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Résumé — SOLEIL, un nouvel outil puissant pour les sciences des matériaux — À l’aube des
premiers photons disponibles sur l’anneau synchrotron de troisième génération SOLEIL, un état des
possibilités offertes en sciences des matériaux sera présenté. La brillance exceptionnelle de cette machine
permettra de réduire de plusieurs ordres de grandeur les temps d’acquisition typiques des différentes
techniques synchrotrons (spectroscopie d’absorption- EXAFS, diffusion X aux petits et grands angles-
SAXS et WAXS, diffraction des rayons X -XRD, spectroscopies et microscopie de photoélectrons –XPS
et PEEM, etc.) les transformant en véritables techniques operando pour la caractérisation des matériaux
et plus particulièrement des catalyseurs. La résolution spatiale à l’échelle de quelques microns et même
submicronique, accessible par microdiffraction et microspectroscopie dans un domaine s’étendant de l’IR
lointain aux X durs, pourra être mise à profit pour réaliser une cartographie atomiquement sélective de
matériaux, du catalyseur hétérogène en action aux roches réservoirs. Un ensemble de techniques in situ
permettra d’accéder à la réactivité de surfaces et de nanoparticules exposées à des flux gazeux contrôlés.
La combinaison des techniques synchrotrons (diffraction, absorption et fluorescence X, etc.) ou l’apport
d’informations complémentaires par combinaison simultanée de techniques classiques (Raman, UV-Vis,
etc.) avec les techniques du synchrotron seront enfin un atout majeur pour la caractérisation operando des
matériaux.

Abstract — SOLEIL a New Powerful Tool for Materials Science — The first photons delivered by the
third generation synchrotron source SOLEIL will be soon available for the scientific community. In this
context, this paper presents an overview of the potentialities offered by this new machine for the study of
materials. The outstanding brilliance of the SOLEIL source will enable to reduce by several orders of
magnitude the data  collection time for most of the synchrotron techniques (X-ray absorption
spectroscopy - EXAFS, wide and small angle X-ray scattering - WAXS and SAXS, X-ray diffraction -
XRD, photoelectron spectroscopy and microscopy-XPS and PEEM, etc.) thus allowing an operando
approach of catalysis processes. The spatial resolution, from a few micrometers to sub micrometer scale,
accessible by microdiffraction and microspectroscopy in the wavelength range from the far IR to the
hard X-rays, will provide spatial distributions of different elements (atomic and chemical state selectivity)
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INTRODUCTION

Since now more than thirty years, synchrotron radiation
emitted by charged particles accelerated in synchrotrons and
storage rings has provided the science community with
photon sources gathering unique properties compared to any
others: high brilliance, continuous spectrum from far infra-
red to hard X-rays, pulsed structure and specific polarisation
features. Major advances in the machine designs together
with the development of tailored magnetic insertion devices
have produced the so-called third generation synchrotron
radiation sources where these properties have been optimised
to match the demanding research requests. SOLEIL is a third
generation synchrotron radiation source of intermediate
energy (2.75 GeV) which will deliver its first photons in
spring 2006 and will open its first beamlines to users at the
end of 2006. The selected electron energy enables to serve
the large community of the former LURE users with
optimized beamlines, covering the full energy range from
Infra-Red to hard X-rays, in complementarity with ESRF
where high energy photon sources are primarily available. 

The SOLEIL storage ring offers twenty four straight
sections among which twenty one are available for insertion
devices. Within the SOLEIL programme of 24 beamlines, it
can be foreseen that eighteen will actually use insertion
devices whereas six will be installed on bending magnets,
taking full advantage of the continuous spectrum. The
brilliance delivered by the undulators specially designed for
the first beamlines is shown in Figure 1. The use of high
harmonics may extend the range up to 30 keV for the in-
vacuum U20 although for these energies, the ESRF sources
will be more brilliant by two to three orders of magnitude.

It should be remarked that the SOLEIL bending magnet
sources also presented in Figure 1 will be as good as the
ESRF ones up to about 15 keV with a maximum brilliance of
1016 in standard units at 10 keV.

The selection of the beamlines is nearly completed since
twenty two have been already positively evaluated by the
SOLEIL Scientific Advisory Committee. The progressive
opening to the users will take place over four years with the
first ten beamlines commissioned at the middle of 2006 (so-
called phase 1 beamlines) and additional sets of three
beamlines opened every sixth months from 2007 to 2009. 

Brief descriptions of these beamlines in terms of energy
range and main scientific goals are summarized in Tables 1
to 3. It should be remarked that in terms of coverage of broad 

Figure 1

Brilliance calculated for a series of SOLEIL sources: five
types of undulators to be installed on the phase 1 beamlines,
several harmonics are displayed for each undulator, HU
stands for helical undulators enabling to tune the beam
polarisation; two types of wiggler sources considered for a
high energy beamline, and bending magnets. Courtesy of
Olivier Marcouillé.

disciplines for this set of beamlines, the following rough
partition appears: Physics 25.5%, Physical Chemistry 15.5%,
Chemistry 15.5%, Biology 20.5%, Geosciences 10%,
Environment 5%, Astrophysics 5% and Metrology 2.5%.
Among these beamlines, a large number offers outstanding
potentialities for advanced materials studies, putting the
emphasis either on electronic or structural or vibrational
properties which are crucial for the deep understanding of
chemical and catalytic processes. In this respect, SOLEIL
should be the facility with the largest panel of techniques to
tackle the variety of fundamental and applied issues. As will
be shown in the next sections, SOLEIL will enable not only
to pursue the very successful programme which has been
accomplished at LURE using X-ray absorption spectroscopy,
small and wide angle diffuse scattering, electron spectro-
scopies, infra-red spectroscopy and microscopy but also will
open new routes towards spatially resolved experiments with
micrometer and nanometer resolution and time resolved
experiments on various significant time scales, from the
“low” kinetics in the ms range to the ultra-fast phenomena in
the picosecond and possibly femtosecond range. New
opportunities for in situ experiments bridging the so-called

Photon energy

10 keV1 keV100 eV10 eV1 eV

1020

1019

1018

1017

1016

1015

1014
P

ho
t/s

/0
.1

%
bw

/m
m

2/
m

r 2

Brilliance @2.75 GeV
U20 (98 eff.periods)
HU80 (21 eff.periods)
HU256 (14 eff.periods)
HU640 (14 eff.periods)
BM
WS60 (12 eff.periods)
W100 (18 eff.periods)

850

in a material, from the working heterogeneous catalyst to the reservoir rocks. The reactivity of surfaces
and nanoparticles exposed to controlled gas fluxes will be studied by several in situ techniques. Finally
the combination of different synchrotron techniques (diffraction, absorption and fluorescence X) and the
access to complementary information obtained through the simultaneous combination of these techniques
with those routinely applied in Materials Science, such as UV-Vis or Raman spectroscopy, will offer
enlarged capabilities for the operando characterization of materials.
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pressure gap will be offered with surface X-ray diffraction, a
facility only present on one beamline at ESRF and possibly
with electron spectroscopy pioneered at the Advanced Light
Source (Berkeley-USA). 

A selection of methods, available on the SOLEIL
beamlines, is presented in the following from hard to tender
and soft X-rays and finally infrared characterizations.
Although the emphasis has been put on their assets for
catalysis issues, the selected beamlines and many others
presented in Tables 1 to 3 offer outstanding capabilities for a
fine analysis of the physics and chemistry of materials.

1 HARD X-RAYS METHODS

1.1 Absorption Spectroscopy

X-ray Absorption Spectroscopy (XAS) is an element-specific
probe allowing local structural and electronic information to
be obtained from a diverse range of systems—solid, liquid or
gas—and for atomic concentrations of the target element
ranging from a few ppm to the pure element. Its use allows
the experimentalist to validate elaboration processes of

samples or to connect the measured structural or electronic
characteristics to relevant properties, e.g. for catalysis the
catalytic activity. The XAS measurement can be made in
static or quasi-static working mode either:
– on ex situ already prepared samples with a controlled

variation of the preparation parameters;
– or on samples presenting an in situ controlled evolution of

their physical and chemical properties.
The high intensity delivered by synchrotron sources is

essential for reducing data collection time thus enabling true
time-resolved studies of dynamic processes, like phase
transitions, catalytic reactions, or more generally sample
evolutions induced by temperature, pressure, etc. Here, one
can speak of a dynamic working mode. 

Two beamlines at SOLEIL will be specifically dedicated
to XAS: the scanning energy SAMBA beamline and the
energy dispersive ODE beamline. These beamlines should
offer complementary potentialities for the study of hetero-
geneous catalysts as described hereafter.

1.1.1 The SAMBA Beamline 

SAMBA—for Spectroscopy Applied to Materials Based on
Absorption—will be the dedicated energy-scan X-ray
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TABLE 1a

The first beamlines to be opened in 2006

1 VUV  BL  (HU 640) (5-40 eV) Spectroscopy and photochemistry on diluted matter

DESIRS   L. Nahon, G. Garcia

2 IR  BL Dipole edge + constant field

SMIS P. Dumas Mid IR Microscopy (2.5-50 µm)

AILES P. Roy Far IR Spectroscopy (10-200 µm)

2 Soft X-ray BL

CASSIOPEE (10-1000 eV) Photoemission of surfaces/interfaces: high resolution,

(HU 256 + HU80) A. Taleb, F. Bertran, P. Lefèvre resonant, spin resolution

TEMPO (60-1500 eV) Photoemission: temporal resolution, magnetization dynamics,

(HU80 + HU 40) F. Sirotti, M. Izquierdo (p. doc), surface reactivity

F. Rochet (associé)

3 Hard X-rays BL     (in-vacuum U20)

(3.5-17 keV) PROXIMA1 A. Thompson, P. Legrand, E. Girard Protein crystallography, coupled PX/XAS

(4.8-30 keV) CRISTAL  S. Ravy, E. Elkaïm Condensed matter diffraction

(3-17 keV) SWING J. Perez, O. Lyon Small angle X-ray scattering: biology, soft matter, materials

3 Hard X-rays BL      (bending magnet)

(3-25 keV) DiffAbs   D. Thiaudière, A. Somogyi Coupled X-ray absorption and diffraction

(4-40 keV) SAMBA V. Briois, E. Fonda, S. Belin Scanning energy XAS; QUICK-EXAFS

(3.5-23 keV) ODE   F. Baudelet, A. Congeduti Dispersive X-ray absorption spectroscopy

