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Synchrotron photon-based methods are increasingly being used for the physico-chemical
study of ancient and historical materials (archaeology, palaeontology, conservation
sciences, palaeo-environments). In particular, parameters such as the high photon flux,
the small source size and the low divergence attained at the synchrotron make it a very
efficient source for a range of advanced spectroscopy and imaging techniques, adapted
to the heterogeneity and great complexity of the materials under study. The continuous
tunability of the source — its very extended energy distribution over wide energy domains
(meV to keV) with a high intensity — is an essential parameter for techniques based
on a very fine tuning of the probing energy to reach high chemical sensitivity such as
XANES, EXAFS, STXM, UV/VIS spectrometry, etc. The small source size attained (a few
micrometres) at least in the vertical plane leads to spatial coherence of the photon beams,
giving rise in turn to a series of imaging methods already crucial to the field. This review
of the existing literature shows that microfocused hard X-ray spectroscopy (absorption,
fluorescence, diffraction), full-field X-ray tomography and infrared spectroscopy are the
leading synchrotron techniques in the field, and presents illustrative examples of the study
of ancient and historical materials for the various methods. Fast developing analytical
modalities in scanning spectroscopy (STXM, macro-XRF scanning) and novel analytical
strategies regarding optics, detectors and other instrumental developments are expected
to provide major contributions in the years to come. Other energy domains are increasingly
being used or considered such as far-infrared and ultraviolet/visible for spectroscopy and
imaging. We discuss the main instrumental developments and perspectives, and their
impact for the science being made on ancient materials using synchrotron techniques.
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1. Introduction

The study of the composition, structure, morphology and physico-chemical properties of materials from archaeology,
cultural heritage and palaeontology is an essential component of the research in these fields [1-3]. It complements, when
available, historical evidence and information retrieved from the geochronological context. Over the past years, progresses
in the instrumentation available on site, at the laboratory and at large scale facilities led to considerable improvement in our
understanding of these materials. Among them, synchrotron-based techniques are often unique in the brightness attained
and the versatility of the source, allowing a very wide range of photon-based spectroscopy and imaging techniques.

Questions such as the understanding of the discolouration of smalt pigments in paint layers using synchrotron infrared
and X-ray absorption spectroscopy techniques [4], the long-term alteration of bone materials in archaeological contexts
through synchrotron small-angle X-ray scattering techniques [5,6], improvements in the determination of the age at death
of hominins through phase-contrast visualisation of incremental features in fossil teeth [7] demonstrate the diversity of
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Fig. 1. (a)Bunches of electrons are accelerated in a linear accelerator and (in most cases) in a booster synchrotron. The bending magnets are used to steer
the electrons and create synchrotron radiation. In third generation synchrotrons three main types of sources exist: (b) bending magnets, (c) undulators
(K < 1),(d) wigglers (K > 10), where K is the deflection parameter defined in Eq. (6).

approaches and questions in the field that benefited from synchrotron investigation in the recent years. The range of
synchrotron techniques is very broad and includes hard X-ray, soft X-ray, EUV-VUV, UV/visible, near-, mid- and far-infrared
techniques. Although the potentials of the source in the field of ancient and historical materials was identified as soon as
the mid 80’s [8-11], real developments started mainly from the years 2000 onwards [ 12-14] with major contributions from
arestricted set of expert users of the technique. The field in some respect still lacks the strong collaborative effort that was
put in place in some other fields of synchrotron studies such as for structural biology and nano-sciences.

The use of some of the core synchrotron radiation techniques for the characterisation of ancient materials has already
been reviewed by several authors, including synchrotron microtomography for palaeontological specimens, synchrotron-
based FT-IR and X-ray absorption spectroscopy for cultural heritage [14-19]. However, the present article focuses on the
main methodological developments and trends that are central to this field of research. We therefore recall here the physical
principles of the most important synchrotron techniques, review the use of synchrotron techniques with examples of
application from the open literature and the contribution of the authors in the field, and present adaptations in each of
the core techniques to the specific constraints of ancient and historical materials.

Finally, we discuss and question in a full section the prominent trends that may lead to future novel developments in the
synchrotron-based study of ancient and historical materials.

2. Synchrotron radiation for ancient and historical materials

2.1. Generation of synchrotron radiation

When a charged particle is accelerated it emits electromagnetic radiation. The term synchrotron radiation (SR) is usually
only used when the acceleration changes the direction and not the absolute speed (as in a magnetic field) while the opposed
case of a decelerated charged particle is called bremsstrahlung. Synchrotron radiation is emitted by cosmic sources, like
the electromagnetic fields around black holes, however, in this context we will only look at the radiation generated in
synchrotron facilities.

The special properties of synchrotron radiation (wavelength in the A regime, small opening cone...) stem from the
Lorentz transformation under which an observer in the laboratory reference frame sees the radiation emitted by a relativistic
particle. The quantitative properties of the radiation are described by the Liénard-Wiechert potentials

e 1
Vo= 4meg <r(f/) (1 —n(t) 'B(f’))> )
At) = “06( P ) ()
A \r(t) (1 —n(t) - (t))

In the above equations V (t) and A(t) are the scalar and vector potentials, respectively, r is the distance of the particle
to the observer, n = 7/r is its unit vector, 8 = v/c is the normalised velocity of the charged particle. As the speed of the
particle is almost as fast as the generated electromagnetic field, the potential observed at the time t does not only depend on
the radiation generated by the particle at this time, but also at the previous times t’. The full calculation of these potentials
can be very lengthy and is beyond the scope of this review. The interested reader is referred to [20]. Instead we will only
describe the most important properties of bending magnet (BM) and insertion device (ID) radiation (Fig. 1).

In most 3rd-generation synchrotron sources electrons are used as charged particles. The constant magnetic field of a
bending magnet forces the electrons on a circular trajectory. Due to the Lorentz transformation its radiation is emitted



54 L. Bertrand et al. / Physics Reports 519 (2012) 51-96
within a small opening angle
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Bending magnets emit a broad spectrum which is peaked at a characteristic frequency that is proportional to the magnetic

field and the square of the electron energy. The radiated power P depends on the square of the energy of the electrons E and
the magnetic field B of the magnet:

(4)

P x E?B*yI. (5)

y is the path length of the electron during which its irradiation reaches the observer and is typically in the range of one to a
few mm. [ is the storage ring current. The light emitted by an electron on a circular arc is linearly polarised if the observer
is in the plane of the electron movement. When seen from a viewpoint out of the storage ring plane, the projected electron
movement appears to be an elliptic arc and its radiation is therefore circularly polarised.

An insertion device is a periodic arrangement of magnets with opposite fields described by the wavelength of the
magnetic undulation A,. They are characterised by the constant K, which measures the ratio between the deflection angle
due to the magnetic structure and the natural opening of the SR cone 1/y [21].

eBA,
K=—. (6)
2w me C
Insertion devices are classified as wigglers (K > 10) and undulators (K < 1), Fig. 1. The magnetic field of undulators causes
only weak deviations to the electron path, its K value being around 1 or lower. This leads to interference effects between
the radiation emitted from different poles. Constructive interference occurs when the wavefront emitted by the electron at
one pole is one wavelength ahead of the particle when it reaches the next pole.
The electron speed is almost equal to the speed of light. It is due to the Lorentz contraction that the magnetic structures,
which are centimetres in size, emit radiation in the X-ray regime. The fundamental wavelength of an undulator is [21]

A K? 5
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with the observation angle 6. The spectral distribution around the fundamental wavelength and the harmonics becomes
sharper with increasing number of periods N.

Wigglers have high magnetic fields that cause strong deviations to the electron path, their K value is high. Due to the large
deviation there is only a weak interference between the radiation emitted from different magnet poles. Their spectrum and
radiated power are therefore similar to that of a bending magnet. However, the full length of the wiggler (which is typically
around 1-2 metres) contributes to the radiation, leading to very high intensity emitted into a broad horizontal fan.

An important property of radiation sources is the brightness. It is defined as the number of photons that are emitted by
one square mm of the source per second per solid angle and per 0.1% bandwidth. The brightness is a good measure how much
“usable” radiation is created for typical synchrotron experiments. Most third generation synchrotron beamlines use undu-
lators because the brightness is greater. However, applications that need raw intensity over a broad energy range favour
wigglers.

In most synchrotron sources the electrons are pre-accelerated in linear accelerators and booster synchrotrons before
they are injected into the storage ring. Due to collisions with gas molecules and other events the ring current decreases
steadily and needs to be refilled a few times per day. Variations in the ring current lead to changes in the heat load of the
X-ray optics that reduce the stability of the beam. For this reason modern synchrotrons use so called top-up mode, in which
electrons are injected into the ring in very short time intervals.

In most cases the electrons in the storage ring are organised into bunches. This leads to a time structure of the synchrotron
radiation in the picosecond regime. Most synchrotron experiments integrate over these bunches, which leads to a constant
X-ray intensity. However, time resolved pump and probe experiments make use of this time structure to observe dynamics
in the picosecond timescale.

2.2. Main specificities of ancient and historical materials in view of their synchrotron-based study

The main specificities of synchrotron radiation for the analysis of ancient materials are summarised in Fig. 2.

Ancient and historical materials are highly heterogeneous and/or composite, and their study requires working at the
relevant length scales, using complementary analytical means and combining information coming from several methods.
The composition and the properties of the assemblies under consideration are particularly complex: minerals, organic
compounds, and weathering/interaction products are intermixed. In cases as distinct as the surface of a corroded metal
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Chemical sensitivity
Optimal selection of incident energy
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— Extreme brightness Focused imaging
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Low divergence Parallel geometry Exact full-field reconstruction
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Partial phase contrast
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[Coherent noise]

. Repetability High resolution
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of the source the photon source Simplified modelling (XRF, Rietveld)

Texture analyses
Polarisation Orientation sensitivity Increase in signal-to-noise
Magnetic analyses

Bunched electrons Pulsed emission Fast kinetics (typ. > 50 fs)

Fig. 2. Main properties of synchrotron radiation of interest for ancient and historical materials studies: basic properties of the source (left), beam
characteristics (middle), instrumental characteristics (right). Instrumental characteristics between [brackets] highlight the possible drawbacks of
synchrotron radiation techniques for ancient materials.

object or the pictorial layers of an easel painting, heterogeneity can be present over more than 7 orders of magnitude from
the nanometre to the centimetre (Fig. 3). In this context, heterogeneity can concern elemental distribution, oxidation degree
and nature of coordination spheres, structural defects, grain sizes, interfacial organisation, polymerisation degree, texture
(i.e. specific orientation), etc. Most often, the information looked after will come from deviation from the standard composition
or behaviour of the material. For this reason, in the following, we will deliberately not be too specific in the correlation
between categories of materials and the choice of characterisation methods, as the information researched will frequently
come from singularities, or traces in a general sense, which properties might significantly differ from that of the bulk material.

As for environmental or Earth science materials, collection of chemical, structural and morphological statistically-
relevant information at the various length scales is a challenging yet essential prerequisite. Ancient and historical materials
are systems particularly difficult to model or reproduce. Therefore, a naturalistic approach is usually favoured to analyse
them as is. The strategies differ greatly from those adopted in most fields of research where the properties of model materials
can partly be optimised inline with the measurement and characterisation process. Methods such as synchrotron X-ray,
ultraviolet (UV)-visible (VIS) and infrared (IR) spectro-microscopy and imaging methods are particularly suited to these
studies by allowing for the coupling of elemental, molecular and structural information. Working at a sufficiently high spatial
resolution can often allow for a simpler interpretation of the data by leading to less complex mixtures within individual spots
analysed. In addition, spectro-imaging will provide useful information on the correlation between compounds by bridging
spatial and spectral levels of information.

The properties out of equilibrium of these materials are of major interest. Dynamic processes are very important in
archaeology and palaeontology for both fundamental aspects (understanding of weathering processes/corrosion), and their
consequences (differential degradation leading to possible palaeo-environmental interpretation, i.e. taphonomic biases,
conservation measures, etc.). The alteration of artefacts and specimens can be particularly accelerated by the removal of
the object from their depositional contexts of origin, which leads both to specific research on these processes and the
need for specific care for sample collection, preparation, handling and storage. In conservation sciences, the effectiveness
of stabilisation, conservation and restoration measures can be optimised by undertaking material characterisation under
dynamic solicitation. This requires a detailed description of systems for which the physico-chemical history is sometimes
very poorly known. In-beam dynamic monitoring was also occasionally used to track the changes occurring during the
accelerated ageing of a material under a given solicitation.

Ancient and historical objects often take their full historical meaning when considered within corpuses/collections
of objects, and compared to modern referentials or with materials which ageing has been simulated. The latter is not a
straightforward process. Definition of ageing protocols as well as comparison between old materials and artificially-aged
ones is usually difficult. The analytical techniques and synchrotron analytical modalities have to be optimised to take into
account the need to work on corpuses rather than on isolated objects. This tends to require a statistical approach of the
objects under study.

Some objects may require specific handling and storage conditions, or non-invasive examination. Most synchrotron
techniques are regarded as non-destructive as the sample under study can usually be reanalysed using complementary
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3

Fig. 3. Stratigraphy from (a) a rock art paint cross-section (image courtesy: St. Hoerlé), (b) a corroded mediaeval nail [22], (c) the enamel-dentine junction
of a tooth, showing in particular incremental features [7], (d) a partly diagenetised model spore studied using STXM [23]. The heterogeneity length scale
in these materials extends from nanometric to macroscopic scales.
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Fig.4. (a)Evolution of the number of publications using synchrotron radiation for ancient and historical materials known to the authors in the timeframe
1986-2010. (b) Share in % of each method respectively in the 1986-2010 (grey) and in the 2005-2010 period (black). DIFF: XRD and SAXS, XRF: X-ray
fluorescence, XAS: X-ray absorption, TOMO: X-ray iCT and laminography, FT-IR: Fourier-transform infrared microspectroscopy, OTH: STXM, X-PEEM and
XPS, UV/visible spectroscopy.

analysis techniques after the synchrotron experiment (see Sections 5.8 and 5.5). However, a large part of synchrotron
techniques from the infrared to hard X-rays in the few tens of keV range may require sampling and are therefore invasive.
The development of specific non-invasive synchrotron methods is important in this context as they can provide additional
information on larger areas of the object under study, i.e. leading to more statistically relevant information, on sectors that
may not be sampled, and can also be used to refine the area where sampling should be performed.

