
the ring chamber induced by the extra synchrotron radiation
power incident on all absorbers.

Towards the Ultimate
Storage-ring-based Hard 
X-ray source
A feasibility study of the ultimate storage ring based hard X-
ray light source is under way. For the time being, a consistent
set of parameters has been established. The main
parameters are listed in Table 9.

The technical feasibility of the main sub-systems is presently
being reviewed. The status is the following:

Preliminary considerations of the design of the vacuum
system are based on the operational experience at ESRF
and other facilities and on the evolution of the machine
parameters relevant for the vacuum design (machine
energy, beam current and dipole characteristics). In the
worst case, the storage ring power would be 3 MW as
compared to 1 MW for the ESRF and the required pumping
speed would be twice that of the ESRF. Presently, the best

Fig. 194: Synopsis showing the ramping of the current to
250 mA.

Energy (GeV) 7
Circumference (m) 2000
Lattice type 4-bend achromat
Horizontal emittance (nm) 0.2
Vertical emittance (pm) 8
Momentum compaction 3.5x10-5

Betatron tunes H / V 92.36 / 58.30
Beam current (mA) 500
Number of straight sections 50 (40 for ID beamlines)
b-functions at the ID location (m) 50 (H), 3.5 (V)
ID length (m) 7
Power (kW) 55
ID gap (mm) 11 for 5 – 50 keV photon energy

4 mm (in-vacuum) above 50 keV
Flux @1 Å (ph/s/.1%) 6.5x1015 (11 mm gap)

1.7x1016 (6 mm gap)
Brilliance @1 Å (ph/s/0.1%BW/mm2/mrad2) 1.5x1022 (11 mm gap)

3.7x1022 (6 mm gap)

Table 9: Parameters
from the feasibility
study of the ultimate
storage-ring-based hard
X-ray light source.
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solution for the vacuum system appears to be a bakeable,
NEG-coated constant-cross-section vacuum chamber,
produced by extruding aluminium with massive pumping at
the crotch and absorber location.

To avoid a growth of the electron energy spread that would
spoil the undulator brilliance at high harmonics, it is of prime
importance to avoid the HOM driven coupled bunch
instability. Two possiblilities have been reviewed: the use of
room temperature cavities with heavy HOM dumpers (such
as those developed for PEP-II or DAFNE) or the use of
superconducting RF cavities. In this respect a scheme
where 6 SOLEIL-type cavities would occupy three straight
sections is a possible solution. One of the key features for
the RF system will be the number of closed insertion device
gaps. They will strongly influence the RF working point

(voltage, power, optimum coupling) since the energy loss
per turn varies by more than a factor of 2, depending on the
number of insertion devices in operation.

As far as transverse instabilities are concerned, one of the
critical issues is the machine impedance. Even if the
machine is operated with a large number of bunches and
low bunch current, the evolution of the instability related
parameters with the lowering of the emittance (smaller
momentum compaction, smaller synchrotron tune, shorter
bunch length, longer damping times) is expected to have a
severe impact on thresholds. The use of feedback systems
and the minimisation of the impedance are mandatory for
achieving the intensity target goal. When compared to the
ESRF impedance, the impedance would have to be reduced
by at least a factor of 3 to 5.
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The Beamlines
All thirty of the ESRF public beamlines have been
operational since 1999. Two of these possess two end-
stations, so there are thirty-four end-stations in total,
which can be run independently. An additional fifteen
beamline branches, situated on bending magnets, are
devoted to Collaborating Research Groups (CRG). Ten of
the CRG beamlines are now in operation (including
GRAAL), the others are in the phases of planning,
construction or commissioning. Figure 195 shows the
location of the beamlines in the experimental hall; a list of
the public beamlines is presented in Table 10; and a list
of the CRG beamlines in Table 11.

Following management proposals, the Council decided in
June 2000 that the MAD beamline BM14 will be operated
jointly by British and Spanish CRG teams until the year
2002. By then the Powder Diffraction beamline will have
been transferred from a bending magnet, BM16, to an
insertion device, ID31. BM16 will then become a Spanish
CRG line retaining full MAD capability and BM14 will
become a completely British CRG.

Additionally, there is an industrial beamline, ID27, which
is used for impurity analysis on silicon wafers. This line
has capacity for further expansion to other fields of
industrial interest.

Fig. 195: Experimental hall with the operational and
scheduled beamlines (public and CRG beamlines).