TABLE 1b

LUCIA, the very first SOLEIL beamline, opened at SLS (Switzerland) in summer 2004, to be transferred back to SOLEIL in 2008

1 Tender X-rays BL (U54) X-ray absorption spectroscopy and imaging for 
(800-7000 eV) LUCIA A.M. Flank, P. Lagarde, D. Vantelon environmental, materials, earth and life sciences
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absorption beamline at SOLEIL available for a large and
varied scientific community from physics to chemistry,
biology and environmental science. A detailed presentation of
the beamline has been already published in the Proceeding of
the XIIth International Conference of XAFS held in Malmo
(June 2003) [1]. Only the main attractive characteristics for
the Materials Science community will be pointed out herein.
The geometry and optics of the beamline have been designed
to deliver the highest flux available at the exit of a SOLEIL
bending magnet by using cylindrically bent mirrors and a
sagitally focusing double crystal monochromator for focusing
the beam in the vertical and horizontal planes, respectively.
The optical scheme is then very similar to the one which can

be found on the FAME beamline [2] at the ESRF or
previously on the H10 beamline [3] at LURE. Due to the
high flux available (typically 1012 and 5.1011 ph/s at 5 and
20 keV, respectively in a 200 × 200 µm2 spot at the sample
position), this set-up configuration will concern experiments
aiming to characterize dilute species such as minor
components of heterogeneous catalysts. We should expect a
shift of the detection limit by a factor 10 to 100 compared to
the performances available at LURE depending on the
photon energy. Besides this so-called SAMBA high-flux
operation mode, we have taken care to provide also the users’
community with a Quick-EXAFS set-up. This will be done
using a dedicated Quick-EXAFS monochromator installed
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TABLE 2

Beamlines to be opened in 2007

1 UV- VUV BL (BM) (1-20 eV) CD in biology; mass spectroscopy of hydrophobic systems;

DISCO  M. Refregiers, F. Wien et al. confocal imaging (fluorescence, time-resolved fluorescence)

4 Soft X-rays BL

PLEIADES (10-1000 eV) Physical chemistry (inner shells) diluted matter: atoms, ions,

(HU 80 + HU256) C. Miron molecules, aggregates

ANTARES (10-900 eV) Fermi surface mapping with spin analysis

(HU 256 + HU60) M.C. Asensio, J. Avila

MICROFOCUS (50-1500 eV) High flux and microfocusing for imaging, inelastic scattering, resonant

(HU 80 + HU50) M. Sacchi, R. Belkhou, C. Hague magnetic scattering XRMS, RIXS, XPEEM (ELETTRA 2003-2006)

(associé)

DEIMOS (350-2000 eV) XMCD and XMLD, with microfocus option

(U under study) P. Ohresser, P. Sainctavit 

(associé)

Hard X-rays BL (U20) (4-17 keV) Protein crystallography tiny crystals

PROXIMA2 W. Shepard

Hard X-rays BL (BM) (5-30 keV) Diffraction and absorption on radioactive samples

MARS B. Sitaud

TABLE 3

Beamlines to be opened in 2008

Hard X-rays BL (wiggler) (10-50 keV) High pressure and high temperature diffraction. 

ID 3C J.P. Itié, A. Polian (associé) et al. High energy diffraction

Hard X-rays BL, 

(in-vacuum undulator) (4-20 keV) Diffraction on 2D systems (hard and soft condensed matter);

SixS Y. Garreau, A. Coati, 2D magnetic diffraction; catalysis under high pressure

V.H. Etgens (associé)

Hard X-rays BL, (2-10 keV) Resonant diffraction on soft interfaces and magnetic materials

(undulator with tunable polarization) P. Fontaine, J.M. Tonnerre 

SIRIUS (associé) et al.

Hard X-rays BL, (3-12 keV) High resolution inelastic X-ray scattering, high energy photoemision

(in-vacuum undulator) J.P. Rueff, A. Shukla (associé)

GALAXIES et al.
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downstream the sagitally focusing monochromator. The
design of this monochromator is part of a collaboration with
the group of Pr R. Frahm from the Wuppertal University
(Germany) [4]. The expected performances for time-resolved
studies should be of some ten ms for XANES acquisitions
and from a few hundred ms to a few s for EXAFS data
collection depending on the concentration of the element.
Although the time resolution of Quick-EXAFS on SAMBA
should be slightly less than the one available on the
dispersive EXAFS beamline ODE, due to the intrinsic use of
sequential data acquisition of a scanning energy XAS
spectrometer, the data acquisition is not restricted to the
transmission mode for a thin but concentrated sample.
Indeed, the fluorescence yield (FY) and the photoinduced
current (total electron yield, TEY) will be two alternative
detection modes enabling the time resolved characterization
of catalysts with a small loading of active species and of
supported catalysts and thus allowing more realistic
conditions for the study of catalytic activity. For example, the
development of a TEY cell capable of operating under
catalytic conditions up to 80 atm has been reported [5]. The
high-flux operation mode and the Quick-EXAFS mode will
be available alternatively on SAMBA.

The SAMBA beamline is designed to offer a permanent
access to the 4-43 keV energy range using Si(220) crystals
for the sagitally focusing monochromator or Si(111) and
Si(311) crystals, which can be exchanged by a lateral
translation for the Quick-EXAFS monochromator. These
choices allow relatively fast change of the beamline working
energy since no vacuum breaking in the optics vessel is
required. 

The energy range covered by SAMBA concerns the most
important industrial heterogeneous catalysts and applications:
metal oxides or mixed-metal oxides (e.g. V2O5/TiO2) for the
partial or total oxidation of hydrocarbons, metals and alloys,
generally in a supported state (e.g. CuO/ZnO/Cr2O3) for the
synthesis of methanol from syngas (CO and H2), supported
bimetallic nanoparticles for the selective hydrogenation of
unsaturated hydrocarbons (e.g. CuRu or PdRu) or for
automotive catalytic converters (e.g. PtRh), zeolitic micro-
porous solids (rare-earth catalysts on zeolite Y) for the
cracking and hydrocracking of heavy oils, metal-ion
substituted zeolites or analogues for the conversion of
methanol to alkenes, etc. Several recent publications have
reviewed the application of XAS to the study of hetero-
geneous catalysts under operating conditions [6-8]. In
particular J. Lynch in 2002 [7] and D. Bazin et al. in 2003
[8] have given an assessment of the experiments carried out
at LURE the past ten years within the collaboration between
LURE and the IFP. Clearly one of the missions of the
SAMBA beamline is to offer the same possibilities as those
available at LURE for in situ studies of catalysts. The policy
of SAMBA is to propose a standard access to the catalysis
community with the design and construction of at least one

new catalytic reactor capable of maintaining the catalyst
under pressure of reactive gases at a controlled temperature
in order to substitute the old furnaces available at LURE. But
clearly the design of reactors for specific applications and the
adaptation of a gas chromatograph or a mass spectrometer
for analysis purposes of the reaction products should be
a part of development and investment from the users’
community itself. A working group, identified as the so-
called CARAYSS network [9], has brought together most of
the French laboratories of catalysis in order to define a
common scientific project in which common needs in
standard equipment would be pointed out for reproducing, at
the beamline, reaction conditions as close as possible to
those existing in the home laboratory. 

Besides the cells allowing the study of the catalyst in
operating conditions, extended efforts were done on the
LURE D44 beamline in the past two years for allowing the
use of several complementary techniques simultaneously with
the XAS. The access to coupled information on the same
material offers great advantages with respect to separate
experiments, not only to spare time but also to get rid of
errors due to differences in sample environment, thermal
history, aging, temperature and preparation conditions. Even
more important is the possibility to resolve ambiguities in the
understanding of phase transition mechanisms by allowing
accurate determination of the sequence of the events by the
different techniques. Such combinations of techniques are
clearly a prerequisite for fully making the XAS technique an
operando spectroscopy for the catalyst characterization.
Indeed, in many cases, XAS alone is unable to provide a
unique solution for the proposed structure. 

This complementarity is illustrated in Figure 2 with
the example of the rehydratation of a calcinated 5 wt%
Mo/Al2O3-SiO2 supported catalyst [10] which is a potential
candidate for the desulfurisation of petroleum feedstocks.
The experimental arrangement used for this study is
displayed in Figure 3. XAS analysis of the supported
catalyst reveals upon rehydratation a change of the local
order around Mo (Fig. 2a) from isopolymolybdic species
(t = 0) to aluminomolybdate entities as evidenced by the
comparison with the [Al(OH)6Mo6O18]3– ionic reference
(labelled hereafter AlMo6). Additional information obtained
by Raman spectroscopy (Fig. 2b) clearly evidences the
presence of the MoO3 phase during the first 18h of kinetics
which was not detected by XAS due to its low content in the
mixture. The formation of AlMo6 entities is also clearly and
unambiguously shown. This Raman result is important since
it allows the experimentalist to introduce with confidence a
Mo-Al contribution for simulating the EXAFS signal related
to the second peak of the Fourier Transform. Without the
support of the Raman data, the addition of such Mo-Al
contribution could be considered as a fitting trick, insofar as
satisfactory fit is already achieved by considering Mo-Mo
contributions only.
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Figure 3

Experimental arrangement for the simultaneous recording of
XAS and Raman data on D44 station at LURE used for the in
situ study of the rehydration of a calcinated 5 wt% Mo/AlO3-
SiO2 supported catalyst. Reaction cell a) containing a self-
supported pellet of the catalyst under a stream of water-
saturated oxygen b), Raman probehead c) used for the
excitation by a NIR laser diode at 785 nm and for the
collection of the Raman signal, ionisation chambers d) for
XAS detection in transmission. 

The potentialities offered by the combinations of XAS
with UV-Vis, Raman spectroscopies or Differential Scanning
Calorimetry have been fully presented in [10] aiming to
characterize in a quasi static working mode on the D44
station a variety of materials (molecular magnets, precursors
of catalysts, or sol-gel materials). Very recently, the ability to

use the same complementary techniques for the study of
dynamical processes has been demonstrated, first on the
LURE dispersive beamline D11 [11] in view of char-
acterizing the formation of ZnO colloidal nanoparticles in
solution and second by using the Quick-EXAFS mono-
chromator developped by Pr Frahm’s group. For the latter,
two techniques, UV-Vis and Raman, were combined with
Quick-XANES to study the oxidation of ethanol by ceric
ions [12] in HNO3 media allowing to obtain consistent and
reliable information on the kinetic of oxidation as the relative
proportion of Ce4+ and Ce3+ together with the composition of
the coordination spheres of each cation (nitrate, ethanol and
water) as illustrated in Figure 4.