An overview of the literature published in the field, and more particularly in cultural heritage and archaeology, is
respectively reported in [24] and [13]. Main figures are represented in Fig. 4. 582 publications are known to the authors
in the field in the 1986-2010 period (614 by including referenced publications for year 2011). It is particularly noticeable
that 50% of these publications are less than 5 year old.

A list of common synchrotron methods with acronyms used in this text is presented in Table 1. Fig. 7 schematically
represents the setups used for the main synchrotron characterisation techniques.
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Table 1
List of synchrotron techniques with common acronyms. Techniques discussed in this review are marked by a *. Main techniques used thus far in the fields
of cultural heritage and archaeology are denoted **.

Energy range Techniques

Fourier-transform far infrared spectroscopy*
Infrared (IR) Fourier-transform infrared micro-spectroscopy (FT-IR)**, Fourier-transform infrared micro-imaging*
Near-infrared micro-spectroscopy (NIR)

Synchrotron UV/VIS luminescence micro-spectroscopy (UV-LMS)*
Ultraviolet (UV) - visible (VIS) Synchrotron UV/VIS luminescence full-field spectro-microscopy (UV-LFS)*
Synchrotron radiation circular dichroism (SRCD)

Scanning transmission X-ray microscopy (STXM)*
Transmission X-ray microscopy (TXM)
X-ray photoemission electron microscopy (XPEEM)
X-ray photoelectron spectroscopy (XPS),
Angle-resolved photoelectron spectroscopy (ARPES)
Auger electron spectroscopy (AES)
X-ray magnetic circular dichroism (XMCD), X-ray magnetic linear dichroism (XMLD)
X-rays X-ray fluorescence spectroscopy (XRF)**, confocal XRF (C-XRF)*, macro-scanning XRF (MA-XRF)*
X-ray absorption near-edge spectroscopy (XANES)**, Extended X-ray absorption fine structure spectroscopy
(EXAFS)*
X-ray diffraction (XRD)**, Small-angle X-ray scattering (SAXS)*, Multiwavelength anomalous dispersion (MAD),
Diffraction anomalous fine structure (DAFS), Grazing-incidence small angle X-ray scattering (GISAXS),
White-beam microdiffraction
Coherent diffraction imaging*, Ptychography*
Resonant inelastic X-ray scattering (RIXS)
X-ray topography (XRT)
X-ray reflectivity
X-ray radiography (XRR), (Phase-contrast) X-ray microcomputed-tomography (jvCT)**, Diffraction enhanced
imaging (DEI), K-edge subtraction imaging*, Laminography*

2.3. Synchrotron micro-spectroscopy, mapping and imaging

Following the clear distinction by Salzer and Siesler [25], we will generalise here to the whole spectral range the
distinction between mapping (or raster-scanning) i.e. the sequential measurement of spectra from adjacent regions of a
sample achieved by moving each region into the photon beam, and (full-field) imaging (or microscopy) where an image of
the sample is focused onto an array detector where the signal coming from each region of the sample is measured at each
pixel. In addition to the mapping and imaging approaches, a hybrid approach is also available where an array detector is
used to raster-scan a sample and obtained data can be stitched together during processing.

Cultural heritage and archaeology scientific communities mostly exploit the micro-focused spectroscopy capabilities,
while maintaining a reasonably low beam divergence, of synchrotron beamlines [14]. This is either used for precise spot
analyses or in raster-scanning mode to map areas of samples (Fig. 5). Scanned spots can also be non contiguous, when one
wants to map large objects for instance using sub-sampled fast XRF macro-scanning of paintings or flat fossils (see infra,
Section 3.2.4). Full-field X-ray imaging techniques have only been scarcely used for archaeology and conservation research.
On the contrary, in palaeontology, the use of synchrotron techniques has been very primarily restricted to full-field X-ray
imaging (micro-computed tomography) now mostly performed in phase-contrast mode.

As the optical index n of most materials is close to unity in the X-ray range, focusing X-rays is challenging. However, there
are today several types of optics used to focus X-ray beams (Fig. 6). Reflective optics are achromatic, which allows them to
focus white beams and deliver a stable spot even when changing the energy of the incoming X-ray beam. They are therefore
very suited to X-ray absorption experiments. They are capillaries or bent mirrors that consist of a substrate covered with
a thin layer of a high-Z material. Some of them have a fixed bending, while others use mechanical benders to change the
focal spot size or distance. The most common configuration used for focusing is the Kirkpatrick-Baez system, in which one
mirror focuses the beam in the horizontal and a second mirror focuses in the vertical direction. Both mirrors can be moved
and bent independently of each other, giving the system a lot of flexibility.

Diffractive optics use nanostructures to focus the beam. They are called Fresnel lenses and are very effective for low
energies. This type of optics is chromatic, their focal points will move with the energy, therefore requiring adjustments
when scanning the energy range (e.g. for STXM experiments). In addition, by using nanostructures of different patterns the
shape of the beam can be determined, which makes square or double beams possible. At high X-ray energies it becomes
increasingly difficult to manufacture nanostructures that provide the necessary phase shift for effective focusing.

Refractive optics work similar to lenses for visible light. As the index of refraction of X-rays in matter is smaller than one
(the phase velocity is higher than the vacuum speed of light) they look like inverted lenses. Since the index of refraction is
very close to unity many lenses are needed (often between ten and 100 of lenses are used) to provide sufficient refraction
power. Most lenses are made out of beryllium, but many different materials are used. The main disadvantage of refractive
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spot =] mapping or full-field
measurement raster-scanning imaging

non-contiguous
raster-scanning

Fig. 5. Main data collection modalities discussed in the present review: spot measurement, mapping or raster-scanning, non-contiguous raster-scanning
and full-field imaging. Non-contiguous raster-scanning is used for instance for the fast XRF macro-scanning of large objects by using a spot size smaller
than the scanning step size.
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Fig. 6. Main X-ray focusing optics in use at synchrotron facilities. KB: Kirkpatrick-Baez elliptically-bent double-focusing mirrors [26], FZP: Fresnel zone
plates [27], CRL: Compound refractive lenses [28,29], Mono and poly-capillaries [30]. KB systems and capillary optics are achromatic reflective optics
therefore more suited to focus X-rays on wide energy ranges.

Table 2
Main synchrotron methods used to study ancient and historical materials, physical origin and level of information obtained.
Physical origin Core shell Bond vibration and Outer shell Crystalline order, Density and compositional
electronic levels rotation modes electronic levels mesoscopic contrast
organisation
Main information Elemental Coordination Coordination sphere, Grain, texture, Morphology, Porosity
provided composition sphere, Molecular Molecular organisa- Mesoscopic
organisation/signature tion/signature, organisation, Porosity
Structural defects,
Impurities
Common XRF FT-IR XAS, XRD XRD wCT
methods
Secondary UV/VIS UV/VIS SAXS Laminography
methods

lenses is the low flux that they provide at low energies due to the absorption of the beam when transmitted through the
optics, but they become more efficient at high energies.

Experimental setups for full-field imaging use optics to optimise the field of view and the coherence properties of the
beam for the experiment. In general, optical elements will be kept at a minimum as defects, in particular slope errors, will
introduce fluctuations in the beam intensity at the object position and degrade the quality of the wavefront, which reduce
the image quality and may hamper quantitative results to be obtained.

3. Synchrotron X-ray techniques

Main processes of interaction between photon and matter and their analytical interest in the study of ancient and
historical materials are summarised in Fig. 8 and in Table 2. For tabulated X-ray data, the reader is invited to turn towards
more specialised reading [31]. The Center for X-ray optics at LBNL also produces a very convenient X-ray data booklet with
most of its data available online at the CXRO website [32].
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Fig. 7. Schematic representation of the main experimental methods used to study ancient materials discussed in this paper.
3.1. Basics of X-ray interaction with matter

For energies E in the 30 eV-100 keV range, typically encountered at SR facilities, the total photon interaction cross-section
o (Z, E) corresponding to all processes between photons and an atom of atomic number Z can be expressed as:

o(Z,E) :O'pe(Z»E)+Ucoh(ZaE)+Uincoh(Zs E) (8)

where op(Z, E) is the photo-excitation cross-section, ocn(Z, E) the coherent (Rayleigh) scattering cross-section and
oincon (Z, E) the incoherent (Compton) scattering cross-section. Additional processes, such as nuclear electron/positron pair
production and photonuclear absorption occur with a far lower probability.

For energies below 100 keV, photo-excitation mostly predominates (Fig. 9a), a process in which inner shell electrons
transit to unoccupied electronic states or to the continuum (ionisation). When neglecting the effect of local environment
(see supra, X-ray absorption spectroscopy), atomic contributions can be linearly summed. The decrease in intensity of an
X-ray monochromatic beam through a thickness 8z of material of linear attenuation coefficient ;(Z, E), or mass attenuation
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Fig.9. (a)Photon cross-section as a function of energy, showing the contribution of the main processes: (1) atomic photoabsorption, (2) coherent scattering,
(3) incoherent scattering, (4) nuclear pair production, (points) experimental data. Element: Pb, data: Xcom database, NIST [33]. (b) Schematic representation
of the photo-excitation process and subsequent allowed X-ray fluorescence transitions. Main emission lines are shown in bold.

coefficient u(Z, E) = w(Z, E)/p, is then provided by the Beer-Lambert’s law:
1(8z,Z,E) = Io(E) exp(—w(Z, E).02) 9
1(Z,E) = Io(E) exp <—/M,(Z, E) dz) (10)

with Iy and I(8z) respectively the beam intensities before and after crossing the material. When refraction effects can be
neglected, photo-excitation predominates and w;(Z, E)/p writes:

Z,E N N,
meD Mgz ey~ Mz p (1)
2 Ay Am

with N, Avogadro’s number, p the material density and Ay, the atomic weight. At energies distant from absorption edges
of atoms constituting the material, the linear attenuation coefficient decreases slowly with energy according to a Victoreen
function:

A B
MI(Z,E)%E‘FE (12)

which is primarily governed by a term proportional to Z4/E3. The ejected electron (or photoelectron) bears a kinetic energy

equal to E — E or a wave vector k = /2m,.(E — Eg)/ h?, where Ej is the ionisation energy, m, the electron mass and fi the
reduced Planck constant. The photoelectron can be analysed either directly or by indirect phenomena due to the relaxation
of the atom to its ground state may be used to probe material properties. Atomic relaxation involves transitions from outer
shells, in turn compensated by radiative or non-radiative (Auger and Coster-Kronig) events. For K-shell vacancies, radiative
effects predominate only for Z > 30.

Below 50-100 keV, elastic scattering cross-sections generally have far lower values than those of photo-excitation.
However, in the beam forward direction or when scattered beams interfere constructively (diffraction), the resulting signal
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leads to key analytical methods such as small-angle X-ray scattering (SAXS) and X-ray diffraction (XRD). Elastic scattering
occurs when photons interact with electrons without changing their wavelength. In the classical picture this is due to an
oscillation of the electron in the field of the photon. The electron emits a wave of the same wavelength, but scattered in a
different direction.

Diffraction occurs when a wave is transmitted or reflected from a structure that has a similar periodicity as its wavelength.
X-rays, having a wavelength in the A regime, are diffracted by interatomic distances. X-ray diffraction patterns are therefore
a powerful tool to explore the average structure of matter on atomic and molecular length scales. For a 3-dimensional
periodic structure, like a single crystal, the pattern obtained is a network of spots that indicates the interatomic distances.
Analysis of the symmetries of the diffraction pattern as well as the position of the diffraction spots for many different angles
of incidence of the X-ray beam allows a complete reconstruction of the crystal structure. X-ray diffraction will be described
in some detail in Section 3.4.

At high energies the inelastic Compton scattering (curve 3 in Fig. 9a) becomes an significant process. The photon transfers
part of its energy to an electron thus creating a fast electron and a scattered photon with a longer wavelength. The amount
of energy transferred depends on the photon energy and the scattering angle [21]

E.
E—l:]+kcl<(1—c051/f). (13)
S

E; and E; are the energies of the incident and the scattered photon, respectively, k is the wave vector of the incident photon,
Y is the scattering angle and Ac is the Compton scattering length

e = ~ 3.86- 107> A, (14)

MeC

with the speed of light in vacuum c.

At photon energies greater than 2 - m, >~ 1022 keV, the nuclear pair production process is activated (curve 4 in
Fig. 9a), in which one photon creates an electron—positron pair. However, such energies are not commonly used for material
experiments at SR facilities.

The calculated mean free paths of photons in a few reference materials are plotted on Fig. 10. The analytical limit is
imposed here by the probability for fluoresced photons to escape the material and be detected. The thickness that can be
probed when studying elements in light organic matrices typically lies in the few millimetre range, and falls down to tens
of wm in metal matrices.

3.2, X-ray fluorescence spectroscopy and related techniques

3.2.1. Basic principles

X-ray fluorescence results from the photoexcitation of an atom by ejection of an electron from an inner shell. The energy
of the characteristic fluoresced photons, associated to the transition of an electron from a higher energy initial level i to a
less energetic final one f, is:

hc
E:E,»—Ef:hv:T (15)
Elemental composition can then be identified from the integration of the peak area A of these characteristic lines. Indeed,

the relation between A]’ « and the mass concentration C; of element i can be approximated by [35, chap. 7]:

) ol (B . pz ;
_ pe.j
A]'-’k =1I(Ey) - C"- VR FJ",k [1 — exp (—M—Sina)] éf,k (16)
where I(Ep) is the incident flux, G;ie,j the photoelectric absorption coefficient of element i in shell j, Fj’k the probability that

an ionisation in shell j leads to the emission of line k at the energy E},k, p the density, o the incident angle of the primary
beam and of the outgoing fluorescence photon on the sample assumed here to be equal, z the sample thickness, and 6]1 . the
detector efficiency et energy E;,k' M = u(Ey) + ,u(Ejf'yk), where @ (EO) and M(E} ) are the mass absorption coefficients of the

matrix at energy Ey and E]’ o respectively.

The probability to detect the fluoresced photon therefore primarily depends on that of the photon to be reabsorbed
(spatial distribution of the elements constituting the matrix, atmosphere), the geometry (detection solid-angle, angle at
which the detector is positioned), the efficiency of the detector and of the potential optical elements (such as capillary
optics for confocal-XRF) in detection. Quantitative determination of the elemental composition can be obtained, usually
based on an iterative refinement process starting from an a priori model of the distribution of the elemental composition
(homogeneous sample, layered sample, inclusion...).