Public beamlines (operational) 30
Number of independent end-stations 32

Insertion device ports for the machine 2

CRG beamlines (operational) 11

Free bending magnet ports 6
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SOURCE NUMBER OF BEAMLINE STATUS
POSITION INDEPENDENT NAME

END-STATIONS

ID1 1 Anomalous scattering Operational since 07/97

ID2 1 High brilliance Operational since 09/94

ID3 1 Surface diffraction Operational since 09/94

ID8 1 Dragon Operational since 02/00

ID9 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 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 1 X-ray microscopy Operational since 12/97

ID22 1 Microfluorescence Operational since 12/97

ID24 1 Dispersive EXAFS Operational since 02/96

ID26 1 X-ray absorption on ultra-dilute samples Operational since 11/97

ID27 1 Industry Operational since 08/00

ID28 1 Inelastic scattering II Operational since 12/98

ID29 1 Multiwavelength anomalous diffraction Operational since 01/00

ID30 1 High pressure Operational since 06/96

ID32 1 SEXAFS Operational since 11/95

BM5 1 Optics - Open Bending Magnet Operational since 09/95

BM16 / ID31 1 Powder diffraction Operational since 05/96

BM29 1 X-ray absorption spectroscopy Operational since 12/95

Table 10: List of the ESRF public beamlines in operation.

SOURCE NUMBER OF BEAMLINE FIELD STATUS
POSITION INDEPENDENT NAME OF RESEARCH

END-STATIONS

BM1 2 Swiss-Norwegian BL X-ray absorption & diffraction Operational since 01/95

BM2 1 D2AM (French) Materials science Operational since 09/94

BM7 1 GRAAL (Italian / French) Gamma ray spectroscopy Operational since 06/95

BM8 1 Gilda (Italian) X-ray absorption & diffraction Operational since 09/94

BM14 1 MAD CRG 1 MAD Operational since 01/01

BM16 1 MAD CRG 2 MAD Design phase

BM20 1 ROBL (German) Radiochemistry & ion beam physics Operational since 09/98

BM25 2 SPLINE (Spanish) X-ray absorption & diffraction Construction phase

BM26 2 DUBBLE (Dutch/Belgian) Small-angle scattering & interface diffraction Operational since 12/98 
Protein crystallography + EXAFS Operational from 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 Construction phase

BM32 1 IF (French) Interfaces Operational since 09/94

Table 11: List of the Collaborating Research Group
beamlines in operation, in construction or in design phase.

Transfer to ID31,
begin. 2002

Transferred 
from ID2

Transferred
from ID12

BM14 = British/Spanish → British in 2002
BM16 → Spanish in 2002

*

*
*
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User Operation
During the year 2001 the full complement of 30 public
beamlines, together with 8 additional beamlines operated
by Collaborating Research Groups (CRGs), were open for
user experiments. Requests for beam time, and the
numbers of users carrying out experiments continued to
increase, this can be seen in Figure 196.This figure shows
the number of applications for beam time and experiments
carried out, together with numbers of scientists’ visits since
1996.

Proposals for experiments are selected and beam time
allocations are made through peer review. Review
Committees of specialists from European countries, Israel
and the rest of the world have been set up in the following
scientific areas:
• chemistry
• hard condensed matter: electronic and magnetic 

properties
• hard condensed matter: structures
• materials engineering and environmental matters
• life sciences
• methods and instrumentation
• soft condensed matter
• surfaces and interfaces

The Review Committees met twice during the past year,
some six weeks after each deadline for submission of
proposals (1 March and 1 September). They reviewed a
total of 1582 applications for beam time, and selected 745
(47%), which were then scheduled for experiments.

Features of this period have been the increasing number of
projects concerned more with applied than basic research
in materials science, engineering and environmental
matters. As shown in Figure 197, experiments in these
areas accounted for 11% of the total number of
experiments carried out in the first half of 2001. In addition,
for the life sciences, the number of macromolecular

crystallography experiments has risen notably. This is due
to a combination of the availability of five experimental
stations dedicated to macromolecular crystallography, very
rapid data collection times – frequently less than one shift
- and the very successful operation of the Block Allocation
Group (BAG) scheme, designed to encourage groups of
users to block together their multiple requests for beam
time, and the scheduling of their experiments. As an
indication, the number of BAGs, initially 20 late in 1998,
rose to 38 by the second scheduling period in 2001.

Requests for beam time, which is scheduled in shifts of 8
hours, totalled 24 824 shifts or 198 592 hours for the year,
of which 11 281 shifts or 90 248 hours (45%) were
allocated; the distribution of shifts by scientific area is
shown in Table 12.