Besides the different combinations (UV-Vis, Raman and
DSC) available at SOLEIL thanks to a transfer from LURE,
the possibility of recording (simultaneously or not with the
X-ray absorption spectrum) an X-ray powder diffraction
pattern will be offered [13]. Such development has had in the
past a considerable impact on heterogeneous catalysis as
reviewed recently by Clausen [14]. It will allow the
experimentalist to obtain short range and long range
information from the same sample under identical conditions. 

1.1.2 The ODE Beamline

The classical method of recording absorption spectra is the
step by step measurement of the absorption coefficient for
each energy point, as achieved on the SAMBA beamline.
Another approach was proposed by Matsuchita [15], the
energy dispersive EXAFS scheme which uses a bent
monochromator to eliminate the stepwise scanning of the X-
ray energy. The continuous change of the incidence angle
along the bent crystal opens an energy range in the Bragg
reflected beam. The correlation between position and energy
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Figure 2

Study of the room temperature rehydration of a calcinated Mo/Al2O3-SiO2 supported catalyst [10] by a) XAS and b) by Raman. The
spectrum of the aluminomolybdate ion labelled AlMo6 is presented for comparison. The stars are related to characteristic Raman lines
of MoO3.
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of the X-ray is exploited thanks to a position sensitive
detector. This method was adapted at LURE on the D11
beamline as early as 1981 [16] and fully opened to users
from 1985 to 2003. The dispersive set-up has been upgraded
twice; the last upgrade was completed in 1996 with the
ambition of building a competitive experiment, to be
transferred at SOLEIL.

One of the first ideas promoting the dispersive mode
development was the possibility to perform time resolved
EXAFS measurements and indeed the first experiments were
concerned with the kinetics of the doping process in
conducting polymers [17]. The main assets of dispersive
XAFS are the focusing optics, the great stability during the
measurements due to the absence of any mechanical
movement, which warrants that the same part of the sample
is probed while recording single or multiple spectra and the
short acquisition time (few ms). These three advantages
allow the study of small samples (500 µm at LURE, 40 µm
at SOLEIL), to follow kinetics, and to perform experiments
with a signal to noise ratio as good as 105 thus enabling the
collection of very small signals by differential techniques.
The limitation of this scheme is the impossibility to perform
XAS measurements in fluorescence or TEY mode. 

In the vast domain of chemical reactions, where
characteristic times are found between femtoseconds and
hours. Fast ms EXAFS measurements can thus provide either
a short integrated picture of faster kinetic, like those
involving electron transfer in coordination chemistry or
homogeneous catalysis, or a fine characterization of all steps
of slower kinetics, like those encountered in solid state

transformation, in particular in heterogeneous catalysis. At the
present time, dispersive XAFS is the unique way of collecting
EXAFS spectra in a sufficient energy range in a few ms,
contrary to the Quick EXAFS (QEXAFS) where charac-
teristic times are measured in hundreds of milliseconds [18].

Today EXAFS measurements are currently achieved on
the insertion device ESRF beamline ID24 in the ms range
[19] and some results have been obtained in the µs-range [20].
Although the bending magnet source selected for ODE is less
brilliant than the ID24 undulator, the access to the ms scale
will be easily offered to the user’s community, associated to a
guarantee of a maximum stability and reliability.

Some studies of kinetics in chemistry have been already
undergone in the past with the time resolution of 100 ms. We
can for example mention in situ studies of corrosion or
chemical reaction in super-critical water presenting theoretical
and industrial interests [21]. One can also mention the
heterogeneous catalysis studies, with in situ characterization
[22, 23], and sol-gel processes, where parallel measurements
with small angle X-ray scattering give important information
on the formation of ZnO nanoparticles [11]. 

Solid catalysts accelerate chemical reactions. XAS
spectroscopy allows studying real catalyst under practical
reaction conditions, which means that temperature and
pressure parameters have to be controlled during the data
acquisition. The knowledge of the oxidation state of the
reactants and the coordination of the absorbing site in the
formed species during the catalytic process helps to
determine the best reaction conditions. There are usually two
domains of catalysis: homogeneous and heterogeneous. In
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the first case, in situ reaction study needs to use a stopped-
flow with a variable temperature solution cell. In the second
case, a reactor with variable temperature and gas pressure is
used. These two kinds of processes will be studied at
SOLEIL on the dispersive beamline, however, such goal will
only be reached with strong collaborations from laboratories
where these technologies are well developed. The high
homogeneity of our focus point, which is a requirement for
high-pressure measurements, opens the possibility to perform
heterogeneous catalysis studies [24, 25]. Furthermore the use
of several complementary techniques simultaneously with
the XAS mentioned for the SAMBA beamline will be also
possible on the ODE beamline, with faster acquisition time
for kinetics measurements but without the fluorescence and
the TEY modes for diluted species.

1.2 Coupled Absorption-Diffraction

As mentioned in Section 1.1.1, complementing the local
structure information given by XAS by data on the long
range order can be of primary importance for a full
characterization of material transformations. The DiffAbs
(Diffraction-Absorption) beamline of SOLEIL partially
resulting from the transfer of H10 [3], the last beamline built
around the DCI storage ring at LURE, is specifically
optimised to fulfil this purpose. The H10 beamline is
described in this review by the article of Gailhanou et al.
with the emphasis on catalysis issue and the example of X-
ray diffraction studies of zeolite samples at low energy. In the
future, DiffAbs will be dedicated to the structural study of a
great variety of materials combining, if required, X-ray
diffraction (XRD), X-ray fluorescence (XRF) and X-ray
absorption spectroscopy (XAS) using either macro- or micro-
beam for excitation.

DiffAbs will offer the possibility of studying the short and
medium-range characteristics of materials by the almost
simultaneous combination of X-ray absorption spectroscopy
(XAS) and wide angle scattering (WAXS). Resonant
diffraction spectroscopy, such as Diffraction Anomalous Fine
Structures (DAFS), will be applied to obtain site- and chem-
istry specific information. As an example the investigation of
epitaxy stabilised CaF2-type ternary Co1-xFexSi2 silicides on
Si(111) samples is cited [26]. More generally, the study of
anomalous diffraction/scattering (variation of the scattering
cross section in the vicinity of an absorption edge of the
probed element) will be available at the beamline for the
user’s community [27]. Time-resolved X-ray diffraction
measurements (millisecond measurement time) will make the
investigation of fast kinetics possible, for instance phase
transitions or self-propagating high temperature synthesis
[28]. The study of thin films and interfaces, in particular to
determine their mechanical properties (strain measurements
and stress determination), will be an important application
field of the DiffAbs beamline [29, 30]. 

The µ-XRF, µ-XRD and µ-XAS techniques will also be
offered at the beamline. Scanning µ-XRF will give
information about the spatial distribution of the major and
trace elements and their inter-element correlation within the
investigated samples with ∼ 10 µm resolution. The simulta-
neous combination of scanning µ-XRF and µ-XRD will give
insight into the possible correlation between the variation of
the elemental composition and crystalline structure. The large
energy range available at DiffAbs will ensure the XAS study
of the K absorption-edges of elements between K and Zr and
the L-edges between Ru and U. The combination of µ-XAS
with µ-XRF and/or µ-XRD offers the possibility of inves-
tigating the micro-scale variation of the chemical speciation of
an element in the function of the elemental composition and
crystalline structure of the sample matrix [31].

All these techniques will be used in the main scientific
field of the beamline dedicated to the study of the behaviour
of materials at high and very high temperatures (from room
temperature up to 3000°C). More generally, these analytical
possibilities and their combination will provide useful
research tools in the fields of materials sciences and also in
catalysis research.

Specification of the Beamline and Sample Environments

DiffAbs will be situated at the D13-1 bending magnet of the
SOLEIL storage ring. Focused, monochromatic beam
(“normal mode”, energy range: 3-23 keV) will be provided
by two bent, Rh-coated, mirrors and a double-crystal Si(111)
sagitally focusing monochromator situated in the optic hutch.
A microbeam of several microns size (“microbeam mode”,
energy range: 3-19 keV) will also be available by utilizing an
additional, secondary focusing optics, e.g. a Kirkpatrick-Baez
(KB) mirror-pair in the second, experimental hutch. The
characteristics of these two operation modes are summarized
in Table 4. In the microbeam mode smaller spot-size can also
be achieved at the cost of flux by defining a smaller
secondary source by the beamline slits.

In the experimental hutch a 6 circle kappa diffractometer
—foreseen to be used for most of the experiments—will be
installed. It will consist of two concentric goniometers; a
4 circle one ensures the orientation of the sample, while
2 additional circles will be used for the positioning of the
detector. This kappa geometry has been chosen in order to
improve the mechanical performances of the goniometer. It
also has the advantage of ensuring a large free volume for the
installation of heavy and voluminous samples and their
environment.

A multielement solid state detector is foreseen for X-ray
fluorescence (XRF) and EXAFS measurements (in
fluorescence mode). This detector will be located at 90° with
respect to the direction of the incoming X-ray beam.
Scanning µ-XRF measurements will be performed in
microbeam mode by raster scanning the sample in the 

856



F Baudelet et al. / SOLEIL a New Powerful Tool for Materials Science

TABLE 4

General characteristics of the different beam modes
available at DiffAbs

Monochromatic beam modes

Parameters “normal” “microbeam”

Spectral range (keV) 3 - 23 3 - 19

Relative energy resolution ∼ 10–4 ∼ 10–4

Beam size 0.140 × 0.240 0.014 × 0.011

(HxV, FWHM in mm2)

Flux 1012 - 1013 1010 - 1011

(ph.s–1)

Divergence varying varying 

(mrad) H = 7.14 - 2.90 H = 2.87 – 0.98

V = 0.54 - 0.20 V = 6.22 – 2.14

focused beam. The µ-XRF technique will be combined with
scanning µ-XRD by adding a 2D diffraction camera to the
set-up. 

Transmission EXAFS experiments will be carried out
both in the normal and microbeam modes by inserting a
monitor after the sample in order to measure the transmitted
intensity.