Although XRF is a very powerful mean to obtain elemental composition, as it is primarily non-destructive (in contrast to
ablation-based techniques) and sensitive to sub-surface (i.e. not too much influenced by the surface roughness nor surface

k
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Fig. 10. Calculated photon mean free paths in reference materials: (Fe) pure iron, (ce) ceramic based on the composition by [34], assuming a density of
2.0 and that loss-on-ignition material is calcite, (wo) wool. This graph highlights the fact that hard X-ray photons can typically escape from an information
depth of 5-100 pwm in transition metals and 100 wm-10 mm in organic materials. Lines at 4 and 22 keV represent the typical boundaries between soft,
hard and very hard X-ray synchrotron beamlines, mainly due to optical constraints on monochromators and mirrors.

contamination), several issues may hamper this process. (1) Some elements (H, He) have no characteristic fluorescence
lines and, in standard analytical conditions, emission lines from low-Z elements are too strongly reabsorbed by the
surrounding atmosphere to be measured - typically below 1 keV (Na K, ) in primary vacuum or He-atmosphere, below 4 keV
(CaK,)in air; (2) solving the inverse problem in order to determine the sample composition may be difficult or impossible,
particularly in the case of heterogeneous and complicated geometry’s as often encountered in ancient materials; (3) overlaps
between some emission lines may make identification and/or quantification of some elements difficult; strategies such as
wavelength-dispersive spectroscopy (see Section 3.2.3) can alleviate the latter difficulty, (4) secondary fluorescence effects
can be difficult to take into account.

3.2.2. Confocal X-ray fluorescence spectroscopy

Confocal XRF measurements can be carried out by focusing the impinging beam on the sample (generally using KB or
capillary optics) and by collecting from a restricted solid angle (generally by putting a capillary in front of the detector). Even
by maintaining a constant excitation energy for the incoming beam, as the detection chain results chromatic, the probed
volume will vary as a function of the detected energy and must therefore be calibrated, for instance by measuring the signal
coming from several <10 pm thin metal foils [3,36].

Recent examples include the study of slag inclusions coming from mediaeval metallurgical processes. By studying
selected inclusions entrapped in the metal, which composition remains stable during the whole metallurgical process
and are not significantly contaminated by the lining or the charcoal during the bloomery process, the trace elemental
composition of such inclusions was shown to be conserved from the original ore, to the slags and semi-products (such
as iron bars) and finally to the archaeological objects, i.e. all along the operating chain. This provided additional clues to
stylistic information to confirm the provenance of Milanese- and Brescian-type armours [37]. On the biggest inclusions,
measurements could also be performed by ablating inclusions and measuring their elemental composition by Laser ablation-
Inductively coupled plasma-Mass spectrometry (LA-ICP-MS) after confocal SR-XRF measurements. The correlation observed
between the two sets of data is very satisfactory and highlights the potentials of the technique (Fig. 11).

3.2.3. Synchrotron wavelength dispersive X-ray spectrometry

The measurement of fluorescence spectra on X-ray microscopy beamlines is usually carried out using solid-state energy
dispersive detectors. Their attainable energy resolution is in the range of 120-180 eV, which is sometimes insufficient
to separate emission lines of distinct elements. The problem of line overlapping is quite frequent when studying artistic
materials, since these materials are usually made of complex mixtures, containing both low- and high-Z elements. Typical
examples of emission overlap, and consequently complicated elemental identification, are found in paintings and glasses
(Pb M-lines with S K-lines, Ba L-lines with Ti K-lines, Ca K-lines with Sn and Sb L-lines...).

To improve the energy resolution, a wavelength dispersive X-ray (WDX) spectrometer system was recently developed
at the ID21 beamline of the ESRF (Fig. 12) [39]. It is based on a polycapillary optical element placed at a distance of a
few millimetres from the sample, which collects the divergent XRF light emitted from the sample and converts it into a
quasi-parallel beam. The beam is then directed onto the flat crystal at the required Bragg 6 angle. X-rays are diffracted
by the crystal and counted by a gas-flow proportional counter placed at 20 angle. The energy resolutions achieved are in
the range of 5-30 eV, and can go down to less than 2 eV using a second crystal. This set-up has already been successfully
used for the study of lead antimonate crystals in Egyptian, Roman and Nevers glasses [38]. More generally, the potential of
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Fig. 11. (a) Archaeological morion from an Italian-style armour, described to be originating from Milan or Brescia about 1600-1610 (Wallace Collection,
London, inv. A144), sample taken on the morion and fayalitic-type slag inclusions trapped in the metallic matrix. (b) Comparison between the strontium
contents (in ppm) measured using LA-ICP-MS and synchrotron confocal . XRF in selected slag inclusions from mediaeval archaeological iron objects (green
dots) and reference samples (black dots). Error bars show the confidence interval associated to each method (LA-ICP-MS: 12%, wXRF: 20%). Synchrotron
W XRF data were collected at the FLUO beamline (ANKA, Karlsruhe). Data courtesy St. Leroy [37]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

such system for the study of cultural heritage objects and in particular for wXANES analyses (Fig. 12) is discussed in detail
elsewhere [40].

3.2.4. Fast X-ray fluorescence macro-scanning and full-field X-ray fluorescence imaging

The flux attainable at synchrotron sources allows for very fast measurements. However, when collecting very large
datasets, the readout time may be a very constraining practical limitation. The development of detectors with very fast
readout and high solid-angle of detection such as the Maia [41] detector allows for the fast collection of raster-scanned
spectroscopy datasets that can today typically be made of millions of pixels. This approach has thus far been used on two
types of objects: paintings [42,43] where elemental composition can be a way to determine the composition of paints
over the full area of a canvas and fossils [44], complementing measurements that can be performed using laboratory
equipments [45].

Recently, full-field methods to image the fluorescence of small objects were reported. In particular, a method was
developed by coupling a camera oscura setup, or alternative capillary-based setups, and a pnCCD detector with a spatial
resolution of 50 jum over an imaging area of 12.7 x 12.7 mm? and sensitive to photons in the energy range 3-40 keV, with
a typical energy resolution better than 152 eV at the Mn K, -line [46]. This requires X-ray area energy-resolved detectors,
which is currently an area of intense development.

3.3. X-ray absorption spectroscopy and related techniques

3.3.1. Basic principles

A very simplified description of X-ray absorption can be drawn from a particle model [47,48]. The photoelectron
generated during photo-excitation (Fig. 9b) is successively scattered by one or more neighbours (scatterers) of the absorber.
Interferences between the scattered waves lead to modulations of the absorber charge density distribution. This induces
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Fig. 12. WDS versus EDS XRF analysis of opaque coloured archaeological glasses. (a) Shard of the 18th Egyptian Dynasty (inventory number AF12707,
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lines of Ca, Sb and Sn (b). Using a high resolution WDS system (energy resolution of ~10 eV with a Ge(220) crystal), Ca K-lines and Sb and Sn L-lines are
clearly resolved and identified (c). This resolution can be further exploited for XANES analyses. The setup was implemented at beamline ID21 at the ESRF.
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Fig. 13. Typical copper K-edge EXAFS spectrum showing the pre-edge (PR), XANES (XA), EXAFS (EX) and post-edge (PE) regions. Due to the various atomic
environments found in ancient materials, the interpretable XAS signal is usually limited to a small number of interpretable oscillations in heterogeneous

ancient materials.

variations in the absorption of the incident wave as a function of the incident beam energy E as provided by the Fermi
golden rule, where the modulation of the absorption signal is governed by the final state |f):

e R
m :4n2nEZI(1IE.r[f)|28(E,-+hw—Ef). (17)

Using a scattering formalism, one can consider that the final state |f) results from all possible paths of the photoelectron.
Individual paths start from the absorber, through successive scatterers and return to the absorber, and are grouped into
equivalent shells. The absorption spectrum as a function of E reveals successive characteristic features (Fig. 13) when
scanning an edge at an energy Ey:
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Fig. 14. K — (purple), L — (blue) and M — (green) edges studied on ancient materials using X-ray absorption methods (XAS, STXM, X-PEEM and K-edge
subtraction imaging), in the literature known to the authors in the 1986-2010 period. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

(1) For E close to Ey, the excited electron can populate free unoccupied states within the gap or the conduction band. Such
transitions are governed by the respective symmetries of the initial and final states (Laporte selection rules). The precise
value of the edge energy is usually indicative of the oxidation state of the absorber, and an increase of the oxidation degree
of 1 generally corresponds to a shift of 1-2 eV in E,.

(2) Higher above Ej, the atom is ionised and the photoelectron is ejected to the continuum (ionised unbound state) with a
kinetic energy E —Ey. Spectroscopy of the region just above the edge up to several tens of eV is referred to as XANES (for X-ray
absorption near edge structure). The photoelectron energy is low and the associated wave extends over several interatomic
distances. Modelling of the interactions is therefore made complex by the number of scattering atoms (multiple scattering).
The XANES profile i (E) primarily provides information on the oxidation degree of the absorber, the local symmetry of the
coordination sphere and the occupation of the involved orbitals (Fig. 14). Qualitatively, this profile can be used as a fingerprint
that is compared to that of reference compounds.

(3) At higher energies, single backscattering terms (involving one scatterer at a time) predominate and the corresponding
spectroscopy is called EXAFS (Extended X-ray absorption fine structure). After correction, the EXAFS signal is described by the
equation of [49]. The linear absorption coefficient derives from grouping scatterers per shell j (same nature, same distance
R)), after averaging over all directions, and assuming a low thermal motion:

pk) = pno(1+ x (k) (18)
N;j —2k262 .
x (k) = —S? X]: @Uﬁ-(kﬂe K7 sin (2kR; + 2 81(k) + arg(f;(k))) (19)

where f; is the complex amplitude of the scattered wave, §; is the phase shift induced by the absorber, and e_Zkzc’f2 the

Debye-Waller factor arising from the disorder caused by thermal motion. Modelling parameters include electronic, f;(k) and
8 — and structural terms, the number of neighbours of each layer: Nj, R; and o;. EXAFS allows a more complete depiction of
the absorber local environment.

Instead of the transmission signal, the intensity of the fluoresced X-rays (or near-UV to near-IR luminescence
intensity [50]) can be used, as absorption (k) is, in first approximation, proportional to Iy, (k) /Io.

3.3.2. Elements studied using X-ray absorption spectroscopy techniques

As shown in Fig. 14, all chemical elements are not equally studied by X-ray spectroscopy techniques. Fe and Cu clearly
attract major attention. The main reason is their ubiquitous presence in artistic materials, being in pigments, inks, but also
glass, or metallic artefacts. Similarly, Mn is present in various natural mineral or biogenic pigments, as well as in glasses.
These elements being 3d transition metals, their electronic state is usually responsible for the optical appearance of artworks.
In addition to heavier metals such as Ag, Sn and Sb, they are increasingly analysed by XAS techniques to get new insights
on the chemical origin of optical effects in particular in glasses and ceramics such as opacity, iridescence, metallic, shine,
or colour as well. XAS techniques are remarkably well suited for the analysis of such materials: since they are based on
short distance probes, they can be equally applied on crystallised and amorphous samples. When performed in fluorescence
mode, the selective analysis of minor elements, is possible, even in complex mixtures. Indeed, the above-mentioned optical
effects are frequently obtained by introducing low quantities of these metals.

On the other hand, an increasing number of works aims at understanding the evolution of these materials with time
(degradation, corrosion, role in paper ageing in manuscripts... ). Questions are related to the stability of such chemical forms,
as well as to their modification during cleaning treatments. The same way, most of the XAS experiments conducted at the S
and Cl K-edges are related to the problematic of alteration (in paintings, metals, or wood as well). These elements can have
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Fig. 15. Madonna with Child, St Sebastian, St John the Baptist and two donors, Boltraffio, between 1467 and 1471, Louvre museum (credits: C2RMF) studied
at beamline ID21 at the ESRF; the dress of the donor, originally red, shows a severe darkening (a). The painting has been partially cleaned in 1995 (b).
Cross-sections of tiny fragments reveal that the grey layer is only superficial (c). XRF mappings show the presence of S and Hg in both red and grey layers,
while Cl appears only in the grey layer (d). Cl K-edge XANES reveals the presence of different chlorinated species and in particular mercury chloride type
compounds in point 1 resulting from the reaction of chlorine on the original HgS pigment (e) [56,57]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

an exogenous origin, and XAS enables to determine if and how they react with the artistic materials. The effect of ambient
SO, and chlorine of our cultural heritage is indeed a real concern.

The development of studies at the carbon and oxygen K-edges seen in Fig. 14 relates to organics speciation using STXM
(Section 3.3.5).

3.3.3. Recent developments in WXANES and \.EXAFS

As stated above, a large number of XAS experiments are focused on the characterisation of degradation reactions.
Within the various artistic materials, pigments and paintings are currently being paid an increasing attention. W XANES
is increasingly used for the study of pigments, and in particular for the characterisation of pigment alteration. Pigment
degradation is usually a superficial phenomenon, where the major elemental composition remains unchanged, but where
oxidation or reduction affects the chemical environment of elements, and consequently the colour of pigments. LXANES,
which probes the element speciation, with very good sensitivity and with submicrometric resolution is therefore particularly
relevant for such analyses. As an example, it has been recently used to study the fading of Prussian blue [51,52], the
discolouration of smalt [4], the darkening of lead chromate in Van Gogh paintings [53], as well as in artificially aged model
paintings [54]. In this case, it was shown that both in original and artificial painting fragments, pigment darkening was
linked to the reduction of chromium from Cr(VI) to Cr(III). A similar reduction was observed in artificially aged zinc chromate
paintings, mimicking the alteration affecting a masterpiece of George Seurat [55].

A more detailed example is presented in Fig. 15. This is one of several cases of cinnabar (HgS) darkening in paintings.
WXANES has been exploited to better understand the role of chlorine and the instability of sulphur in the cinnabar colour
changing. This degradation, which indeed is much more complex than a single chemical reaction, can affect not only frescoes,
as at Pompei [58] but also canvas paintings, as observed in Rubens The Adoration of the Magi [59]. The example presented
here was done on the Madonna with Child, St Sebastian, St John the Baptist and two donors, painted by Giovanni Antonio
Boltraffio in ~1470, presently in the Louvre collection. In this painting, cinnabar alteration is particularly visible on the dress
of the donor, on the right side (facing painting) (Fig. 15a). Two rectangular cleaning tests carried out in 1995, are still visible
today (Fig. 15b). The visible picture of a painting fragment cross-section shows a very complex red stratigraphy, covered
with a tiny (R2-5 iwm) grey layer. XRF mappings revealed the specific presence of Cl, associated with Hg and S, in this grey
layer (Fig. 15c¢, d). Additional XANES spectra were acquired at the S and Cl K-edges which demonstrated the presence of
mercury chloride type compounds, in the alteration. In this example, the use of carbon tetrachloride in the 90’s to treat the
panel against woodworms is suspected to be at the origin of Cl introduction, and further degradation [57].