The first half of 2001 saw 2 051 visits by scientists to the
ESRF under the user programme, to carry out 530
experiments. This dramatic rise in the number of users
visits since 1999 reflects the increase in the number of
experiments carried out overall, and in particular multiple
visits by macromolecular crystallography BAG teams. The
breakdown of experiments carried out, by scientific area, is
shown in Figure 197.
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Scientific field Total shifts Total shifts
requested allocated

Chemistry 2 724 1 270
Hard condensed matter:
• Electronic and magnetic prop. 4 678 1 494
• Structures 5 330 2 131
Materials engineering 
& environmental matters 2 609 1 294
Life sciences 4 062 2 268
Methods & instrumentation 1 169 571
Soft condensed matter 2 019 1 090
Surfaces & interfaces 2 233 1 163

Totals 24 824 11 281

Table 12: Number of shifts of beam time requested and
allocated for user experiments, year 2001.

Fig. 196: Numbers of applications for beam time, experiments
carried out, and user visits, 1996 to 2001. N.B. final numbers
of experiments and user visits for 2001 were not available at
the time of going to press.

            
          

    

              
      

   

           
               

   

             
    

         
    

              
       
              
          
    

              
       
          
    

                                        
           

                     
                       
    

                                   
                    

   

Fig. 197: Shifts scheduled for experiments, from February to
July 2001, by scientific area.
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The number of users in each experimental team
averaged 3.9 persons, and they stayed for some 3 days.
Users responding to questionnaires indicate that they
particularly appreciate the assistance they receive from
scientists and support staff on beamlines, and smooth
administrative arrangements, in addition to the quality
both of the beam and of the experimental stations.
Facilities on site, such as preparation laboratories, a

library, a canteen, and the guesthouse, also make an
important contribution to the quality of user support.

On the beamlines, beam time losses tended to occur
because of occasional difficulties with the beamline
components or with samples. Such beam time losses,
however, remained below 5% of the total shifts scheduled
for experiments during the period.

Administration and Finance

kEuro

Expenditure

Machine
Personnel 4,577.6
Recurrent 2,187.6

Operating costs 1,844.2
Other recurrent costs 343.5

Capital 2,958.7
Machine developments 2,958.7

Beamlines, experiments and 
in-house research

Personnel 17,948.2
Recurrent 6,486.2

Operating costs 3,859.0
Other Recurrent costs 2,627.2

Capital 6,512.9
Beamline developments 4,457.2
Beamline refurbishment 2,055.8

Technical and administrative supports
Personnel 13,255.1
Recurrent 7,924.8
Capital 3,949.6

Unexpended committed funds
Funds carried forward to 2001 379.0

Total 66,179.8

kEuro

Income

2000 Members’ contributions 61,589.4
Funds carried forward from 1999 73.6

Other income
Scientific Associates 1,764.5
Sale of beam time 665.5
Other sales 269.6
Scientific collaboration and Special projects 820.7
Income covering expenditure in connection 
with activities from 3rd parties 581.0
Financial discounts 4.5
Bank loans 103.3
Other 307.7

Total 66,179.8

Expenditure and income 2000

kEuro

Expenditure

Machine
Personnel 4,421
Recurrent 2,012

Operating costs 1,535
Other recurrent costs 534

Capital 3,533
Machine developments 3,533

Beamlines, instruments, experiments and 
in-house research

Personnel 19,091
Recurrent 6,558

Operating costs 3,770
Other Recurrent costs 2,777

Capital 6,764
Beamline developments 4,746
Beamline refurbishment 2,018

Technical and administrative supports
Personnel 13,355
Recurrent 8,396
Capital 4,688

Industrial and commercial activity
Personnel 361
Recurrent 86

Total 69,265

kEuro

Income

2001 Members’ contributions 62,513
Funds carried forward from 2000 379

Other income
Scientific Associates 1,948
Sale of beam time 940
Other sales 276
Scientific collaboration and Special projects 859
Income covering expenditure in connection
with activities from 3rd parties 696
Financial discounts 5
Bank loans 15
Miscellaneous income 1,634

Total 69,265

Revised expenditure and income budget for 2001
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kEuro

PERSONNEL

ESRF staff 34,255.6
External temporary staff 121.3
Other personnel costs 1,404.0

RECURRENT

Consumables 6,237.5
Services 8,144.8
Other recurrent costs 2,216.3

CAPITAL

Buildings, infrastructure 1,486.6
Lab. and Workshops 690.1
Machine incl. ID’s and Fes 2,958.7
Beamlines, Experiments 6,512.9
Computing Infrastructure 1,561.5
Other Capital costs 211.5