A furnace developed for the H10 beamline will be
transferred to DiffAbs. This furnace operates in air at
temperatures up to 500°C and in vacuum up to 800°C. A new
furnace working up to 2000°C in vacuum or in controlled
atmosphere is foreseen in collaboration with the CRMHT
(Orléans). Both furnaces will be used for the study of
polycrystalline samples, such as powders and thin films.
Furthermore, the original device applied at H10 for the study
of oxides in molten state [32, 33] will be upgraded by
including two CO2 power lasers for a homogeneous heating
of the sample. The contact between the liquid sample and the
sample holder will be avoided by aerodynamic levitation. In
that case, the spherical sample can be maintained at a stable
position in a neutral (Ar, He) or reagent (O2, H2) gas flow.
For the study of metal alloys in molten and undercooled
states another device is under development in the framework
of a French-German collaboration (CRMHT, SOLEIL and
the DLR in Cologne). The sample will be heated by a radio-
frequency generator in a specific chamber designed for aero-
dynamic levitation [34]. Both XAS and XRD measurements
are planned to be performed with this sample chamber.

1.3 Grazing Incidence Surface Diffraction 

The Surface Diffraction beamline SixS (Surface interface
x-ray Scattering) [35] will be devoted to the study of
surfaces, interfaces and nanostructures of different materials
in various environments, exploiting the grazing incidence
diffusion and diffraction of X-rays. The under-vacuum
undulator source U20 delivers a beam in the 5-20 keV energy

range, with high flux and low divergence, allowing one to
well-define the grazing incidence angle, which is essential for
the optimisation of the signal/noise ratio, being the surface
signals very weak.

The beamline has an experimental configuration, which
offers a rich combination of X-ray scattering techniques:
Grazing Incidence X-Ray Diffraction (GIXD) in vertical or
horizontal geometries, Grazing Incidence Small Angle X-ray
Scattering (GISAXS) and X-ray reflectivity. Two instruments
will be implemented to satisfy the needs of these techniques:
a diffractometer in Ultra High Vacuum (UHV) that will allow
the study of solid surfaces, interfaces, nanometric objects and
growth mechanisms; a second diffractometer will be able to
host different sample environments, like electrochemical
cells, Langmuir trough, catalytic chambers, etc. for the study
of interfaces (liquid-liquid, liquid-solid, solid-gas).

Surface X-ray diffraction under grazing incidence (GIXD)
is nowadays well established in the panel of surfaces and
interfaces structural probes. The structural information is a
key step for a complete understanding of the physical and
chemical properties of interfaces involved in modern
materials science and technology. This technique has been
applied successfully to address the mechanisms involved in
heterogeneous catalysis, where information can be obtained
on the reactive site and the reaction pathway, thus identifying
the intermediary steps of reaction. In particular, surface
studies help to characterize the chemically adsorbed species
participating in the reaction. However, such studies often
require techniques adapted either to ultra high vacuum or at
least to very low pressures: low energy electron diffraction-
LEED, near field microscopy-STM, electron spectroscopy-
XPS/AES, vibrational spectroscopy like HREELS, infra-red-
IRRAS.

Nevertheless, the studies of gas adsorption and surface
reactivity in UHV are far from the “real” conditions of a
catalytic reaction, and the results obtained under UHV can
hardly be extrapolated to the real conditions of reactions,
which occur in a pressure range 8 to 10 orders of magnitude
higher. Indeed, the reorganisation of a surface in the presence
of a gas and the real nature of the intermediate phases
produced during the catalytic reaction can be very different
from those observed in ultra-high vacuum or at low pressures.
Only the most strongly bonded species are expected to
remain under ultra-high vacuum whereas the weakly bonded
states may desorb very quickly. We know that these weakly
interacting species referred to as precursors, are precisely the
ones supposed to guide the reaction towards its final product.
The identification of these species as well as the charac-
terization of the active sites is thus essential for a further
comprehension of the reaction mechanisms. 

In “real” pressure conditions, the standard experimental
tools used for surface studies in UHV can only be operated
with sophisticated adaptations (see Section 2.2 for the
techniques using the electrons). Recently, some results on
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catalysis and surface morphology evolutions at high
pressures have been obtained by coupling STM to mass gas
detectors by the groups of G.A. Somorjai [36, 37] and 
J.W. M. Frenken [38]. They studied the modifications
induced on the surface morphology during a catalytic reaction
and their observations show that the surfaces present strong
difference between their structures at low and at high
pressure. The surface diffraction can, in this context, fill up
the gap between the low and high pressure catalytic studies.
To this aim, an interesting approach has been the development
of experimental chambers dedicated to catalysis. The sample
surfaces, prepared using the standard UHV techniques, can
then be exposed to a catalytic environment, and their
structural modifications followed in situ by GIXD. 

In the following we present some examples of catalytic
reactions at a surface, in which the surface diffraction study
could give (or has given) useful information. In 2001,
K.F. Peters and collaborators [39-41] have followed the
structural evolution induced by CO adsorbed on the (110)
surface of Ni in a huge pressure range: from 10–10 mBar to
3 Bars. They used Surface diffraction at the ID3 beamline of
ESRF where they built a new chamber compatible with high-
pressure studies and adapted to the X-ray diffractometer.
They observed that at room temperature, the high pressure
and low-pressure structures were identical. Conversely, at a
temperature of 130°C, an exposure to high CO pressure was
found to produce the reorganization of the Ni substrate that
developed strained (111) microfacets. More recently,
M. Ackermann et al. [42] have studied a catalytic reaction
under “real conditions”: they have investigated the pro-
duction of methane from a mixture of CO and H2 close to
atmospheric pressure using a Ni(111) surface as a model
catalyst. The reaction products were monitored with a gas
analyser and the surface structure with GIXD. They observed
that at a temperature between 100 and 200°C a Ni3C epitaxial
film develops on the surface, while no methane production
occurs. At temperatures above 400°C a clear methane
production was evidenced and no ordered carbide film was
present on the surface, which presents no significant
rearrangement with respect to a freshly prepared surface
under UHV. M.C. Saint-Lager and coworkers [43] have
performed an in situ study by GIXD of the structural
evolution of the Pd8Ni92(110) (Nx1) surface exposed to
butadiene (C4H6). They followed the modifications of the
structure induced by a butadiene hydrogenation at elevated
pressures under reaction conditions (room temperature,
5 mbar). Once again the data show a strong correlation
between the X-ray diffraction signature of the surface
structure and the reaction product analysis.

All the examples reported here show that the structural
information given by the GIXD can be useful in order to
determine the active sites in catalysis. Moreover, coupled
with other experimental probes, like mass spectrometry, one
can follow in situ evolutions of the surface structure and

reaction products, either at low or at high pressures. Among
the advantages presented by Surface Diffraction we can
mention that it is a non-destructive technique, which can be
used to probe any type of gas environment. With the high
brilliance of the third generation synchrotrons, it becomes
also possible to study the catalysis reactions in real time. The
SixS beamline at SOLEIL will be partially dedicated to these
topics. It will offer a chamber combining ultra-high vacuum
and high pressures, compatible with the grazing X-ray
diffraction geometry. This chamber will be equipped with the
standard UHV tools for surface preparations, and will offer
the possibility to subsequently expose it to high-pressure gas
environments. Moreover, the diffraction study will make it
possible to follow the changes of the surface structures
induced by the gas exposure (reconstructions, relaxations).
The beamline will be able to perform in situ Grazing
Incidence Small Angle X-Ray Scattering (GISAXS)
measurements [44], which will allow to follow in real time
the morphology evolution of the surface during the reactions.
By coupling this technique with GIXD, it will be possible to
obtain a complete structural and morphological charac-
terisation of the studied systems.

1.4 Small Angle X-Ray Scattering (SAXS) 

In the material science field, studies are expected to develop
following two directions: nanoprecipitates in the bulk and thin
layers of nanomaterials [45]. In the bulk, the morphology,
organization and chemical composition of the nanoprecipitates
can be determined by Small Angle X-ray Scattering (SAXS).
The chemical composition is obtained using the so-called
“anomalous labelling” [46] (i.e. the variation of the atomic
scattering factor as a function of photon energy close to the
absorption edge of the investigated element). This labelling
method can be applied to a variety of systems like metallic
alloys, colloids, ferrofluids or polyelectrolyte gels. Moreover,
the research on thin layers of nanomaterials is undergoing an
explosive development because these samples play an
increasing role in several technological domains like opto-
electronics, non linear optics (semi-conductor or metallic
nanocrystals in a dielectric matrix), catalysis [47-49] (Pt or
Pd-Pt clusters for example), magnetic thin films or multi
layers (Fe and Co clusters in insulating or conductive non-
magnetic matrices), nano-electronics, carbon nanotubes, etc.
In all cases, the nanoclusters are present in thin layers,
supported or buried, and must be studied using grazing
incidence techniques (GISAXS) to obtain information on the
size, shape and distribution of these clusters [50-54]. The use
of anomalous scattering (AGISAXS) can expand further the
potential of this method by enabling one to retrieve the
contribution of a given element (metallic clusters in a
mesoporous silicon network, nanoclusters included in a rough
layer, metals encapsulated in a network of carbon nanotubes,
etc.) from the scattering pattern.
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A small angle X-ray scattering beamline (SWING) will be
in operation at the SOLEIL Synchrotron facility around
spring 2006 to fulfil the needs of three different fields of
research: biology, soft condensed matter and material science
respectively. This beamline is being built around a new
generation undulator in order to provide a very strong and
thin X-ray beam with a low divergence. A two-crystal
monochromator will select the photon energy between 5 keV
and 20 keV, a set of two orthogonal focusing mirrors, in
Kirkpatrick-Baez geometry, will then both reject harmonics
and eventually focus the X ray beam on the sample or on the
detector, with a spot size of about 100*300 µm2 (which can
be reduced further with slits). Different kinds of sample
environment will be provided among which will be a multi
sample holder to study some very thin samples (down to
500 nm, if supported on a flat surface) under grazing
incidence (GISAXS). A long evacuated tube (6 m long and
1.8 m in diameter) will contain a 2D detector in order to
collect the SAXS spectra. Therefore, this beamline will be
able to study very small objects with a size in the range
of 1 nm to a few µm (in transmission mode only), (see
http://www.synchrotron-soleil.fr/francais/lignes/SWING.htm
for more information).

Below are shown two examples of samples which were
studied with the GISAXS technique at the LURE
synchrotron laboratory, in order to understand their catalytic
properties.