Fig. 16 shows WXANES spectra from two locations of the transverse section of an archaeological artefact immersed in
a cupric solution. The general shape of the spectrum obtained at points 1 and 2 and the energy of the absorption edge are in
good agreement with copper being present under the metallic Cu(0) form and significantly differs from Cu(Il) compounds.
This highlights the fact that Cu?*-ions coming from the electrolyte were reduced at least 20 jum deep into the iron corrosion
layer, revealing that electrons were available that deep during the corrosion process.
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Fig. 16. W XANES study of the corrosion of an archaeological iron nails from the archaeological site of Glinet (sample GL08-18, Seine-Maritime, France)
after immersion in CuCl, solutions. (a) Light microscopy image presenting two W XANES analyses zones from the corrosion or dense product layer (DPL).
(b) Comparison between L XANES spectra of points 1 and 2 and reference powders showing that the copper is primarily present under its metallic form in
the DPL. Data were collected at the SUL-X beamline at ANKA (Karlsruhe, Germany).

Source: Reproduced with permission from Saheb [60].
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3.3.4. Scanning and full-field absorption imaging

These analyses are usually carried out in fluorescence mode. XANES spectra are acquired over a few points, but barely
over a complete 2D region. Some chemical mappings can be derived by exciting fluorescence at a few energies in the XANES
region of the probed element. As an example, the pre-edge peak around 5.993 keV for the Cr K-edge allows the selective
excitation of Cr(VI) [54]. It is also easy to selectively map sulphides and sulphates thanks to the 12 eV shift of the XANES
edge, from S(—II) to S(4-VI) [58]. However, such an approach is only applicable to a few cases, and assumes that samples can
be described as simple binary or ternary pre-determined mixture.

In order to get a complete hyperspectral 2D-XANES dataset, a XANES full-field set-up was developed at the ID21 beamline,
ESRF [61]. A complete set of radiographies is acquired while tuning the energy around the edge of interest, generating the
corresponding set of XANES spectra, still with a submicrometric resolution, but over a millimetric 2D region (Fig. 17). This
set-up has been primarily applied to geology, and is expected to find many applications in the field of cultural heritage and
for the study of painting alterations in particular.

3.3.5. Potentials of scanning transmission X-ray microscopy

At very low energies of a few hundreds of electron-volts, X-ray absorption can still be performed, and transmission
X-ray microscopy has been an area of intense development particularly to image systems for life sciences in the water
window [62,63] — i.e. the photon energy region 280-530 keV, respectively delimited by the carbon and the oxygen K-edges.
In particular, carbon speciation using STXM is a powerful method to differentiate compounds from natural organic matter
from C K-edge spectral signatures and peak positions of major organic functional groups [64]. Carbon K-edge STXM has
been used in the field of palaeontology and palaeo-environments, allowing in particular the identification of faint signatures
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Fig. 18. Fossil lycophytes megaspores (230 Ma) found in Triassic metasedimentary rocks from the French Alps studied using the STXM beamline 11.0.2.2 at
the Advanced Light Source (Berkeley, CA, USA). (a) Light microscopy images. (b) STXM images of organic matter (OM) composing the spore walls, (A) below
the C K-edge at 280 eV (OM appears in bright spots) of the FIB Section 2 showing ankerite and calcite, (B) at 280 eV (OM appears in bright spots) of the
FIB Section 2 showing ankerite and phengite. C. NEXAFS spectra of the different types of carbon observed in the FIB sections. For references spectra, please
Ref. to [66]. Arrows at 286.7, 287.2, and 288.7 eV highlight peaks assigned, respectively, to ketone (C = O, 1s — 27£_), phenol (Ar-OH, 1s — £ o), and
carboxylic groups (COOH, 1s — m{_g).

Source: Reproduced with permission from Bernard [66].

from carbon functional groups; this may allow speciation of biological remnants even in very heavily diagenetised systems
(Fig. 18) [23,65-67].

3.4. X-ray diffraction, scattering and related techniques

3.4.1. Basic principles

The formalisms of X-ray diffraction are covered in many reference textbooks (see for example [21,68-70]). Here we will
only present a short introduction into the basic principles.

X-rays are electromagnetic waves of wavelength A that can be described by a wave vector

- 2w
k= —n. 20
. (20)
The wave vector points in the direction of the momentum of the wave 71 = p/p. It is convenient to normalise the scattered
intensity by the incident flux and the solid angle of the detector AS2. This parameter is called the differential cross-section
(do /ds2). For a single electron it can be expressed as [21]

dacoh ez 2 2
=(——) p=12p, (21)
a2 4 egm, c2

with the elementary charge e, the speed of light c and the permittivity €y. The term inside the brackets is called the classical
electron radius (ry) or the Thomson scattering length. P is a polarisation factor and depends on the scattering geometry and
the polarisation of the incident beam. For most synchrotron sources the beam is linearly polarised in the horizontal plane.
P is therefore

_ { 1 vertical scattering plane (22)

cos? & horizontal scattering plane

where ¥ denotes the horizontal scattering angle. The polarisation leads to a decrease of the intensity scattered in the
horizontal direction. This is the reason why most synchrotron beamlines try to work in a vertical scattering geometry.

The X-ray photons interact with the Z electrons of each atom. The distribution (wave function) of these electrons is given
by the solution of Schrédinger’s equation. For our purpose, it is enough to view the atom as a cloud of electrons described
by the electron density p.. The wave field observed at the detector is a superposition of the waves scattered from different
parts of the atom into the solid angle of the detector. It can be shown [21] that in the far field approximation the phase
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Fig. 19. Schematic representation of the Bragg’s law. For constructive interference the path difference between rays reflected from the first and second
crystallographic plane (shown in grey) mustben - A = 2 - dsin6.

differgnce between two waves scattered from positions 7 apart is Ee - E - T, with the incident wave 7<,- and the exit
wave k. . . .

To calculate the scattering it is convenient to introduce the scattering vector or momentum transfer Q = k., — kj.
The scattering from an atom can be calculated by integrating over the electron density while taking the phase shift of the
scattered waves into account and multiplying the result with the Thomson scattering length

d o S
( ;;;h) =r2p f,o(r) el dr

The integral fj is the Fourier transform of the electron density. It is called the atomic form factor. The derived term is correct
for X-ray energies much higher than the absorption edges of the investigated material. For lower energies the so called
dispersion corrections have to be applied

f=HQ) +f +if". (24)
The values of f' and f” = oy /(2re)) can be retrieved from published tables.

A (single) crystal is a three dimensional periodic arrangement of atoms. It can be described by a unit cell containing
atoms with their respective structure factors f; at the positions 7;. Depending on the symmetry of the crystal a lattice is
chosen with the vectors R, pointing at every lattice point. The complete crystal is obtained by duplicating the unit cell at
each lattice point. The electron density of the crystal p(R, + T; + T) is now a function of the vector R,, indicating the lattice
cell, the vector FJ indicating the atom inside the cell, and the vector 7, indicating the position “inside” the atom. This allows
to separate Eq. (23) into a sum over the unit cell and an independent sum over the lattice:

Farysal(@) = Y (@) €21 Y e, (25)
j n

S—— ——
unit cell lattice sum

2

=2 Pf2(Q). (23)

where we have used the structure factor of the atom j, f;. A more demonstrative, but also more limited formula can be
obtained by analysing the reflections of X-rays from lattice planes, separated by the lattice constant d. As shown in Fig. 19,
this leads to Bragg’s law

n-A=2dsiné, (26)
where n is the diffraction order.

It can be shown [68] that Ferystar is only non-zero if the scattering vector é is equal to a vector of the reciprocal lattice.

The basis vectors of the reciprocal lattice Bl, 52 and 53 can be obtained from the basis vectors of the real-space lattice dy, d,
and d;

- a x d

by = 2”%, (27)
ai - (Clz X (13)

- 33 X al

b2 = Zﬂﬁ, (28)
ai - ((12 X 03)

- a; x a

by = 27 ———— (29)

as - (62 X 63)

For this reason the reciprocal lattice is a very helpful tool in the analysis of X-ray data.
So far, we have described the scattering of a single crystal. However, in nature and technology we almost never encounter

single crystals. Except for specific cases (gems for instance), the samples of interest for art and archaeology will always

be polycrystalline (if they are not amorphous). This means that they are composed of many small crystallites that each

behave like a single crystal. However, the crystallites are in a random order and orientation towards each other. Illuminating
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Fig. 20. Collection of 2D XRD raster-scans or diffraction maps in reflection geometry (a), and in transmission geometry (b) in a powder-type situation or
when the beam size is below the crystallite size therefore leading to monocrystal-type diffraction (c). In the latter situation, integration of ring intensities
may lead to strong errors in phase quantification.

such a sample with an X-ray beam leads to a smearing out of the diffraction pattern and the formation of the so called
Debye-Scherrer rings. Depending on the illuminated volume, which depends on the beam size, and thereby on the number
of crystallites illuminated, the rings can appear smooth (fine powder, Fig. 20a and b) or spotty (large grains, Fig. 20c). Analysis
of the ring diameters and comparison with crystallographic tables allows to identify the crystalline structures, and thereby
the phases, present in the sample. This is the main use of diffraction for archaeology and art. Knowledge of the phases inside
the samples, often at a micrometric resolution, helps reconstructing what kind of materials and technologies were used in
the creation of the artefact.

Fig. 7 shows typical experimental setups. The transmission geometry (Fig. 7n) can be used for thin sample sections. If the
sample is too thick or too absorbing the reflection geometry (Fig. 70) is used. It also allows to access higher order reflections.
The SAXS setup (Fig. 7p) places the detector far behind the sample (if possible in a vacuum or helium flight tube) to analyse
the low angle emissions with higher resolution.

Detectors, independent of their type, can only measure the scattered intensity which is obtained by squaring the absolute
value of the scattering amplitude

o5 |2
I = Fcrystal(Q)’ . (30)

This leads to a loss of the phase of the scattered wave. As the scattered amplitudes are a Fourier transform of the electron
density of the crystal a simple Fourier back transformation of the complex wave field should be sufficient to obtain the
crystal structure. However, due to the loss of the phase this is not possible anymore. To overcome this problem a number
of techniques have been developed that use reference waves or iterative mathematical algorithms to “guess” the phase
[71-76]. This techniques will become more important at 4th generation X-ray sources that will provide radiation with large
coherence lengths.

The first diffraction patterns were recorded with photographic films. The resolution obtained with films is still superior
to modern digital detectors. However, due to the problems of digitising the data afterwards for further treatment they are
rarely utilised today. Instead, detectors that directly transform the photons into electric pulses are used. Point counters, such
as scintillation detectors, allow the determination of the X-ray flux emitted into a small area of reciprocal space with high
accuracy. One or two dimensional detectors measure the X-ray flux with spatial resolution, which significantly reduces the
time needed for an experiment. Two-dimensional detectors used today are mainly image plates, charged coupled devices
(CCD) and pixel detectors. CCD detectors are very common because they are easy to handle, robust and can be adjusted
to different X-ray energies by changing the phosphor screen. A disadvantage of CCDs is the large point-spread function
that is generated by the phosphor and that increases with the thickness of the screen (and hence its efficiency). CCD chips
are read out line by line from the sides. This limits the read out speed and makes them slower than pixel detectors. Pixel
detectors are a very recent development. Their multi-pixel sensor is directly illuminated by X-rays and each pixel is read
out separately. They have a high dynamic range, very fast readout and no internal noise. Unfortunately, today only small
sensor chips can be produced. Larger detectors can be created by tiling several sensors together; however, this creates blind
areas or distorted pixels at the edges of the chips. Today, the largest pixel detectors are made of pure silicon, which has a
low quantum efficiency for high X-ray energies. However, strong development efforts are undertaken to create large chips
that are bonded to high-Z semiconductors, such as GaAs and CdTe.

3.4.2. Micro- and nano-X-ray diffraction

Performing diffraction experiments with focused X-ray beams allows the investigation of small or heterogeneous
objects [78,79]. The resolution of the technique depends on the size of the focal spot and has to be adapted to the object
under investigation. Typically experiments are performed with a resolution of a few micrometres. An accurate positioning
and sample observation system is needed to investigate the sample. In addition, if the sample features areas of different
elemental composition, X-ray fluorescence is often used to identify the position of the object hit by the beam (see for
example [80]). The advantage of micro-diffraction experiments is that they allow to separate different components, thus
vastly facilitating the analysis of the diffraction pattern. In addition, they allow the investigation of individual small objects
and, combined with a raster-scanning setup, imaging with diffraction contrast at the micron scale.
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Fig. 21. XRD study on a sample of terra sigillata from the Gallic workshop La Graufesenque. (a) Photography of a terra sigillata sherd. (b) Light microscopy
image of the sample. (c) XRF and mineral maps obtained by integrating XRD patterns over the intensity of the characteristic d-spacings of the mineral
phases. The experiments were performed at the Stanford Synchrotron Radiation Light Source (Menlo Park, CA, USA).

Source: Reproduced with permission from Ph. Sciau [77].

Recent advances in X-ray focusing optics have allowed to reach ever smaller beam sizes and thereby the investigation and
the imaging of objects smaller than microscopic resolution. One of the biggest drawbacks of micro-beam techniques is the
radiation damage that is caused by the high flux density of the beam. Most organic materials quickly lose long-range order
when illuminated [81-83]. This effect is aggravated in humid environments, where the photolysis of the water molecules
causes the formation of aggressive radicals.

This technique is used in the field of archaeology and cultural heritage studies to analyse archaeological textile fibres
[84-86] and hair samples [93], investigate paint cross-sections and identify archaeological pigments [77,87-89]. An example
is shown in Fig. 21. The combined use of uXRD and «XRF allows the investigation of the mineral content of the paint layer
of a terra sigillata sample and thereby the identification of the pigments used [77].