Unexpended committed funds
Funds carried forward to 2001 379

Total 66,179.8

Cadres Non cadres PhD students Total

Staff on regular positions

Machine 24 44 1 69

Beamlines, instruments and
experiments 184 75.5 25 284.5

General technical services 44.6 76.1 120.7

Directorate, administration
and central services 21.3 49.8 71.1

Sub-total 273.9 245.4 26 545.3

Other positions

Short term contracts 6 25.9 31.9

Scientific collaborators 2 2

Staff under “contrats de
qualification” (apprentices) 14 14

European Union grants 3 3

Temporary workers 2.9 2.9

Absences of staff
(equivalent full time posts) –21.5

Total 287.8 285.3 26 599.1

Absences of staff
(equivalent full time posts) –23.7

Total with absences 575.4

1999 2000 2001 2002

2001 manpower
(posts filled on 30/09/2001)

Financial resources in 1999, 2000, 2001
and 2002, by programme

(current prices in MEuro for the respective years)

Expenditure 2000
by nature of expenditure

kEuro

PERSONNEL

ESRF staff 35,637
External temporary staff 79
Other personnel costs 1,512

RECURRENT

Consumables 6,331
Services 8,499
Other recurrent costs 2,279

CAPITAL

Buildings, infrastructure 2,757
Lab. and Workshops 457
Machine incl. ID’s and Fes 3,476
Beamlines, Experiments 6,764
Computing Infrastructure 1,310
Other Capital costs 164

Total 69,265

Revised budget for 2001
by nature of expenditure
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Organisation chart of the ESRF
(as of January 2002)

Council
Chairman: R. Comès
3 delegates per
Contracting Party

Administrative and
Finance Committee
Chairman: H. Weijma

Science Advisory Committee
Chairman: J. Bordas

Review Committees

Chemistry
Chairwoman: L. McCusker
Hard condensed matter
Electronic and magnetic properties
Chairman: G. van der Laan
Hard condensed matter
Structures
Chairman: D. Shechtman
Materials engineering and
Environmental matters
Chairman: W. Reimers
Life sciences
Chairman: K. Wilson
Methods and instrumentation
Chairman: J. Hrdy
Soft condensed matter
Chairman: A.J. Ryan
Surfaces and interfaces
Chairman: R. Johnson

Director
General

W.G. Stirling

Services related
to DG:
Information
Industrial liaison
Internal auditor
Safety

MACHINE Theory and application software
Power supplies
Insertion devices
Front-ends
Radio frequency
Diagnostics
Operation
Secretariat

Machine
Director:
P. Elleaume

TECHNICAL
SERVICES

Mechanical engineering
Buildings and infrastructure
Survey and alignment
Vacuum
Secretariat

Head:
P. Thiry

COMPUTING
SERVICES

Electronics
Software engineering
MIS
Systems and communication
Secretariat

Head:
W.D. Klotz

ADMINISTRATION Personnel
Finance
Commercial and
central services

Director of
Administration:
W.E.A. Davies

Joint ILL/ESRF
Medical services

Joint ILL/ESRF
Library

EXPERIMENTS Beamline groups:
• Surfaces and

interfaces
• Materials science

and engineering
• X-ray absorption and

magnetic scattering
• Dynamics and

electronic structure

Theory group

Research Director:
F. Sette

Beamline groups:
• Soft condensed matter
• Macromolecular

crystallography
• X-ray imaging

Optics group

Research Director:
P.F. Lindley

Technical beamline
support:
• Instrument support
• Scientific software
• Beamline instrument

Software support
• Mechanics service
• Labs and services
• Industrial beamline

ID27

User office

CRG liaison

Building manager

Secretariat



Chief Editor
D. Cornuéjols, ESRF information officer
Editor
G. Admans, ESRF information officer
Layout
Pixel Project
Printing
Imprimerie du Pont de Claix

© ESRF • February 2002

Information Office
ESRF
BP220 • 38043 Grenoble • France
Tel. (33) 4 76 88 20 25 • Fax. (33) 4 76 88 24 18
http://www.esrf.fr

We gratefully acknowledge the help of:
J. Baruchel, N. Brookes, F. Comin, J. Doucet,

A. Fitch, A. Freund, G. Grübel, M. Krisch,
Å. Kvick, and T. Metzger.