The first sample (Fig. 5) was elaborated by electron
sputtering of two layers of 40 nm ZrO2/0.6 nm Pt, sputtered
at room temperature on a Si wafer, followed by a reduction at
400°C. The 2D diffusion spectrum shows 2 diffusion lobes

which are characteristic of the formation of Pt aggregates and
carries the information on their size, morphology and
distribution: 4 nm in lateral size, 3 nm in height and 11 nm in
average distance. The spectrum shows also horizontal fringes
due to the interferences between the 40 nm thick layer and
the Si subtract. These kind of samples are studied because of
their technological interest by LMP and LACCO laboratories
at Poitiers, in order to understand the influences of the
morphology and the crystallographic structure of metallic
clusters, as well as the influence of the subtrate micro-
structure on the catalytic properties of Pt on ZrO2.

In Figure 6 is illustrated the case of nanoclusters of PtRh
created by plasma deposit on an amorphous Si oxide.
Depending on the elaboration conditions, the clusters present
different morphologies and different sizes (2 nm on the left
and 8 nm on the right for example), with a rather low
dispersion since high orders are visible on these 2D spectra.
Such information is of primary importance to optimise the
preparation route of performant catalysts.

The new SWING GISAXS beam line will stir up this
kind of studies, since the beam intensity will be more
than 5 orders of magnitude higher than the LURE one,
comparable to the best ESRF experimental set ups, with a
higher flexibility. It will enable the study of very dilute
samples, as well as samples with many different elements
which will be labelled through the use of the anomalous
effect. It will have in situ heating capability (up to 600°C), as
well as some in depth scanning possibilities by varying the
penetration angle of the X ray with a high precision rotation
stage. The large place devoted to the sample environments on
the beamline will accommodate future experimental set ups
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Figure 5

2D map of the scattering from a sample prepared by electron sputtering of 2*(40 nm ZrO2 and 0.6 nm of Pt) and reduction at 400°C. The
long vertical beam stop located at qy = 0 prevents the detector from being damaged by either the direct beam (the two white dots are
remainders), or by the total reflection. The position and size of the two lobes allow a determination of the size and geometry of the
corresponding clusters. Courtesy of David Babonneau.
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developed by external laboratories in collaboration with the
SOLEIL staff. 

2 TENDER AND SOFT X-RAYS METHODS

2.1 Absorption and Imaging with Tender X-rays

Taking advantage of the brilliance of third generation
machines, and of the fact that the quality of mirrors has
considerably improved over the last few years, new
beamlines can now be designed which offer at the same time
a high flux and a very small spot size. The beamline LUCIA
(Line for Ultimate Characterisation by Imaging and
Absorption) is a “tender” (0.8-8 keV) X-ray microprobe with
capabilities for chemical speciation by X-ray absorption
spectroscopy (µXAS) and for elemental mapping by X-ray
micro-fluorescence (µXRF). It allows the possibility to
measure heterogeneous samples at the micrometer scale and
to combine these two element-specific techniques. A
monochromatic beam of µm size is incident on a sample
which is carried on a scanning x-z stage. µXRF shows the
location of the elements, their relative abundances, and with
which other elements they are associated. One can take
advantage of the monochromatic beam which allows
separating out different elements by their absorption edges.
After mapping the fluorescence, interesting spots can be
analysed by XAS to determine the speciation of the elements
(local chemistry, quantitative determination of the local
geometric structure around the absorbing atom) and how it

depends on the different components. µXRF and µXAS can
be combined with other microtechniques like Raman
spectroscopy to give complementary information on the
sample. The energy range offered by the beamline will
correspond to the best performances of SOLEIL in terms of
brilliance. It allows XAS experiments at the K edge of
elements from Na to Fe, L edges from Ni to Gd, and M edges
of rare earths and actinides. Thus, elements interesting in
catalysis and in industrially important reactions can be
probed. Developments of cells for in situ characterization
using µXAS have been recently reported offering new
opportunities for the study of catalysts [55] with tender
X-rays.

Installed at first on the Swiss Light Source located at the
Paul Scherrer Institute (Switzerland) (SLS is a synchrotron
light source running at 2.4 GeV), the LUCIA beamline will
be transferred to SOLEIL by beginning 2008. The beamline
has been opened during summer 2004 to expert users, and
scientists are now welcome to submit proposals to the PSI
SLS Digital User Office (http://user.web.psi.ch/).

2.1.1 Specification of the Beamline

The source is a so-called APPLE-II type undulator with a
magnetic period of 54 mm. This device emits a light with
fully tunable linear and circular polarization. The period
length is such that no gap appears between the first and third
harmonic in any polarization state. Such an undulator is
highly advantageous for the analysis of oriented samples
making use of polarized XAFS (P-XAFS).
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Evolution of the 2D GISAXS spectra with the size of the nanoclusters of PtRh formed on a Si amorphous oxide. The clusters are smaller,
therefore the scattering is more diffuse and located at larger q values (left picture) than in the second case. Some roughness of the subtract
can be seen along the beam stop. The second order is more visible in the right picture since the scattering is more concentrated. Courtesy of
Pascal Andreazza.
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The beamline optics, comprising a set of premirrors and a
fixed exit Kohzu two-crystal monochromator, delivers a
harmonic free monochromatic beam tunable between 0.8 to
8 keV thanks to five different crystal pairs, Beryl, KTP,
YB66, InSb(111) and Si(111) fitting into water cooled
holders. Thanks to the “gap scan” mode of the undulator, the
beam at the exit of the monochromator shows a continuous
variation allowing large energy scans for XAS experiments
with a flux of about 2.1011 photons/sec. The resolving power
is about 3000.

Final focusing after the monochromator is by means of
crossed mirrors in the Kirkpatrick-Baez configuration
delivering a theoretical spot size of 1*2 µm2 (ideal without
slope errors). K-B devices have the major advantage to be
achromatic, i.e. the focal length and the spot size do not
change with energy. The typical working distance is 100 mm.
A motorized (x,y,z)-stage allows the very precise positioning
and mapping of the sample. At low energy the samples have
to be in a vacuum environment, but without special sample
preparation. For XRF, a single-element silicon drift diode is
used, with an energy resolution of about 130 eV, which can
be approached close to the sample. A total-electron-yield
detector and a Si-diode for transmission measurements are
also available.

2.1.2 Example of Scientific Results

An example of the research accessible on LUCIA concerns
the study of medieval glasses exposed to weathering since
the XIVth century. It is developed by F. Farges (Université de
Marne-la-Vallée). Glasses exposed to the outside suffered
from corrosion (water, pollution, seasonal changes, etc).
They show superficial crusts enriched in manganese. The
experiment is described in Figure 7: the optical image select
an interesting area, with unaltered glass and an altered part
where complex compounds are formed. XRF mapping
allows identifying the elements present in the different zones
of the sample, and µXRF gives the distribution of these
elements. It was found that the distribution of Na and Mn are
correlated, which infers the probable formation of a sodic
birnessite which was not detected using conventional
microscopic and diffraction studies. As confirmed by
µXANES experiments, the oxidation state of Mn is different
in the different regions of the sample. The analysis of these
results is in progress. 

2.2 Electron Spectroscopies and Time Dependence

X-rays are absorbed in matter and the energy of the X-rays is
converted into the kinetic energy of photoelectrons, Auger
electrons, secondary electrons and fluorescent X-rays.
Here we focus essentially on “photon in – electron out”
spectroscopies, such as core-level X-ray photoemission
spectroscopy (XPS), valence-band UV photoemission
spectroscopy (UPS) and near edge X-ray absorption fine

structure spectroscopy (NEXAFS) measured in the electron
yield (EY) mode. 

The key “ingredient” of surface sensitivity is the inelastic
mean free path Λ: 95% of an elastic photoelectron peak
comes from a surface layer of thickness 3 Λ. Λ is related to
the kinetic energy EK of the emitted electron, and becomes
very short (a few Å) when EK is about 30-40 eV. Therefore,
the energy tunability of the synchrotron radiation enables the
measurement of photoemission spectra with a very good
surface sensitivity. In surface experiments, X-ray absorption
spectra cannot be measured by transmission: fortunately the
EY resulting from the Auger decay of the core-holes created
by the impinging photons can be monitored as a function of
hν. When the depth from which the collected electrons
originate is much smaller than the X-ray irradiated depth,
then it can be shown [56] that the EY is proportional to the
absorption coefficient. Various EY modes can be operated,
the most reliable being the integrated measurement of a
kinetic energy window centered on a selected Auger peak. In
the case of an adsorbate (A) deposited at the surface of a
substrate B, a very high adsorbate/substrate sensitivity can be
obtained by measuring the Auger EY of A. The EY energy
windows can also be adjusted to define an “effective
sampling depth” Λe. Λe is large (typically 100 Å) when low
EK (a few eV) secondary electrons are collected (bulk
sensitivity). Alternately, the NEXAFS spectra of surface
states (with a high surface sensitivity) can be recorded by
collecting secondary electrons of EK around 35 eV [57] close
to the minimum of the universal mean free path curve. 

While XPS and UPS give information on the occupied
electron levels, NEXAFS gives an “image” of virtual
molecular orbitals (or of the unoccupied density of states for
a solid) having a given symmetry dictated by the dipolar
selection rules. All core-level spectroscopies (XPS and
NEXAFS) are sensitive to the chemical environment of a
given atom, and are widely used for chemical charac-
terization. With respect to petrol chemistry, one can notice:
– that NEXAFS is able to distinguish multiple carbon-

carbon bonds from single bonds [56, 58] in organic
compounds;

– and that it can be used to determine the oxidation degree
(and spin state) of transition metals [59], which are used in
catalysts. 
Apart from its energy tunability, the big boon of

synchrotron radiation is its polarization. As pointed out in
Section 2.1.1, undulator sources are now able to provide
linearly polarized light (vertical and horizontal) and
elliptically polarized light. In surface chemistry, a big issue is
the determination of the bonding geometry of a molecule on
a surface. In that respect, UPS performed with linearly
polarized light is capable of giving the parity (within a
surface mirror plane) of the adsorbate molecular orbitals
[60]; NEXAFS spectroscopy, using linearly polarized light,
provides information on the bond orientation, and in some 
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Figure 7

Images of the Na a) and Mn b) repartition obtained on medieval glass of the Tours’ cathedral (XIVth century), XANES spectra at the Na c)
and Mn K d) edges for two spots: in the red non altered glass; in the brown crust formed during alteration. The line profiles e) of the
abundance of these two elements evidence their correlation, and the XANES spectra show the different speciation of Mn in these two parts of
the glass. Season impact or bacterial effect?
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Figure 8

N 1s NEXAFS spectra of a CuPc layer deposited on graphite,
measured at two radiation incidence angle θ (θ is also the
angle between the surface normal and the polarization
vector). At θ = 16° the transition from 1s to the π*
(transitions # 1,3,4) system of the macrocycle is strongly
enhanced. At θ = 90°, one observes transitions to orbitals
(#2 and 5) contained in the molecular plane. Therefore the
molecules lie flat on the graphite substrate. The data have
been collected at beamline SB7, SuperACO.

instances, on the changes in bond-lengths [56]. An example of
application of linearly polarized NEXAFS for the
determination of molecular orientation is given in Figure 8:
a 100 Å thick copper phthalocyanine (CuPc) layer is
deposited on a graphite substrate. The variation of the N 1s
absorption intensity as a function of radiation incidence shows
that the CuPc molecular plane is parallel to the substrate
surface. Generally speaking, the information on the electronic
structure (both at energetic and spatial levels) provided by
UV/soft X ray spectroscopies is highly valuable, as it
compensates for the inability of X-ray surface crystallography
to draw a picture of the surface, when adsorbates are made of
low Z elements, and long range order may not be present. 