3.4.3. Small-angle X-ray scattering

Due to the reciprocal scattering law the investigation of signals scattered to very low angles contains information on
larger than atomic length scale. Small angle X-ray scattering (SAXS) allows to access the electron density distribution at
the mesoscale. The presence of nanoparticles leads to diffraction peaks or rings that are modified by the geometry and
size dispersion and interaction of these particles. In many systems, a characteristic decay law of the small angle scattering
intensity can be found which yields information about the properties of the material. For an introduction to synchrotron
SAXS see [91]. Small angle scattering experiments are usually performed at specialised beamlines. A parallel beam is needed
to separate the scattered signal from the primary intensity. To resolve the scattering with enough resolution the detector
is often placed several metres behind the sample (see Fig. 7p). An evacuated flight tube is placed between the sample and
the detector to avoid scattering by air. SAXS is widely used in polymer, pharmaceutics and cosmetics research, however,
it is also an interesting tool for ancient materials investigations of fibres, porous objects like stones and paint and organic
samples like leather [92] and parchment [90], textiles and hair strands [93] and bone [94-96]. Fig. 22 shows an example of
a combined SAXS/WAXS study of historical parchment.
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Fig.22. (a)X-ray transmission image of a cross-section of a 238 years old parchment sample. The black arrows indicate the place where X-ray micro-focus
investigations have been performed. (b) X-ray diffraction images from a scan through a 186 years old parchment sample. The first image is on the top left,
the diffraction patterns are organised into rows. The top of the sample corresponds to the outer skin layers of the animal, where sharp rings indicate the
presence of minerals. The individual image stems from the inner part of the parchment. The 0.85 and 2 nm™~" reflections of the collagenous component
can be seen. Data collected at the beamline ID18F at the ESRF.
Source: Reproduced with permission from Kennedy et al. [90].

3.5. X-ray computed tomography and related techniques

3.5.1. Basic principles

X-ray microscopy takes advantage from the absorption (photo-electric effect) and (elastic) scattering (or refraction) of
X-rays in their interaction with matter, giving rise to different imaging modalities [97]. The matter property that
encapsulates these processes is the index of refraction n:

n(Z,E)=1-68(Z,E)+iB(Z,E) (31)

where g is proportional to the photo-electrical cross-section o, and § to the electron density p. [98]. Which effect dominates
the other depends mostly on the sample composition, X-ray energy and imaging geometry (i.e. sample-detector distance).
When the propagation distance between the object and the detector is small, the refraction effect, in a first approximation,
can be neglected. In such case, the obtained contrast primarily results from the decreased intensity of the X-ray beam
traversing a sample, according to the Beer-Lambert law (ref. 3.1):

I(Z,E) = Iy(E) exp (—/u,(z, E) dz) (32)

withI(Z, E) and Iy (E) the X-ray beam intensity after and before the object (Fig. 23). The linear attenuation coefficient w,(E, Z)
is related to B as follows: 1; = 47 8/, and has a strong dependence on the atomic number Z (o< Z4, Eq. (12)). This feature
provides high contrast between materials with different densities, if the energy of the X-ray beam is properly tuned. In fact,
since p; o« E~3 (Eq. (12)), the optimal penetration depth into the material of interest leading to the highest contrast can be
achieved by ad-hoc energy selection.

When the study object is composed of light elements or elements with close atomic number Z, refraction of X-rays at
internal material boundaries in the sample becomes of interest for boosting the often insufficient observed contrast. In fact
8 is small (around 107>), but still about 3 orders of magnitude larger than 8. Because the index of refraction n only slightly
deviates from unity, the refraction angle « is tiny but can be determined with great accuracy by so-called phase contrast
techniques. It can be shown namely, that the refraction angle « is proportional to the gradient of the phase ¢(x, y) of the
refracted beam [99], e.g.:

A OP(x,y) _ /35(&5’) dz
2m 0x ox

(33)

x =
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Fig. 23. (top) Setup for absorption and free-space propagation phase contrast tomographic microscopy, with the detector located close and further away
from the sample, respectively. Note that the low divergence of the X-ray source generally leads to parallel or fan-beam geometry, and not cone-beam
geometry. The reconstruction is then made easier as exact algorithms can be used. (bottom) Schematic representation of a sample together with its
absorption and phase contrast projections, with the internal sample boundaries strongly enhanced in the latter case.

where 4 is related to the electron density p, according to:

2
5= To Pe A (34)
2
with ry being the classical electron radius.

If X-rays are instead viewed in the light of their particle nature, their macroscopic behaviour characterised by the index of
refraction can be explained by elastic scattering resulting from the interaction of the X-ray photons with the electrons of the
atoms constituting the studied material. Following the theory for elastic scattering, derived assuming that the electrons are
not free, but in bonds and therefore modelled as damped harmonic oscillators with a resonance frequency and a damping
constant, a relationship between oy, (or 8), which can be determined experimentally, and § can be derived [98]. In addition,
the link between these macroscopic properties and the microscopic scattering of photons can also be understood. In fact,
the index of refraction n is related to the dispersion corrections f" and f” [63]:

1 201 el
nzl—ENATo)»(f-Hf) (35)

and the Kramers-Kronig relationships [100] provide a link between f” and f”. In this way, if 8 is known, § can be derived.

A 2D projection of an object provides useful information (e.g. as exploited in radiographs in the medical field) on
its internal structure and composition. This gained knowledge is however cumulative and in this way an absorber or
scatterer cannot be unambiguously located in the 3D space. Tomographic approaches overcome this ambiguity by recording
a series of projections (or Radon transforms) with the object rotated at different angles. The 3D structural information
can then be reconstructed using techniques based on Fourier analysis (e.g. filtered back-projection) or iterative methods
(computationally inefficient, but useful in cases with insufficient data). Fourier analysis methods [101] are based on the
Fourier slice theorem, stating that the Fourier transform of the parallel projection of the property of a sample (e.g. i) taken
at a certain angle equals a line of the 2D Fourier transform of the object taken at the same angle. Information on the studied
sample can then be recovered by a 2D inverse Fourier transform (or back-projection approaches).

To achieve a given sensitivity A/ in a tomographic experiment, the chosen energy has to be high enough to ensure
sufficient X-ray photon statistics at the detector within an acceptable time span. However, if the energy is too large, only
few photons are absorbed by the sample and therefore the sensitivity for small changes in u; decreases. For an arbitrary
sensitivity, scan times are minimised by the relation y; - D = 2, where D is the sample diameter [102].

Current trends in hard X-ray tomographic microscopy aim at improving the density, spatial and temporal resolution. In
addition, work is also going on to overcome the inconvenient physical shape of some objects (large flat samples, e.g. paintings
or slab of rocks containing fossils).

3.5.2. X-ray phase-contrast imaging

X-ray phase contrast techniques aim at detecting the refraction angle o or a manifestation of the beam refraction
(e.g. an interference pattern) with great accuracy. Existing methods fall into three main categories: free-space propagation
[103,104], interferometry [105-107] and analyser systems [108,109] (Fig. 24).

The main advantages of the free-space propagation technique are the achievable spatial resolution and its simple setup,
since no additional hardware is required (Fig. 24). If the probing X-rays are (partially) spatially coherent, their refraction
at interfaces separating domains with different § leads to interference phenomena with the directly transmitted beam. In
a projection, this effect manifests itself as Fresnel fringes and is localised at domain boundaries (Fig. 23). It is therefore
often called edge enhancement. This effect becomes more prominent with increasing propagation distances, i.e. for a large
sample-detector separation. Although the contrast between areas with different § is not improved compared to standard
absorption tomography, internal boundaries are in this way clearly visualised. This approach is routinely used for the non-
destructive investigation of organic inclusions preserved in amber samples [116] and visualisation of the internal structure
of fossilised flowers, plants and seeds (e.g. [117,118]) (Fig. 25a). It has also proved invaluable for extracting information
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Fig. 24. Main categories of phase-contrast setups: Crystal interferometer [110], Analyser-based (Diffraction Enhanced Imaging, DEI') [109,111], Edge-
enhancement and single step phase contrast [103,112-114], Grating interferometer (Differential Phase Contrast, DPC) [107], Holotomography [115].

on incremental dental development (Fig. 25b), also aimed for instance at better understanding primate evolutionary
developmental biology or at resolving ongoing debates over hominin life history (e.g. [7]).

Fresnel fringes do not only allow better localisation and visualisation of internal boundaries. They also contain
information on the wavefront phase and therefore on §. Several algorithms exist to exploit this information and they usually
consist of two steps. First the phase information (or a related quantity) is retrieved from the projection data. Tomographic
reconstruction of these phase projection maps is then performed with classical routines also used for absorption tomography
(e.g.[101]). Simpler approaches for phase retrieval, based on the transport-of-intensity equation [ 112-114], require datasets
acquired at only one single sample-detector distance. Although these methods are not fully quantitative and are based on
different assumptions (e.g. homogeneous composition [114] or negligible absorption [113]), the provided image contrast is
usually largely sufficient for enabling optimal segmentation and post-processing for specimens constituted either by low
absorbing materials or materials with similar linear attenuation coefficients. Fully quantitative results for low absorbing
samples can be obtained if tomographic datasets at multiple distances are acquired. In fact, combining the information
provided by projections taken at different defocusing distances to obtain a projected phase map of the sample for each angle
of the tomographic scan obviates the distance-dependent blindness to some spatial frequencies. This technique is known as
holotomography [115]. Although it is not so often applied, due to the longer data acquisition required and the involved data
post processing, it delivers superior results. Refinement of the holotomography approach with the aim of analysing strong
absorbing objects (e.g. fossils) [121] demonstrated the great potential of this technique. It was in fact possible to accurately
image mineralised soft tissue (brain) inside a dense fossil [122]. The other above-mentioned phase contrast methods also
provide excellent results and in some cases feature a higher density discrimination power, since they directly measure the
phase shift [105] or the phase gradient [ 107], rather than the Laplacian of the phase, as in free-space propagation techniques.
Nonetheless, they are not commonly used for the investigation of ancient and historical specimens, mostly because of their
demanding experimental setups. Grating interferometry [107] is though a promising technique when high sensitivity is
required and medium spatial resolution is sufficient, once it will be compatible with high X-ray energies.

3.5.3. Hard X-ray nano-tomographic microscopy

Most hard X-ray tomographic microscopy end stations at third generation synchrotron sources are based on parallel-
beam geometry. With this configuration, millimetre-sized samples can be investigated with sub-micron resolution, limited
by current detector technology. Resolution in the 100 nm range for smaller specimens (tens of micrometres) requires
X-ray optics. In case of a full-field geometry, a condenser (Fresnel zone plate [123], beam-shaper [124], capillary [125] or
mirrors [ 126]) produces the illumination of the sample and an objective Fresnel zone plate lens is used for the magnification
of the image of the specimen on the detector. So far, this approach has mainly been exploited in the soft X-ray regime
(e.g. water window) where diffractive optics is most efficient and resolution below 100 nm has been reported [127-129].
Recent efforts have though proved its feasibility also at energies above 8 keV [130] relaxing complex experimental
requirements inherent to soft X-rays (e.g. short focal lengths or the necessity to work in vacuum) and enabling the
investigation of thicker and denser samples, thanks to the higher penetration depth of hard X-rays and to the larger depth
of focus of the optics at these energies.

For low absorbing samples, phase contrast can also be exploited. Common techniques include Zernike [130,131] (through
manipulation of the wavefield in the back focal plane of the objective lens) and differential (by using different optical
elements, e.g. a spiral zone plate as objective lens [132]) phase contrast imaging methods.



L. Bertrand et al. / Physics Reports 519 (2012) 51-96 75

Fig. 25. Propagation phase-contrast (edge-enhancement) tomographic microscopy (a) of a 84 Ma old fossil flower (Silvianthemum suecicum Friis) from
Sweden: (a) SEM image, (b-d) Virtual sections (volume rendering (voltex) of 20 consecutive slices) through the tomographic dataset in the sagittal (b) and
axial (c-d) directions. Data acquired at the TOMCAT beamline [ 119] at the SLS-PSI, energy: 10 keV, voxel size: 0.74 um, propagation distance: 10 mm. Sample
courtesy: E. Friis. (b) Propagation phase-contrast (edge-enhancement) tomographic microscopy of a tooth of crocodilian Atoposauridae (CHEmO03.503,
Berriasian, Cherves-de-Cognac, Charente, France): (A) 3D rendering of the surface of the tooth, (B) Sagittal virtual slice. Data collected at beamline ID19 of
the ESRF, energy: 20 keV, voxel size: 2.8 wm, propagation distance: 50 mm. Source: Reproduced with permission from Pouech [120].

Resolution in the order of 100 nm can also be achieved with a hard X-ray projection microscope, with a sub-100-nm focus
produced by Kirkpatrick-Baez mirrors [133]. This approach is particularly suited for dynamical studies, since microscope
efficiency and spatial resolution are in this case mostly decoupled. Due to the large distance between sample and detector for
the highest magnification configuration, single projections feature both phase and absorption information. For high quality
results, this information needs though to be disentangled using knowledge provided by radiographs acquired at different
focus-to-sample distances and rather involved phase retrieval algorithms.

Nanometre resolution is crucial for the investigation of nanofossils, for instance in palynology. Knowledge of the
morphology and internal ultrastructure of fossilised pollen, spores or acritarchs is critical e.g. for evolutionary studies of
plants and for a better understanding of palaeoclimate and palaeoenvironmental conditions. For the study of degradation
processes, for instance of paintings, and in conservation science, structural information at the nanometre level (e.g. porosity)
could also be important (Fig. 26) and is complementary to the average mesoscale properties obtained from small angle X-ray
scattering (SAXS, see Section 3.4.3).

3.5.4. Ultrafast X-ray tomographic microscopy

A high quality tomographic dataset can be routinely acquired, at most synchrotron facilities, in about 5-30 min,
depending on the energy used and the aimed resolution, requiring the sample to be stable within this time span. This
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Fig. 26. Cuno Amiet, Herbstlandschaft (Autumn Landscape), 1906, oil on canvas, 61 x 55 cm? (private collection, Copyright: M. and D. Thalmann,
Herzogenbuchsee). Investigation of the destructive effect of calcium soap migration in the painting using standard synchrotron X-ray tomographic
microscopy applied on a painting micro-fragment. (a) Light microscopy image, (b) 3D rendering of the X-ray tomographic data, (c) virtual section along the
red line in (b). Expansion of calcium soap aggregates into large pores is observed (c), as well as formation of such soaps at the paint-ground interface (d).
Data acquired at the TOMCAT beamline [119] at the SLS-PSI, energy: 17 keV, voxel size: 370 wm. Data courtesy: Ferreira [134]. X-ray nano-tomographic
microscopy would be important for the characterisation of the porosity beyond the micrometre level as well as for unravelling the spatial organisation
of the single ground and paint particles. X-ray ultrafast tomographic microscopy could instead be used to advance the understanding of the dynamics of
calcium soap formation and migration, using for instance ad-hoc prepared material subjected to different external conditions (e.g. temperature).

condition is not a problem for the study of static specimens. However, it becomes a nuisance when evolving objects and
dynamic processes are of interest.