The chemistry dedicated (or partly dedicated) beamlines
of SOLEIL (TEMPO and MicroFocus) will cover a photon
range bracketted between 50 eV and 1500 eV. This energy
range is particularly well suited for chemistry applications.
On the one hand, UPS (valence band) photoemission is still
feasible at hν = 50 eV. On the other hand, the whole range
of K edges (C, O, N, F 1s) of organic molecules, and the
4th period transition metal L (2p) edges of metal-organic
molecules is covered. Rare earth M4,5 edges are also
accessible. With respect to the preceding installations at
LURE, the SOLEIL beamlines will provide a general
improvement in terms of (i) time and (ii) spatial resolution.
The second issue is addressed in Section 2.3 devoted to
spectromicroscopy. The first aspect is the hallmark of the
high photon flux (1012 photon/s in a 4*50 µm2 spot) TEMPO
beamline. Real-time photoemission spectra will be recorded
at a maximum speed of 20 ms/spectrum. Recently at LURE

the valence band of a silicon surface continuously exposed to
acrylonitrile has been measured at a speed of one spectrum
every 7 s (Fig. 9) [61]. It has thus been possible to follow the
quenching of the so-called surface state (characteristic of the
clean surface reconstruction) and the growth of a molecular
state. Note that the pressure was in the 10–9 mbar range. The
maximum acceptable pressure in the present analysis
chamber is about 10–6 mbar. In order to study “non-
conventional” objects, on the surfaces of which important 

Figure 9

Real-time UPS (He I) of the Si(001)-2×1 surface exposed to
acrylonitrile at 300 K under a pressure of 2.10–9 mbar.
a) Photoemission intensity vs binding energy at times 0
(pristine surface), 150, and 350 s (saturated surface). The
Fermi level is at 0 eV. b) photoemission intensity (reflected in
color scale from black (zero) to yellow (104 counts) as
a function of binding energy (x-axis) and exposure time
(y-axis). Spectra are taken each 7 s. Acrylonitrile is introduced
at time zero. The white vertical lines delimit the integration
windows of the surface states (centered at a binding energy of
0.85 eV) and of the molecular states (centered at a binding
energy of 2.25 eV). The corresponding kinetics are reported in
panel c). The data have been recorded at beamline SB7,
SuperACO (see also Ref. [61]).

(c)

Exposure time (s)

Surface
states

Molecular
states

τq

-50 0 50 100 150 200 250 300S
ur

fa
ce

 s
ta

te
s 

in
te

ns
ity

 (
a.

 u
.) M

olecular states intensity (a. u.)

80x103

60

40

20

0

80x103

60

40

20

0

(a)

Binding energy (eV)

0 s

150 s

350 s

2.5 2.0 1.5 1.0 0.5 0.0

U
P

S
 in

te
ns

ity
 (

a.
 u

.)
E

xp
os

ur
e 

tim
e 

(s
)

25x103

20

15

10

300

200

100

0

5

0

(b)

Photon energy (eV)

390 400 410 420 430

60 000

40 000

20 000

0

E
le

ct
ro

n 
Y

ie
ld

 (
A

rb
. u

ni
ts

)

16°
90°

1

2

3
4 5

N K-edge

N

N

NN
N N

Cu

N N

863



Oil & Gas Science and Technology – Rev. IFP, Vol. 60 (2005), No. 5

(e.g. for atmospheric chemistry) chemical reactions take
place, such as melting ice, or brine forming on salt crystals,
an electron analyzer has been specially designed to work in
the mbar range at the Advanced Light Source [62]. An
equivalent apparatus might be built and installed on a branch
of the TEMPO beamline.

In situ kinetic measurements are certainly superior to the
classical trial and error method: in particular, given the high
recording speed afforded by the high photon flux and the
new ELETTRA-designed detector associated to the
SCIENTA electron analyzer, we shall be able to detect
transient species [63]. Beyond kinetic studies, we also want
to examine various dynamical issues, using a laser as a pump
and the 50 ps wide X-ray pulse as a probe. Therefore,
XPS/UPS and NEXAFS studies of electronically excited
molecular states will be routinely feasible in the ps regime. 

Also extremely interesting is the possibility of studying a
new kind of surface chemistry, by exciting the substrate
electrons with a near IR laser. In fact in “classical” chemical
reactions, heating the substrate enables the climbing of the
vibrational ladder, within the molecular potential, until the
bond breaks. In the case of interest, hot electrons (of a few eV)
are produced in the substrate on a timescale much shorter than
that of substrate heating. In these non-equilibrium conditions
(the substrate phonons are not yet excited), the hot electrons
do all the chemistry. It has been shown in recent fs resolved
experiments that these electrons can displace an adsorbate (O2
on Pt(111)) from its rest position in a characteristic time of
about 500 fs [64]. It should be recalled here that the TEMPO

beamline is designed to deal with fs sliced X-ray pulses [65]
that will be produced in the near future at SOLEIL.

2.3 Spectromicroscopy and X PEEM Imaging

The high brilliance of third generation synchrotron radiation
sources has opened the way to surface and interface imaging
with resolution in the 10 nm ranges and with further instru-
ment improvements in the 1 nm range [66]. Experimentally
there are two different approaches. The first uses a well
focused photon beam which is scanned across the sample’s
surface (SPEM: Scanning PhotoEmission Microscopy). The
second employs parallel imaging techniques making use of
appropriate electron optics (X-PEEM: X-ray PhotoEmission
Electron Microscopy). 

2.3.1 The Spectromiscroscopy

X-PEEM spectromicroscopy is a derivative of the classical
PEEM. If photon energy just above the photothreshold is
used, the total photoelectron yield (TEY) is mainly
determined by the differences in the work function φ of the
sample. The local variations of φ result in images with high
contrast. This UV-PEEM mode of operation is ideally suited
to study surface chemical reactions in real time [67]. With
the advent of high brilliance synchrotron radiation from third
generation storage rings, a wide and tuneable energy range
of photons of the illuminating beam has become available.
This allows to access well established techniques like
Ultraviolet Photoemission Spectroscopy (UPS), X-ray
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Figure 10

Schematic sketch of the X-PEEM microscope. The sample is illuminated using a monochromatic X-ray beam. The Electron yield is collected
via an immersion lens, magnified and projected using an electron microscopy column. The image obtained on the detector, represents a
magnified image of the observed area on the sample, generated using the secondary or primary photoelectrons. Note that the microscope can
also operate using an electron gun, which enable Mirror Electron Microscopy (MEM) and Low Energy Electron Microscopy (LEEM).
(Courtesy of A. Locatelli, Trieste - Italy).
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Photoemission Spectroscopy (XPS), X-ray absorption
spectroscopy (XAS) and Near Edge X-ray Absorption
Spectroscopy (NEXAFS) at the nanoscopic level, and thus
leading to element selective imaging (see Fig. 10). More-
over, information on the spatial distribution of the electronic
structure, chemical composition and on the local chemical
bonding of atoms and molecules at the surface can be
obtained. Dedicated beamlines with high brilliance, variable
photon polarization (circular as well as linear) and a broad
energy range have become recently available at several
facilities (Elettra, ESRF, ALS, BESSY II, etc.). This opens a
wide research area for the X-PEEM [68] including surface
magnetism, surface and interfaces, surface chemistry,
tribology, etc.

The study of surface chemical reaction has constituted for
a long time one of the favorite domain of application for the
PEEM microscopy [69, 70]. Chemical reactions, which show
complex phenomena of pattern formation, have recently
moved into the focus of the research interest. Among others,
catalytic reactions on single crystal surfaces play a particular
role not only because of their practical importance, but also
due to the relative simplicity of their mechanism. Moreover,
their intrinsically two-dimensional geometry allows applying
various observation methods, ranging from optical and
electron microscopy to scanning tunnelling microscopy, and
hence to directly study the reaction process down to the
atomic resolution. The studies of the reaction fronts formed
during the chemical reaction on single crystal surface have
been considered as a first step in the comprehension and in
the formulation of realistic models [71, 72]. As discussed
below, an impressive variety of different chemical wave
patterns has been found in recent years [73, 74]. Moreover

the temporal resolution of PEEM (few ms) is always
sufficient for the observed dynamical process. 

2.3.2 Chemical Waves and Surface Chemical Reaction

The CO oxidation reaction on Pt(110) is one of the most
thoroughly investigated systems as it is believed to be the
first step to the comprehension of the surface chemical
reactions. Molecular beam investigations have shown that
this reaction proceeds via the Langmut-Hinshelwood
mechanism (i.e., CO and oxygen have to be adsorbed before
the CO2 formation can take place). PEEM observation under
reaction conditions shows a new class of pattern (chemical
waves) attributed to subsurface oxygen [73]. These new class
of waves have unusual properties. Instead of annihilation,
typical for previously observed oxygen waves in the same
reaction, their frontal collisions result in reflections or fusion
of two fragments and formation of a single traveling
fragment. PEEM observations on island conversion process
have been used to modelize this kind of reaction. However,
mathematical model have been developed only for such
chemically very simple system. The main obstacle in the
formulation of realistic reaction-diffusion models for more
complex reactions like NO + H2 on Pt and Rh [75] surfaces
is the limited amount of information about the lateral
distribution of adsorbate species on the surface. PEEM
imaging since it is based upon work function contrast cannot
provide, or very indirectly, information about the chemical
identity of the absorbate species. The combination of
spectromicroscopy imaging and element-specific spectro-
scopic techniques using synchrotron radiation, allows to
access to relevant parameters such as the concentration
profiles of the surface species for traveling pulse. 
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a) X-PEEM image illustrating the evolution of the reaction toward a stationary state. The developed re-oxidation fronts (REOX) have
triggered the redistribution of Au, which accumulates on the already reduced surface (RED). Reaction parameters: p[O2] = 4.4.10–7 mbar,
P[H2] = 3.8.10–7 mbar, T = 620K. Field of view 5 µm. b) Local XPS Auf7/2 spectra taken in the three different regions shown in the X-PEEM
image. The full reduction of the surface leads to the homogenisation of the Au coverage [79, 80].
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The first combination of microscopic and spectroscopic
measurements to study the chemical reaction has been
recently reported [75]. The experiments have been realized
by use of scanning photoelectron microscopy (SPEM) with
synchrotron radiation focused to nanoscale dimensions by
Fresnel zone plates in order to modelize the Rh(110)/NO
+ H2 chemical reaction. Using O1s, N1s and Rh3d5/2 core
level photoemission, bidimensional maps of the surface
composition during the reaction condition have been
recorded. From these images, the concentration profile for
the two relevant species (O and N) has been deduced and
compared to a mathematical calculation which enables to
deduce a global model for the excitation mechanism of the
traveling pulse.

In catalytic and surface reactions, adsorbed atoms and
molecules not only act as reactant but also modify the
structure and the electronic state of the surface under the
working conditions and hence the reaction kinetics and
mechanisms may be largely affected [76-78]. Therefore,
chemically and structurally sensitive techniques with high
lateral, spectral and time resolution are required in order to
fully investigate such complex surface reaction. The
contribution of X-PEEM microscopy is undeniable as it has
been clearly demonstrated recently in the study of the water
formation reaction on a Au-modified Rh(110) surface [79,
80]. It was found that oxidation front triggers redistribution
of the initially uniform Au adlayer. The propagating
oxidation fronts destroy the homogeneity of the interface and
re-organize the interface in two separated phases (see
Fig. 11), which are energetically more favorable than a single
homogeneous O+Au coadsorbed phase. 

2.3.3 NEXAFS and X-Ray Linear Dichroism Microscopy

One interesting direction to prospect in the future is the
combination of NEXAFS spectroscopy and X-PEEM. As a
matter of fact, the NEXAFS spectroscopy as mentioned in
Section 2.2 has become nowadays a widely used technique
for study of the electronic and geometrical structure of
organic materials and low-Z molecules bonded to surfaces.
The power of NEXAFS spectroscopy lies in its ability to
detect the presence of specific bond in molecules and
polymers (C-C, C=C, C=O, etc.) and its capability to derive
the precise orientation of molecules on surfaces. Orientation
information is derived from the linear dichroism in X-ray
absorption i.e. the strong dependence of the resonant
photoexcitation process on the relative orientation of light
polarization and the molecular orbital of interest. The
NEXAFS approach can be extended to spectromicroscopy
for imaging chemical molecules domains on surfaces.
Similarly to what has been recently demonstrated for the
magnetic imaging [81, 82], the use of the linear dichroism
with the chemical bond sensitivity makes it possible to image
a domains or a group of molecules that differs from the
adjacent species only in the molecular orientation. Until now,

such X-ray linear dichroism microscopy had been almost
exclusively applied to image the orientation of specific
chemical bonds in polymers. However, recently, some
promising results have been obtained in the study of
the adsorption geometry of organic adsorbate on metal [83,
84]. Actually this domain remains unexploited, but the
generalization of X-PEEM spectromicroscopy on third
generation synchrotron laboratory will ensure an extensive
use of this capability as is it the case actually for the
NEXAFS spectroscopy.

2.3.4 The MicroFocus beamline at SOLEIL [85]

The purpose of the X-PEEM branch of the MicroFocus
beamline at SOLEIL is first and foremost to deliver the
highest flux possible within a small focused beam over the
50 to 1500 eV spectral ranges. The flux at the sample
position will be above 1013 ph.s.–1 over the optimized energy
range. The wide energy range will enable UPS photo-
emission, XPS photoemission, NEXAFS at the K edges of
light elements (C, O, N 1s…) as well as XAS spectroscopy at
the L edges of transition metals and at the M edges of the rare
earths. 

In brief, the beamline will involve a medium section
tunable undulator and a VLS (variable line space) grating
monochromator designed to provide a resolving power of
at least 5000 at full throughput. Kirkpatrick-Baez (KB)
bendable mirrors will be available to focus the beam
according to requirements of instrumental constraints which
dictate the need for a very well focused beam in both vertical
and horizontal planes. The KB mirrors will provide a ∼ 2 µm
x 10 µm beamspot with no extra loss in flux other than from
reflections. This will provide optimum performance for high
resolution X-PEEM experiments. The X-PEEM instrument
is based on a commercial LEEM/PEEM microscope
(Elmitec Gmbh.) initially designed by Pr E. Bauer. This
instrument has the advantage that it can be used in both
LEEM (Structural and morphological microscopy) and X-
PEEM modes. It also permits the best resolution achieved to
date (8 nm in PEEM mode and 22 nm in X-PEEM using core
level electrons). A certain number of important devel-
opments will be also performed in order to get a high level
instrument: 
– A key limitation to the performance of electron-optical X-

ray microscopes is the severe chromatic and spherical
aberrations of the immersion lens used. This problem
constrains the X-PEEM microscope to a fairly small
transmission in an attempt to offset these problems.
Rempfer’s group [86] has proposed a solution to this
problem, by designing and testing an electron mirror,
which has spherical and chromatic aberrations of similar
magnitude to the objective lens, but opposite in sign.
When used in combination with a properly designed
objective lens, the aberration can be highly reduced.
Therefore both transmission and resolution will be
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increased (Expected improvements: factor 5 in term of
spatial resolution and a factor 600 in term of trans-
mission). Two major projects using correcting mirrors
are presently under construction: PEEM3 at ALS and
SMART project at BESSYII.

– The incorporation of an energy filter in the X-PEEM
microscope with an energy resolution better than 150 meV
for core level and valence band photoemission micros-
copy. The energy filter is not only necessary for imaging
with primary photoelectrons but also useful for secondary
electron imaging. It allows to select a narrow energy
window around the maximum of the secondary electron
energy distribution and, thus, to improve the spatial
resolution without unacceptable loss of transmission.  

All these developments will be made on the basis of the
commercial 90° LEEM/PEEM with the collaboration of
Pr. E. Bauer (Arizona State University) and the microscopy
group of Elettra-Italy (M. Kiskinova and A. Locatelli). The
instrument will be first installed on the Nanospectroscopy
beamline at Elettra synchrotron ring storage prior to its final
relocation at SOLEIL, ca. 2007.

3 INFRARED METHODS

For the past decade, synchrotron radiation has impacted the
field of infrared spectroscopy and micro-spectroscopy in
various disciplines including Physics and Chemistry, Earth
and Space Science, Biology, Soft Matter, etc. After the first
demonstration of the brilliance advantage of the synchrotron
infrared source, significant effort was devoted to under-
standing and optimizing the source qualities in the infrared

region, comprising both the so-called mid infrared (∼ 2 to
∼ 20 µm) and far infrared (∼ 20 to ∼ 1000 µm) regions. The
earliest efforts to develop the synchrotron infrared source
were motivated by the need for a bright far infrared source in
low throughput experimental methods such as grazing
incidence spectroscopy from surfaces [87]. Though it was
understood that the brilliance advantage of the synchrotron
source extended up into mid-IR, an actual demonstration of
its use for spectro-microscopy did not occur until Hemley
and co-workers [88] developed a custom instrument to focus
light through a high pressure diamond anvil cell at the
National Synchrotron Light Source (NSLS) of Brookhaven
National Laboratory. The first microspectroscopy exper-
iments that allowed a direct comparison with a thermal
source took place in 1993, when a commercial Spectra Tech
Irµs infrared microscope was installed at U2B; a dedicated
mid-IR beamline at the NSLS [89, 90]. Since that time, far-
IR and mid-IR spectroscopy and microspectroscopy has
expanded to synchrotron facilities throughout the world.
Principal motivation for synchrotron-based IR spectroscopy
and microspectroscopy are: the superior advantage in flux
(wavelength> 100 microns) for the far-IR and tremendous
superiority in brilliance, both in the far-IR and mid-IR region.
In far-IR spectroscopy, this is of paramount importance in
studying the adsorbate-substrate bonding, the optical proper-
ties of super-, and semi- conductors, phonon modes of
substrates, collective motions of molecules. In microspectro-
scopy, the synchrotron source brilliance is essential for
achieving significantly greater lateral resolution (typically at
the diffraction limit) in combination with superior signal to
noise and without resorting to prohibitively long acquisition
times. 
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Left: Collection geometry: the dipole vessel has been modified in order to collect photons emitted in a 78 mrad horizontal x 20 mrad vertical
opening angles. The emission of the edge radiation is centered on the axis of the straight section, while the constant field emission occurs at
negative values of angles. Upper Right: emission profile for a wavelength of 10 microns (mid-IR); Lower right: emission profile for a
wavelength of 100 microns (far-IR).
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Figure 13

Total flux emitted at SOLEIL, collecting both the edge
radiation, and the constant field emission.

Accordingly, a special care has been initiated at SOLEIL,
to understand the physics of infrared emission, and to
optimise the photons collection and propagation to spectro-
meters through sophisticated simulation software.

There are two main sources of infrared radiation: Infrared
is generated by electrons traveling at relativistic velocities,
either inside a curved path through a constant magnetic
field (bending magnet radiation [91]) or by longitudinal
acceleration or deceleration when leaving or entering a
magnetic section (edge radiation) [92, 93]. At SOLEIL, we
have designed a modified dipole chamber which allows the
two sources to be collected simultaneously. The collection
geometry, and the calculated wavefront, for two charac-
teristic wavelengths, are reported on Figure 12. Calculations
have been performed using the software SRW developed by
Oleg Chubar and Pascal Elleaume [94] and, later on,
upgraded for propagating the wavefront along all optical
elements, by O. Chubar. Figure 13 shows the emitted photon
flux, expressed in Watts/cm–1, a unit more familiar to
spectroscopists.