Recently, the high brightness of third generation synchrotron sources coupled to latest detector CMOS technology has
been tremendously pushing the achievable temporal resolution, enabling the acquisition of high resolution tomographic
datasets in less than 1 s, making new experiments possible. In this way, dynamic processes can be followed in 3 dimensions
through time [135].

X-ray tomographic microscopy with sub-second temporal resolution could be crucial for a better understanding of
degradation processes and conservation techniques for historical objects. If degradation (e.g. through exposure of a
specimen to light, heat sources, humidity... ) is fast or could be accelerated for investigation purposes, ultrafast tomographic
microscopy would give insight into the structural changes as they occur, optimally unravelling the key processes involved
(Fig. 26). The same is true for conservation techniques involving physical and chemical treatments, often not yet fully
understood at the microscopic level, of unique and extremely valuable objects.

3.5.5. Laminography

The optimal specimen size for micrometre resolution tomographic microscopy is in the order of few millimetres. Best
results are actually obtained, when the analysed object completely fits in the available field of view. Small region of
interests in larger samples can nonetheless also be successfully investigated using a local tomography configuration [15]
and appropriate reconstruction algorithms [136,137] to mitigate the artefacts inherent to this geometry. More problematic
is the examination of flat, laterally extended objects. In fact, in this case strong absorption occurs in the directions parallel
to the lateral orientation of the specimen, preventing the acquisition of a consistent dataset. Although reconstruction of
limited angle tomographic data is possible [ 138], the results often lack in quality.

Recently, inspired by tomosynthesis principles [139], Helfen et al. [140] developed laminography approaches adapted
to the specificities of the synchrotron source. This technique relaxes geometrical requirements of standard tomographic
microscopy and uses an inclined rotation axis with respect to the beam path. With the flat sample mounted with its normal
parallel to the rotation axis, this configuration provides several advantages. A complete 360° scan is in this way accessible
and the energy can be tuned to obtain an optimised and comparable average transmission for all acquired projections. In
addition, despite incomplete sampling of the Fourier space, the rotational symmetry of the missing wedge leads to less severe
artefacts compared to limited angle tomography. Phase contrast capabilities for this setup have also been developed [141].

Recent work shows the potential of this method. Using this emerging technique, Houssaye et al. [142] were able to
virtually extract the remains of a prehistoric fossilised marine snake from a 10 cm large rock slab. Krug et al. [143]
demonstrated the usefulness of laminography for detecting hidden cavities and therein contained relics sandwiched
between high-Z painting layers and thick wood panels in a mediaeval altarpiece.
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4. Synchrotron ultraviolet/visible and infrared techniques

The Born-Oppenheimer approximation leads to consider, that since the mass of nucleus is much higher than the mass of
electrons, it is possible to treat separately the electronic and the nuclear wave functions, as well as electronic and nuclear
energies. In first approximation, the energy can be expressed as the sum of an electronic term E., linked to electrons energy,
a term E,, linked to nucleus vibration, and a term E;, linked to nucleus rotation.

E= Ee + Ev + Er with Ee > EU > Er (36)

where E, is typically in the UV/visible/near IR range, E, in the mid-infrared domain, and E; in the far infrared domain.
4.1. Synchrotron ultraviolet/visible spectroscopy and related techniques

4.1.1. Basic principles

The principle of photoluminescence results from the absorption of photons by species. Under photo-excitation, an
electron from an orbital in the electronic ground state Sy (typically a bonding or lone-pair orbital, or valence band in crystals)
is promoted to an unoccupied orbital of higher energy (typically a non- or anti-bonding orbital, or conduction band in
crystals). The latter corresponds to an electronic excited state, usually a vibrational level associated to a singlet state. A
molecule in a vibrational level of the excited state quickly falls to the lowest vibrational level of this state S;.; by non-
radiative energy transfer to other molecules through non-radiative processes such as collisions. The molecule can also give
away the excess energy to other possible vibration and rotation modes (Fig. 27b). Fluorescence, or phosphorescence, occurs
when the molecule returns to the electronic ground state Sy or associated vibrational levels, from the excited singlet or
triplet state, respectively, by emission of a photon of energy hv < Es; — E,.

Atomic or molecular optical transitions between two energy levels 1 and 2, such as absorption and emission, can be
described with the three Einstein’s coefficient Ay, and By, and B,1, corresponding to the spontaneous emission coefficient, the
absorption coefficient and the stimulated emission coefficient, respectively. Eq. (37) shows that at thermal equilibrium, the
Einstein coefficients are related such that the rate of spontaneous emission and stimulated emission is equal to the rate of
absorption

NyAz1 + NaBy1p(v) = NiBypp(v) (37)

where N; and N are the number of species in states 1 and 2 respectively, p(v) is the energy density incident on the sample
at frequency v. Ay, is the transition probability per unit of time for a specie to go from level 2 to 1 by emission of a photon
and corresponds to the luminescence phenomenon. In contrast, By relates to the transition probability per unit time for
emission due to incoming radiation.

8whv3
Ay = = By1. (38)

Eq. (38) shows that the ratio A [ Bo; is proportional to the cube of the frequency. As a consequence, the nature of the
emission phenomenon is principally spontaneous in the UV/VIS domain whereas this is no longer true at lower frequency,
or higher wavelength [144].

The luminescence phenomenon can be described by means of its spectral and temporal characteristics. Emission and
excitation spectra inform on the distribution of probability of the transition between the excited and the ground states,
and the luminescence quantum yields reflect the fraction of photons emitted by a material relative to that absorbed. The
radiative lifetime is the time window during which the emission of photons can be observed. Both the spectral and temporal
components of the luminescence signal can therefore be exploited to separate, identify or characterise species within
complex mixtures.

The luminescence properties of a material are correlated to the behaviour of its electrons under photoexcitation, such as
their ability to be delocalised. As a result, both intrinsic (physical state, chemical composition) and extrinsic characteristics
(local environment) may influence either its electronic states levels or the excitation and de-excitation pathways involved in
the luminescence phenomenon. In the current context, the luminescence properties of hard and soft condensed matter will
be principally discussed. As of intrinsic parameters, the chemical structure of a material in a given state, as for example,
the degree of conjugation of the 7 orbitals in aromatic hydrocarbons, or the periodic nature of the atom lattices in a
semiconductor, will define the energy levels at which the electrons will be allowed to be promoted to and decay from,
under photoexcitation. Moreover, selections rules defined by quantum mechanical laws apply during the absorption and
emission transitions. As a result, allowed and forbidden transitions (symmetry-forbidden and spin-forbidden) can be used
to estimate excited-state lifetimes and quantum yields. As of extrinsic parameters, the pH, the presence of quenchers and
the temperature will also influence radiative lifetime and luminescence quantum yields of the species involved, including
by modifying the chemical structure or conformation of the luminophores or of their local environment.

The diversity in the chemical composition, the heterogeneity and the state of conservation of materials used in
archaeological, palaeontological and cultural heritage samples condition the level of information which can be retrieved
from luminescence measurements at a given spatial resolution. At the macroscale, several parameters can limit a finer
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Fig. 27. (a) Potential energy diagram showing: e electronic transition (UV/visible/near IR), v vibrational transition (IR), r rotational transition (far IR), The
vertical transition derives from the Born-Oppenheimer approximation. (b) Perrin-Jablonski diagram and illustration of the relative positions of absorption,
fluorescence and phosphorescence spectra. Adapted with permission from Valeur [ 144]. As indicated by Valeur, characteristic time scales are: absorption
(1075 s), vibrational relaxation (10~'2-107'7 s), lifetime of the excited state S; (10~'°-10~7 s, fluorescence), intersystem crossing (ISC, 1071°-107% s),
internal conversion (IC, 107''-107° s), lifetime of the excited state T; (1075-10 s, phosphorescence). Sy: fundamental electronic state, (S;): singlet states,
(T;): triplet states, additional levels are quantified vibrational and rotational levels associated with each electronic state.

interpretation of materials’ luminescence properties. For example, in case of heterogeneously mixed materials, the
absorbance, scattering and luminescence properties of the surrounding environment of a luminescent particle may distort its
intrinsic luminescence emission. Additionally, the variation of the luminescence properties of isolated individual particles
from a same material can also be buried by stronger emission bands showing a greater spatial homogeneity. As a result,
important information relative to the luminescence of isolated particles can be lost.

In full-field mode, luminescence images are collected on the whole field of view determined by the objective through
a set of dichroic cubes, composed of an excitation and an emission filters and a dichroic mirror, allowing select a discrete
number of excitation and the emission ranges. This type of technique is based on the selection of both the excitation and
the emission ranges to stress contrast between the luminescence from micrometre-thin layers, otherwise indistinguishable
under white light [ 145]. In narrow-field configuration, the size of the area analysed is defined by that of a pinhole aperture
located in the excitation and/or the emission path(s) of the microscope. The coupling of the microscope with a dispersing
optical component and a detector allow performing luminescence spectroscopy from micrometre size areas. Using benchtop
instrumentation, luminescence microspectroscopy has been applied to the study of binding media and varnishes in cross-
sections [146] and paint layers containing lake pigments [147].

4.1.2. Assets of synchrotron-based UV/VIS luminescence spectro-microscopy and full-field imaging

In the aim of exploiting the luminescence signal from sub-micrometre size luminophores embedded in heterogeneously
mixed materials, a fully continuous tunability of the excitation and a detection allowing sub-micrometre spatial resolution
and nanometre spectral resolution are required. In this respect, the synchrotron radiation UV/VIS beam presents some
advantages over classical UV sources used on benchtop instruments, in addition to the brightness of the beam. For instance,
the fully tunable excitation synchrotron beam available at the DISCO beamline at the SOLEIL synchrotron (France) spans from
180 out to 600 nm (6.9-2.0 eV). When highly monochromatised, the energy of the beam can be used as a selection parameter
to retrieve luminescence signals from structure containing lone-pair electrons (-0-, -N<, -5-), # — 7* transitions from
isolated >C=C< bonds in organic molecules), as well as high bandgap energy semiconductors by allowing their selective
excitation.

In the context of a recent study developed at the DISCO beamline (SOLEIL synchrotron), new methodological protocols
using UV/VIS synchrotron radiation were defined to characterise small quantities of organic and inorganic compounds
encountered in historical micro-samples, using both raster-scanning micro-spectrometry and full-field imaging. The spatial
resolution attained with synchrotron UV/VIS luminescence microspectroscopy (SR-UV-LMS) setup was of 400 nm and
allows recording luminescence features of localised particles of ZnO pigments, whose luminescence signal is buried at the
macroscale. In parallel, images at 290 nm projected pixel size were obtained using synchrotron UV/VIS luminescence full-
field spectro-microscopy (SR-UV-LFS) and allow highlighting the interface between two adjacent organic varnish strata of
a cross-section from the Provigny violin by Stradivari (Fig. 28¢) [148].

Promising applications of SR-UV/VIS multispectral luminescence microimaging can be foreseen for ancient materials. The
high sensitivity and high spatial resolution attainable with SR-UV-LMS and SR-UV-LFS techniques allow complementary
localisation and characterisation sub-micrometre heterogeneities within materials. In this perspective, a variety of new
systems could be studied based on the characterisation of these heterogeneities: the study of micro-heterogeneities of
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Fig. 28. SR-UV/VIS study of the finishing of the Provigny violin from A. Stradivari at the DISCO beamline, SOLEIL synchrotron (France). (a) Photography
of the Provigny violin (Antonio Stradivari, 1716, Cremona, coll. Musée de la musique, Paris, inv. num. E.1730). Credits: Cité de la musique/].-C. Billing.
(b) Transmitted light microscopy image of a cross-section of a varnish from the Provigny violin by A. Stradivari, exhibiting several strata of organic binding
media materials on top of spruce wood. (c) Reconstructed RGB full-field luminescence microscopy image of the cross-section; 340 nm excitation. Images
collected band-pass emission filters centred at 500, 600, and 700 nm (all with 40 nm FWHM) (respectively 150, 45, and 120 s integration times) have been
corrected from dark field and respectively attributed to the blue, green, and red channels [ 148]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

cultural heritage and archaeological materials, revealed by SR-UV/VIS multispectral luminescence microimaging, could be
used as markers of their manufacturing process or of their degradation mechanisms, such as semiconductor-type pigments
(in addition to ZnO: ZnS, TiO,, CdS/Se, HgS, etc.) showing local crystal defects, or trace organic materials in fossilised samples,
respectively. At last, in complex mixtures, the overall luminescence properties of materials observed at the macroscale do
not account from luminescence from each luminophores. These distortions, resulting from optical interactions between
materials or the disparity of quantum yields, can be uncovered at microscale by accessing to the luminescence of single
particles or clusters of reasonably pure materials. Most interestingly, SR-UV/VIS multispectral luminescence microimaging
can also be used to study the extrinsic properties of materials based on endogenous luminophores such as natural
nanoprobes and contribute to the understanding of the degradation processes or chemical interactions between materials.

4.1.3. Towards synchrotron UV/VIS spectro-imaging setups and luminescence lifetime imaging

Further developments of the synchrotron UV/VIS methodology based on the implementation of spectro-imaging
detectors to attain high spectral resolution in the full-field mode have been initiated. This would provide collection of data
with high spatial and spectral resolution and could be coupled to fluorescence lifetime imaging (FLIM).
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Fig. 29. Stretching and bending vibrational modes for a CH, group.

FLIM has mainly been used to highlight differences within Renaissance fresco painting of organic adhesives and
plasters [149] using excitation in the UVA range (400-315 nm) at the macroscale in the field of conservation. As the
temporal organisation of electrons in the storage ring consists of bunches it could be used to exploit this time structure of the
synchrotron radiation for heterodyne FLIM [150, chap. 4]. Typically, using phase-modulation measurements, picosecond-
long bunches of electrons generated at few hundreds of MHz would allow fluorescence and phosphorescence measurements
with sub-nano temporal resolution to improve the spatial separation of luminophores in complex mixtures.