The synchrotron radiation can be used in pump-probe
studies of dynamics, as exemplified in references [95, 96],
and is particularly well suited for experiments where multiple
and widely varying photon energies or wavelengths are
required. An example is the combination of X-ray
(fluorescence or absorption) and IR microscopic analysis on
the same sample [97, 98] which represents an activity of
growing interest in the synchrotron radiation community.

Two infrared beamlines are under construction at
SOLEIL. The two infrared ports will be used in one hand, for
far-IR spectroscopy, with medium to very high resolution
(beamline AILES), and on the other hand for infrared
microspectroscopy (beamline SMIS).

3.1 Spectroscopy (AILES)

3.1.1 Experimental Conditions for Heterogeneous
Catalysis in situ Measurements 

In relation to their high surface area, zeolites and powdered
oxides play a central role in heterogeneous catalysis. Those
material surfaces present a high reactivity but often need a
detailed characterization of their adsorbing sites. The
characterization of their surface, however, should be
preceded by a thermal treatment able to remove all the
molecules pre-adsorbed on the catalytic active centres
coming from the ambient atmosphere (activation process).
This process is a requisite for the study of well-defined
systems [99]. After the activation, measurements can be
performed, in situ, either on the “as activated” sample (i.e.
under vacuum conditions) or after having dosed a well
defined amount of high purity gas on the sample. The
comparison between the data collected before and after the
adsorption of a specific molecule allows extracting important
information concerning the interaction process. The far
infrared region being the energy range of the physical
adsorption, it allows to probe the interaction involved at the
active site. The typical molecules employed in these studies
are either very simple molecules such as CO, N2, H2O, NH3,
CO2, etc., or those involved in the chemical reactions
occurring on the catalyst NO, O2, HCl, C2H4, etc.

3.1.2 Rotational Spectroscopy of NH3 Molecules Hosted
Inside the Cu+-Y Zeolite

Figure 14 reports the far-IR spectra collected at room temper-
ature at LURE Super-ACO (SIRLOIN beamline) on the
NH3/Cu+-Y system. Notice the extended range permitted by
the use of the brilliant far infrared synchrotron source.
Curve 1 reports the zeolite background before interaction
with NH3. Upon dosing ammonia (curve 2) the transmittance
is strongly reduced and the pure rotational spectrum of NH3
trapped inside the Cu+-Y cages is observed. The same NH3
equilibrium pressure dosed on the cell without the zeolite
pellet results in a negligible absorption, due to the too low
optical path. The presence of the Cu+-Y sample causes the
condensation of NH3 molecules in the zeolite cavities,
making possible the observation of the rotational spectrum.
Curve 3 reports the far-IR spectrum obtained upon activation
at room temperature (aimed to remove only NH3 molecules
not specifically interacting with Cu+ sites), showing the
hindered rotational spectrum of NH3 molecules of the
Cu+(NH3) complexes. This observation allows a quantitative
characterisation of the sites available for the NH3 molecules
and supports the microcalorimetric measurements showing
that the interaction of NH3 molecules with Cu+ ions hosted
in zeolitic matrix is only partially reversible at room
temperature [100].
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Other far-IR experiments have shown the Na-C stretching
mode at 140 cm–1 of the Na+ (CO) adduct formed at 80 K
inside Na+-ZSM-5 zeolite [101] and the perturbation of the
50 cm–1 phonons of the Na+-ZSM-5 framework upon
adsorption at room temperature of CO2 [102].

3.1.3 Surface Studies

Surface Science has proposed, for several years, models for
adsorbate-substrate interaction, as a mimic of catalytic
reaction, using diatomic molecules on well known surfaces.
On the one hand, copper surfaces have been widely used as
models for catalysis, and a huge amount of articles were
dedicated to the CO/Cu interaction. On the other hand, NO
was also investigated on various surface orientations
(Cu(100), Cu(111) and Cu(110)).

It was observed that NO was linearly adsorbed on
Cu(111), with its axis perpendicular to the surface plane, in
the first stages of deposition, but, close to monolayer
completion, the NO signal (as seen by mid-infrared
spectroscopy) disappears. It was then concluded that lateral
interactions between adjacent NO molecules was strong
enough to induce a complete desorption from the surface. 

Using synchrotron radiation, the study was focused on the
direct adsorbate-substrate bond (intermolecular bonding),
and found evidence for the presence of N2O molecules as
illustrated on Figure 15 [103]. Chemical reaction between
ad-molecules has thus been induced by lateral interaction at
the surface. This full understanding could not be achieved
without use of high flux and high brilliance synchrotron
radiation source.

3.2 Microscopy and Imaging (SMIS)

Spatially resolved infrared micro-spectroscopy produces a
2-dimensional array of spectra from which a chemical
image, or “map”, can be generated. Spectroscopic imaging
provides diagnostic information in a visual form, a prospect
appealing to physicians and biologists. Imaging methods can
provide potentially more straightforward information to non-
specialists than their non-imaging counterparts. However,
the analysis and diagnostic potential of IR imaging strongly
depends on the quality of the spectra acquired. Clearly, the
synchrotron source contributes significantly to these
improvements.

Though most IR microscopy imaging makes use of the rich
and unique absorption features found in the mid-IR for chem-
ical identification, there is an increasing interest in extending
the spectral range to lower frequencies, motivated in part by
developments in coherent THz spectroscopy and imaging
[104], but also in response to the needs of the space sciences
community for the identification of complex minerals found
in interplanetary dust particles [105]. The broad spectral
coverage and high brilliance of synchrotron radiation reaches
well into the far infrared, to below 1 THz [106]. 

Illustrations of capabilities in microanalysis of Geological-
relevant inclusions are presented in the article of N.
Guihaumou et al., in this issue.

3.3 Summary

SOLEIL will offer many opportunities for infrared
spectroscopy and microscopy, using the brilliance advantage
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Figure 14

Room temperature Far-IR spectra of NH3 dosed on Cu+-Y
zeolite. Curve 1: sample background before interaction with
of NH3. Curve 2: Cu+-Y zeolite in presence of 20 Torr of
NH3. Curve 3: after subsequent activation at RT.

Figure 15

Frequency dependence of the low frequency mode, for 5L
exposure of NO, on Cu (111), at T = 90K. The low frequency
mode is downward shifted upon oxygen labelling (3%). This
has been interpreted as a Cu-ON2 peak, as the Cu-O peak
would have shifted by 6%.
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brought about by the synchrotron source. An infrared
“village” will allow a synergy between specialists, and in
particular, for the studies related to Earth Science, organic
compounds contained in small inclusions, or adsorbed at
surfaces of the rocks. It is clear that catalysis will also benefit
a lot from the infrared infrastructure at SOLEIL.

CONCLUSION

An overview of the potentialities offered by the different
SOLEIL beamlines to study materials, with the emphasis on
catalytic materials, has been presented in this paper. These
beamlines should fulfil the needs of the user’s community for
which the characterization of a catalytic system requires
complementary techniques. X-ray absorption, X-ray
diffraction and X-ray scattering techniques in the hard X-ray
range will be mainly concerned by the structural and
electronic study of the catalyst itself (metallic nanoparticles,
supported catalysts, etc.), its genesis, its activation under in
situ treatments, and, its reactivity by looking at the catalyst
changes. These techniques are now well established as
standard tools for catalysis and should greatly benefit of the
high brilliance of SOLEIL with an access to time resolved
information at different time scale (from the ms to s) and to a
lower detection limit of the active element in the catalyst.
Surface characterizations of catalyst at each step of its “life”
(genesis, activation and reaction) will be accessible through
the grazing incidence techniques allowing to better describe
not only the surface itself but also the interface between the
catalyst and the reaction product. The tender and soft X-rays
methods will be more concerned by the electronic structure
of the catalyst (e.g. oxidation state of metallic particles) and
the study of interfaces either between catalyst and substrate
for supported catalyst or between the catalyst and the reactive
adsorbed species. In particular the use of the linear
polarization of synchrotron radiation will allow to understand
the adsorption of light molecules (CO, NO, O2, etc.) on the
catalysts. The emergence of spatially resolved methods using
either X-ray absorption and fluorescence techniques or
photoemission electron microscopy should be a promising
tool for characterizing the µ-meter heterogeneity of catalysts
and surface chemical reaction at the nanometer scale,
respectively. For both imaging methods, the complementary
use of the linear polarization of the synchrotron radiation will
be also profitable for determining the orientation of
adsorbates on heterogeneous surface. Finally the access to
infrared methods which give relevant information on the
vibrational characteristics of important adsorbed species in
catalysis, such as CO, NO, etc., will complete the panel of
operando techniques for the study of catalysts. 

As evidenced through this review, a collaboration between
the user’s community and the scientists responsible of
the concerned beamlines is mandatory and appears as a

prerequisite for the extensive and succesful use of SOLEIL
for catalysis studies. This should be materialized along
different ways: the definition and participation to the
development of in situ cells within structured programs such
as those meet in some other synchrotron radiation
laboratories (see for example http://www.bnl.gov/chemistry/
research_programs.asp), the financial and/or manpower
investment to push one of the specifications of the beamline
towards the study of catalyst and so on, etc. It should be
mentioned here that the already impressive number of
beamlines available for the study of catalytic objects will be
reinforced by support laboratories. Beside the user’s opened
laboratory of each beamline for sample conditioning for the
synchrotron radiation measurement, the chemistry and
surface laboratories will operate research facilities such as
ovens, ultracentrifuge set-up, glove boxes, etc. UV-Vis and
Raman spectrometers, Differential Scanning Calorimeter, etc.
and Scanning Tunnelling Microscope, etc. These laboratories
will be available to the SOLEIL researchers but also to users
within active collaboration. 

Finally, SOLEIL is willing to facilitate the access of
industrials and applied research groups to the beamlines,
either through the usual channel of programme committees
for cooperative research with no publication restriction or
through dedicated beamtime for proprietary research. In the
latter case rapid access will be provided by a policy of shift
reservation, a support for data collection and analysis from
members of the beamline team can be envisaged if needed.
In case of a very heavy demand for specific techniques,
dedicated beamlines with specialized teams could be built
with a proper funding scheme. 
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