The improvement of the spectral, spatial and time component resolution are key parameters to refine the interpretation
of the intrinsic luminescence properties of species within complex mixtures. Furthermore, it could allow evaluating the
effect of the micro-environment (pH, polarity of the medium, aggregation state of the luminophore, etc.) on the temporal
characteristics of submicrometre sized particles. Consequently, additional information could be provided on the (extrinsic)
physico-chemical properties of local environments surrounding the considered luminophores. Particularly in the case of
ancient materials, this would provide novel information on their degradation processes.

4.2. Synchrotron infrared spectroscopy and related techniques

4.2.1. Basic principles

The principle of Fourier-Transform Infrared (FT-IR) spectroscopy relies on the excitation of vibrations (length stretching
or angle bending) of molecular groups. The term E, in Eq. (36) is related to nucleus vibrations, therefore to the nucleus nature
(namely mass) and arrangement (Fig. 27a). A simple model for stretching vibrations consists in describing a covalent bond
as a simple harmonic oscillator, where two atoms of masses, M and m, are connected with a spring of strength k. According
to Hooke’s law, the frequency of the vibration of the spring, v, is related to the masses (m and M) and k by the following
formula:

1 k mM

v=—_[— where u= .
2w\ m+ M

(39)

This simple model works well for simple diatomic molecules. It can give some basic feeling about how atom nature and
chemical bonds will affect the stretching vibration frequency. However, the problem is much more complex in the case of
polyatomic (n > 2) molecules. Fig. 29 represents the stretching and bending vibrational modes for a CH, group. Bending
vibrations occur at lower frequencies.

As Raman spectroscopy, FT-IR spectroscopy is a quite classical method for the characterisation of ancient and historical
materials [151,152]. A major advantage is the versatility of this technique which can probe almost any kind of materials
(metals, glasses, paintings, wood, paper, textile, human remains... ), as well as artefacts made of mixtures of such materials.
More particularly, it can simultaneously probe organic, inorganic, as well as hybrid materials. For this reason, it is
extensively used to study products resulting from controlled or long term reactions of organic binders with mineral
pigments for example in cosmetics [153] or in paintings [154,155]. A second advantage of FT-IR spectroscopy is its non-
invasiveness. Accordingly, it is increasingly used, in particular with portable instruments, directly onto objects, in museums
or archaeological sites. In parallel to the development of such compact and easy-to-use instruments, another path was
followed towards FT-IR microscopy. Combining an FT-IR spectrometer with a microscope makes possible the acquisition of
2D chemical maps, which allows not only the identification of ingredients in complex mixtures, but also their localisation.

The installation of such FT-IR microscopes on synchrotron sources was a major step in the direction of improved lateral
resolution. The apparent brightness of SR can be 2-3 orders of magnitude higher than that of a Globar source. This enables
to achieve significantly greater lateral resolution (typically close to the diffraction limit) with superior signal-to-noise ratio
while keeping reasonable acquisition times. SR-based FT-IR microscopy is therefore mainly exploited to image complex
structured compositions, at lateral resolutions of a few microns. Applications in the field of cultural heritage have recently
been reviewed elsewhere [17,19].

4.2.2. Trends in Fourier-transform infrared spectroscopy

Paintings are the most studied artistic materials. Indeed, the possibility to identify and map simultaneously almost all
the painting ingredients (oil, glue, varnishes, wood, canvas, pigments, fillers, grounds, driers) with a micrometric probe is
particularly well suited. Fig. 30 shows a demonstrative example, with the simultaneous identification of pigments (here,
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Fig. 30. (a) Fragment from the Buddhist wall paintings at the Foladi site (cave 4, sample 18) [156]. (b) Chemical mapping of ingredients in a painting
fragment. The visible picture highlights a complex stratigraphy, with 6 successive layers. SR-based FT-IR microscopy reveals the composition of each layer.
Highlighted here: goethite (red), metal carboxylates (green), and resin (blue). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

a red pigment containing goethite «-FeO(OH)), organic binders (here, a resin used in ground layer) as well as hybrid
compounds (here, copper and lead carboxylates resulting from the reaction of oil with a metallic base). This fragment
comes from Buddhist wall paintings at Bamiyan (dated from ca. 5th-9th centuries) where the key discovery was indeed
the presence of o0il [56]. More recently, a similar approach was followed for the elucidation of the composition of the varnish
strata covering Antonio Stradivari’s and contemporary violin-makers’ instruments [157,158].

Lebon, Reiche et al. studied the long-term alteration of bone in archaeological settings, focusing at the relation
between the complex supramolecular hierarchical structure of bone tissue and the spatial heterogeneity of diagenetic
alterations [ 159,160]. Chemical variations in fossil bones at the microscale can be studied using synchrotron FT-IR, focusing
at the micrometre-scale distribution of absorption features from the collagen (from the amide I band, 1645-1690 cm™1),
v1v3POi’ (1020-1100 cm™1), v, and v; from CO%’ (850-900 and 1415 cm™!, resp.), HPO4 bands. High resolution FT-IR
spectro-microscopy provides spatially-resolved indications on the level of crystallinity of the bone, and allows to map
preserved collagen and biogenic carbonates. Here again, sample preparation of extended thin cross-sections of typical
thickness 2 um is a key issue in order to be able to connect the taphonomic alteration observed with the histology of the
bone (Fig. 31).

4.2.3. Fourier-transform infrared imaging using Focal plane array detection

In parallel to the increasing use of high-resolution SR-based FT-IR microscopy, a recent trend is observed in laboratories
with the development of FT-IR imaging methods based on the use of focal plane array (FPA) detectors. Above the diffraction
limit, The lateral resolution is no longer determined by the beam size itself, but by the detector projected pixel size. A further
improvement can be achieved by the use of ATR (Attenuated Total Reflectance) objectives [161]. Typical IR-sensitive FPA
detectors include 64 x 64, 128 x 128, and 256 x 256 elements, offering a major advantage in terms of total acquisition
time, since spectra are collected simultaneously over the complete field of view. Such systems based on Globar sources are
increasingly used for the study of paintings [162], and represent a good alternative to synchrotrons for mapping systems at
a 10 wm-lateral resolution [152]. Very recently, these two different approaches (SR-based microscopy and FT-IR imaging)
merged, with the development of SR-based FT-IR imaging instruments [163]. This requires the combination of multiple
synchrotron beams to create a homogeneous beam over the field of view (Fig. 32). This set-up has primarily been employed
for the study of biological samples, with observable features down to 0.5 pm. A first analysis of model painting fragment
has been recently reported [ 164]. No doubt that applications to artistic and ancient materials will follow.

5. Discussion

We discuss here some of the main issues at stake and recent developments observed regarding the synchrotron-
based characterisation of ancient and historical materials. In particular, we focus on those areas where improvements
are foreseen in terms of methodology (spectro-imaging, nano-imaging, organic analysis, combination of techniques,
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Fig. 31. (a) Light microscopy image of the microtomy cross-section of an archaeological bone sample (BZ-030-17, dated 15,000 BP) from the Bise-
Tournal site (Aude, France). The square indicates the area that was mapped using FT-IR raster-scanning micro-spectroscopy at the SMIS beamline, SOLEIL
synchrotron (France). (b-e) colour-coded FT-IR maps presenting the spatial distribution of (b) the collagen to phosphate POy ratio, (c) the carbonate CO5 to
phosphate ratio, (d) the acid phosphate HPO, to phosphate ratio, and (e) the crystallinity index derived from the ratio between the absorption intensities
at 1060 and 1075 cm ™.

Source: Reproduced with permission from Lebon [159].
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Fig. 32. Sketch of the experimental setup for FT-IR imaging using a multibeam synchrotron source coupled to a focal plane array detector, developed by
Nasse et al. at the Wisconsin Synchrotron Radiation Center [163].

non-invasive characterisation, time-resolved measurements) taking into account on-going instrumental development.
Mitigation strategies to prevent radiation damages are discussed, as well as specific support initiatives at synchrotron
facilities.

5.1. New approaches bridging micro-/nano-focused spectroscopy and full-field imaging

Ancient materials studies would greatly benefit from high spatial resolution low-noise measurements carried out on large
sample areas. Today this can primarily rely on a tighter association between micro-spectroscopy and full-field imaging.
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Improving the complementarity and the switch between fast raster-scanning micro-spectroscopy and full-field imaging
approaches may lead to interesting developments for the study of ancient and historical materials. Full-field imaging provide
spatial information plus some spectral information therefore allowing for the visualisation of regions of interest (ROIs) at high
spatial resolution within large sample areas, typically leading today to megapixel multispectral images. Conversely, micro-
spectroscopy mapping provides spectral information plus some spatial information, most often leading to far higher signal-
to-noise high spectral resolution data, at the expense of orders of magnitude longer collection times. Both data collection
modalities therefore today provide complementary ways to collect I(x, y, (z), Eg, E, . ..) maps.

A first expected evolution of interest for ancient materials studies might be the optimisation of joint data collection
strategies in order: (1) to select more easily the most representative ROIs, (2) to decrease the time spent to adjust the sample
position, (3) to decrease the dose to the sample under study including during the positioning step.

Beyond these adaptations, spectro-imaging is expected to bring additional capabilities for the SR-based study of ancient
materials by enabling collection of high-resolution spatial and spectral information on large areas within a reasonably
short timeframe. As stated before, at synchrotrons, the high brightness of the infrared photon beam has primarily been
exploited for raster-scanning micro-spectroscopy. Only recently have Nasse et al. reported the implementation of a FPA
system at a beamline of the Wisconsin Synchrotron Radiation Center coupled to an array of mirrors to increase the beam
footprint [163]. In the ultraviolet/visible range, we have recently shown the interest of joint full-field imaging and micro-
spectroscopy UV/visible luminescence studies of historical materials using a synchrotron source; the development of
synchrotron UV/visible spectro-imaging is under way [148]. In the X-ray domain, the recent development of full-field
XRF energy-dispersive pixel area detectors — such as the pnCCD Colour camera that was coupled to a camera oscura [165]
(Fig. 7h — may well bring the same situation to SR-based X-ray fluorescence, and novel developments are taking place in full-
field XANES imaging (ref. Section 3.3.4). Currently, the main limitation is the limited counting rate compared to classical XRF
detectors, as well as the limited detector surface that can be produced. Indeed, the development of spectro-imaging strongly
relies on detector development. The perspective to tighter define energy thresholds in pixel area X-ray detectors will also
add to some extent multi-, if not hyper-, spectral capabilities. Another current limit is the lack of efficient and stable high-
energy pixel detectors, namely CdTe-based [166], which on-going development is crucial for core ancient materials needs.
Spectro-imaging therefore exists, at least at the pilot stage, for most spectroscopic methods of interest for the study of
ancient materials.

Interestingly, when the spatial resolution attained using spectro-imaging is comparable or better than the characteristic
length scale of heterogeneity of the property studied, the analysis can be conceptually compared to that obtained through
separative techniques—based on time-of-flight, retention time, mass separation, in turn connected to m/z ratios, volume
exclusion, chemical affinity, etc. Here, the in situ spatial separation is inherent to the material raw constituents, their
subsequent chemical modification and alteration, and is therefore comparable to an in situ 2D thin-layer chromatography
(TLC), here based on the intrinsic and extrinsic history of the material that has induced local segregation or aggregation of
chemical compounds. Using separative techniques, high level of discrimination of the many possible compounds is attained
through the coupling of separation and detection modalities (GC/MS, HPLC/DAD, etc.) whereas, in the case of spectro-
imaging a comparable result is achieved through the combination of mostly independent information from coarser spectral
signatures and high-resolution spatial localisation (Fig. 33).

5.2. Towards more synchrotron nanoscale characterisation of ancient materials?

We discuss here the interest and development of spatially-resolved SR-based methods to study ancient materials at a
resolution below a few hundreds of nanometres. Methods (XRD, XANES) that are carried out with a macrobeam yet leading
to information on the organisation and state of matter at nanometre length scales are out the scope of the current section.
As discussed above (Section 2.2), most ancient materials show a strong heterogeneity at the micro- and nanoscale; however
nano-resolved methods are still struggling to find a regular use in the study of these materials except in very specific cases.
This is due to the fact that understanding the complexity of these materials at the micrometre length scale is already in
most cases very challenging and that nano-characterisation imposes strong constraints on sample preparation, handling
and sample environment. For instance, in the setting-up of the IPANEMA platform at SOLEIL, scientific communities have
repeatedly confirmed their interest for micro- rather than nano-imaging and spectroscopy.

However, further development of nano-characterisation could bring more insight in the analysis of interfaces, mineral
grains, crystal texture, nanoparticles (such as in lustred ceramics), etc. on which most often crucial information is required
to understand past manufacturing processes, provenance, reactivity, etc. [167].

As synchrotron technology evolves and especially with the advent of next generation sources, it will be possible to
perform X-ray investigations with unprecedented resolution of a few nanometres. Today maximum available resolutions are
typically in the 30-50 nm range at medium/hard X-ray beamlines. While inferior to the resolution of electron microscopes,
X-rays offer the advantage of being able to penetrate matter, thus allowing to image buried nano-structures and objects in
solution, and are often less damaging [168-170].

Nanoscale experiments require a high technological effort, not only on the X-ray instrumentation, but on the whole
experimental infrastructure. The setup needs to be isolated against vibrations, air conditioning is required to maintain
the temperature very stable without inducing turbulences, and interferometric systems may be used to compensate the
mechanical instabilities of the positioning setup. This therefore tends to limit the adaptability of sample environments.
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(b) Spectro-imaging below the characteristic length scale.

Fig. 33. Schematic representation of the separation obtained from complex heterogeneous ancient materials: (a) using separative techniques where the
discrimination is based on highly specific signatures of the fragments: m/z ratio, steric volume, polarity, chemical affinity with the matrix of the ‘separative
system’. Separation and detection usually involve the combination of several information levels. When the system is optimised, unique molecules may be
unambiguously differentiated. Except in specific cases, such as ion or laser-based local ionisation, the high spatial resolution information from the original
material is lost; (b) using spatially-resolved spectro-imaging where discrimination between species results from a combination of the spectral signature and
the high-resolution spatial localisation. In itself, the spectral signature, is usually far less discriminant than that obtained with separative methods. However,
mixed species with a varying composition ratio over the obtained map may be discriminated. Co-localisation, or on the contrary spatial discrimination,
results from the properties of the original raw material (trace elemental segregation, mineral paragenesis...), from the manufacturing process, from
alteration features, etc. Co-localised species with similar spectral signatures may not easily be discriminated. This approach can apply to organic, inorganic
and hybrid nature compounds.

In order to perform nanoscale measurements on ancient materials, sample preparation is a key step. To gain meaningful
information it is often important to work with submicrometre thin cross-sections, as required for instance for TEM
characterisations. This requires the use of ultramicrotomy or ion-beam milling, which not only implies expensive equipment
but also experience in the technology and in each material. In-depth pre-characterisation by non-destructive techniques
including standard light microscopy is crucial to understand the sample and select regions of interest to be imaged during
the SR experiment. However, to reach such exceptional resolutions very high flux densities have to be applied to samples,
which somewhat limits the use of the technique for radiation-sensitive samples (Section 5.8), particularly in energy ranges
where the absorption cross-section is high (VUV, soft X-rays).

Potentially more importantly, spatially-resolved area detectors today of 100 x 100 to 10, 000 x 10, 000 pixels in the X-ray,
infrared and UV/visible ranges will typically span 2 to 4 orders in length scale (Section 5.1). For instance, in the UV/visible
range, we recently imaged systems of several hundreds of micrometres in lateral dimensions with a projected pixel size
smaller than 500 nm [148]. We also mentioned earlier novel developments in full-field XRF (Section 3.2.4) and full-field
XANES (Section 3.3.4), typically covering the same range in length scales. Hyperspectral imaging may therefore provide
the missing link from nano- to sub-millimetre scales by allowing providing information at these successive length scales
altogether.

5.3. Prospects in the synchrotron characterisation of the organic fraction of ancient and historical materials

X-ray synchrotron techniques were until recently used primarily to characterise high-Z elements in low-Z matrices
due to the fact that: (1) the photoexcitation cross-sections of low-Z elements are low at the typical high energies used for
multi-elemental analyses, (2) non-radiative de-excitation (Auger and Coster-Kronig processes) predominates until Z = 30
therefore hampering bulk analyses, (3) X-rays fluoresced by low-Z elements are very soft and are therefore absorbed very
efficiently by the matrix and by air, and detected with difficulty.

Table 3 summarises the main methods of interest for the characterisation of organics compounds in ancient and historical
materials. The development of synchrotron soft X-ray and FT-IR spectroscopy techniques allows for novel capabilities in
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Table 3
Characteristics of the main synchrotron-based methods providing information on the organic fraction of ancient materials.
Synchrotron FT-IR (mid-IR) UV/visible STXM Small X-ray Phase-contrast wCT
method micro-spectroscopy micro-spectroscopy scattering
Physical origin Vibration and rotation Allowed electronic Photo-excitation of Mesoscale Elastic scattering
modes of interatomic transitions in the eV core shell electrons structure
bonds range
Main IR-active compounds: Intrinsic and Low-Z elements Nano- Low-Z elements containing
observable organics, etc. extrinsic containing materials structured and materials
compounds luminophores: hierarchical
conjugated systems, materials
etc.
Sample Transm.: 0.5-5 pm Flat surface Thin section Sample must Stable sample with sufficient
preparation thin sections Refl., < 100 nm transmit X-ray transmission (>30%,
requests ATR: flat surface X-rays (typ. preferably >60%)
0.1-1 mm
thickness)
Typical 5-100% traces-100% 10-100% NA NA
detection limit
Typical 4-10 pm 300-500 nm 25-40 nm 1-100 pm 1pm
achievable
spatial
resolution

EE * EEY * EEY

Frequency of
use reported in
the past 5 years
in the field

molecular identification and speciation of organic materials [171,172]. As pointed above (Section 4.1), recent developments
include the synchrotron UV/visible spectroscopy of organics [148]. Generally speaking, these techniques will provide
signatures corresponding to classes of compounds from characteristic photo-excitation and electronic transitions (X-ray,
UV/visible) or vibrational/rotational (IR) features, which need to be coupled to further non-invasive or invasive (such as
GC/MS) techniques for better identification. The selectivity achieved is generally orders of magnitude lower than that
attained with separative techniques. However, SR imaging methods jointly provide spatial information and molecular
speciation, and therefore can also provide enhanced separation as pointed out before (Section 5.1 and Fig. 33). They are
therefore very useful complements to methods such as TOF-SIMS [173]. In the infrared and UV/visible ranges, diffraction-
limited resolution can be attained in the spectroscopy of organic compounds [148,174,175].

Using scattering techniques, small-angle X-ray scattering can be used to characterise the macromolecular organisation
of organised organic materials such as textile fibres [84-86]. Phase-contrast X-ray imaging, exploiting the refraction of the
X-ray beam at internal material boundaries rather than its absorption, is also an appropriate tool for the characterisation of
organic samples. In fact, for low-Z materials the phase shift, resulting in beam refraction, plays a more prominent role than
the attenuation because § is typically 3 orders of magnitude larger than $. In particular, for a multi-component specimen,
the relative differences in angular deviation arising from the phase shift are larger than the corresponding relative changes
in beam intensity, which are the basis of traditional absorption-based X-ray imaging. As a result, phase-contrast techniques
are valuable tools for boosting the often insufficient observed contrast for this type of samples.

These developments therefore appear particularly promising for the synchrotron-based study of the organic fraction
of ancient and historical materials, but also as the opportunity to better combine information from organic and inorganic
fractions, that addresses a key need for the study of ancient material most often of hybrid or composite nature.

5.4. Combination of characterisation techniques

The ability to combine techniques - SR-based altogether, and SR- with non SR-based - providing various information
on the same point, area or volume of analysis is essential to study complex heterogeneous ancient materials. Three main
approaches were reported: (1) the direct coupling at the same endstation of distinct micro-characterisation methods on the
same spot of analysis such as the widely observed golden X-ray trio XRF, XAS and XRD, but also X-ray techniques with Raman
spectrometry [176,177], (2) the accurate repositioning of the same sample on different instruments for spot analyses, and
(3) the a posteriori spatial registration (or alignment) of the collected data from different instruments. The latter generally
involves calculations to correct movements of the sample relative to the detectors, possibly differing pixel sizes, as well as
optical distortions and aberrations. Full-field techniques (e.g. X-ray tomographic microscopy) could also be used as a tool to
quickly get the overview of a sample and therefore better select regions of interest for other micro-characterisation analyses,
even before sample extraction.

When combining techniques, the analytical sequence needs to be optimised to avoid perturbation of following
measurements by earlier ones, and to optimise the exploitation of the output of previous measurements for further analyses.
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Table 4
Characteristics of the main synchrotron-based methods used to study entire ancient artefacts and specimens. (*) Note that in full-field mode when working
in parallel beam geometry, object dimension D is directly related to the pixel size d through the number of pixelsn,as D = n - d.

Synchrotron Method

Deported FT-IR
spectroscopy

XRF macro-scanning

K-edge subtraction
imaging

WCT, laminography

High-energy XRD

Physical origin

Vibration and
rotation modes of
interatomic bonds

Photo-excitation of
core shell electrons

Photo-excitation of
core shell electrons

Photo-excitation of
core shell electrons

X-ray scattering

Typical objects Surface of metal Paintings, flat fossils Paintings Fossils, building Ceramic sherds, paintings
studied artefact [154] stones, small
archaeological
artefacts
Typical object size NA m? m? mm?-m?(*) cm?
Probed depth surface subsurface bulk bulk bulk

Frequency of use
reported in the past
5 years in the field

Different high-resolution techniques might probe different spot sizes and/or sample depths and might not be completely
comparable, and complex correction might be needed regarding for instance matrix effects. Typical examples include the
combination of laser spectroscopy and SR techniques, in which the spot sizes of the laser and the X-ray beam have to be
carefully matched. But also techniques using the same primary beam, like XRD and XRF might suffer from the difference in
probing depth, as the lower energy fluorescence photons might not escape from deeper sample layers.

When using the direct coupling or repositioning approaches, sample preparation and sample mounting also has to be
considered. The different analytical techniques do not share the same constraints regarding sample preparation. Some will
probe the entire sample thickness, while others will be selective to the surface. Some will be sensitive to elements, molecules
or phases, therefore they will not be sensitive to the same contaminants. For instance, FT-IR analyses in transmission require
thin samples, placed on IR transparent substrate (typical BaF,, diamond, or ZnS window). The presence of organic embedding
resin could complicate the analysis of organic original ingredients. Conversely, for XRF analyses, such organic materials
are usually not critical, providing that they do not contain any high-Z element which could contribute to XRF emission.
Therefore, it is important to determine if the preparation of a single, versatile sample, will be more advantageous than the
preparation of different samples, optimised for each technique. Advices regarding sample preparation for the analysis of
painting fragments by combining FT-IR with XRF and XRD can be found elsewhere [178].

Data analysis techniques are an important point for any investigation, but can be especially important when dealing with
multiple experimental methods probing the same sample. In most cases each technique is analysed individually. Modern
statistical techniques can profit from correlations within the different data sets and help considerably in the extraction
of information and the interpretation of data. However, this requires software capable of unifying different experimental
data sets. Currently, few such programs exist and these are limited to commonly combined techniques. In addition, the
researcher doing the data analysis must be callable of interpreting all the techniques used. As combined techniques become
are more commonly used more effort is put into the creation of multi-technique data processing. One example is the PyMCA
program [179] developed at the ESRF.

Compared to the more usual trace elemental analyses, elaborate signatures based on associating the various datasets can
then be designed, able to provide more complete answers to questions such as provenance and ancient manufacturing
techniques. This may be seen as an extension of the key concept of trace for archaeometric studies, aggregating all
spectroscopic information.

5.5. Non-invasive synchrotron study of entire objects

Non-invasive characterisation may be preferred when studying unique and/or valuable heritage artefacts or
palaeontological specimens. Table 4 summarises the main synchrotron-based micro-spectroscopic methods used to study
entire ancient artefacts and specimens non-invasively. We establish here a clear distinction between experiments that
are performed non-invasively, i.e. without having recourse to further sampling of the original object, fragment or sample,
and those performed non-destructively, i.e. not damaging the sample or the object and, more specifically in the context
of an analytical sequence, not hampering downstream measurements. This definition of non-invasiveness also applies
to the study of pre-existing fragments of objects or protrusive parts, often of smaller thickness than that of the rest of
an object. However, one should mention that current non-invasive methods do not reach by far the level of sensitivity
(elemental, chemical, structural) provided by invasive methods and are not today yet a full alternative to understand the
complexity of ancient materials. In addition, moving a fragile historical object to perform non-invasive characterisation such
X-ray radiography or CT may sometimes result more damaging to the object than micro-sampling it in very controlled
condition.

As shown on Fig. 10, the mean free path of photons at 100eV < E < 20keV is typically below 100 wm in transition metals,
1 mm in typical archaeological ceramic and 1 cm in purely organic compounds. Ancient materials are rarely of purely organic
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nature even when it is originally the case, as taphonomic and ageing processes will generally bring heavier elements within
aged materials. Below 20 keV, X-ray methods will therefore be limited to surface or sub-surface characterisation. This is also
the case for most materials in the infrared and UV/visible range where the typical length of penetration may not exceed a
few micrometres or tens of micrometres. In such conditions, on many ancient artefacts, the altered state of conservation of
outer strata will be an additional strongly limiting factor for non-invasive synchrotron (and benchtop) infrared, UV/VIS and
X-ray characterisation. For this reason, the vast majority of ancient materials studies using synchrotron sources has thus far
been performed invasively on micro-samples.

However, the situation differs at the two far ends of the energy spectrum of photons delivered at synchrotron sources.

Above a few tens of keV, centimetres or tens of centimetres of materials can be crossed in transmission geometry
with scattering (e.g. for hard X-ray powder diffraction) and photo-excitation-based techniques (e.g. with hard X-ray
microtomography, laminography or X-ray fluorescence). In the field, specific sectors of ancient materials studies have
particularly developed, the microtomography of palaeontological specimens, primarily after the seminal works by
P. Tafforeau at the European Synchrotron Radiation Facility in Grenoble, France, as well as more recently the XRF macro-
scanning of entire paintings (Section 3.2.4).

Far infrared radiations, particularly in the 0.1-2 THz range (0.4-8.3 meV or 3-67 cm™"), can also cross centimetres of
materials, allowing for the characterisation of inner features in entire objects without the ionising impact of X radiations.
THz-pulse imaging has been tested using conventional far infrared sources on historical objects such as paint layers [180]
and mummy soft tissues [ 181] with typical resolution in the 0.75-1 mm range. To our best knowledge, it has however never
been tested using a synchrotron source on ancient materials.

The use of non-invasive methods to investigate thick samples usually requires 3D reconstruction to understand the depth
profile of the sample and is therefore closely linked to the development of such methods. For samples with a complicated
inner structure a full tomographic data set has to be taken. In simpler or more homogeneous objects the 3D information can
be accessed with less effort by using confocal techniques. An example of this approach is the reconstruction of depth profiles
by inserting spiral slits into the beam. This allowed the reconstruction of stress profiles in steel [ 182] or the depth-resolved
operando observation of chemical reaction in fuel cells [183].

5.6. Time-resolved measurements

It may sound paradoxical to evoke time-resolved measurements when dealing with ancient materials that may have been
‘stable’ for long periods of time in their context. However, three main modalities are used and/or foreseen for the field:

e Measurements at characteristic time scales in the range between seconds to hours are major targets for fields such as
the study of accelerated ageing, alteration processes, the effect of stabilisation and restoration treatments. Real time
analyses have also already been used for the in situ temperature monitoring of reactions involved in artistic processes.
As an example, Pradel et al. studied high temperature reactions in model lustre paint. The authors could correlate the
decomposition of metacinnabar and the subsequent creation of a sulphur-reducing atmosphere with the reduction of
Cu?*-containing compounds to Cu*; an intermediate chemical state that further leads to the formation of metallic Cu
nanoparticles [184].

e The temporal component of some measures (such as the luminescence decay in FLIM) can be a tool to selectively record
UV/visible luminescence signals from luminophores in heterogeneously mixed materials.

e Time resolution also provides a simple way to monitor radiation damages. Indeed, as most (not all) of the characterisation
techniques involve a resonance at the absorption energy, radiation damage will result in changes in the signal. If they
occur shortly after the start of the irradiation, observing the modification of the signal under the beam may be a good
way to assess whether radiation damages are occurring or not.

For such time-resolved analyses, SR techniques offer not only fast data acquisition (thanks to the high flux attained) but also
complex sample environment, such as electrochemical cells or furnace (thanks to the high penetration depth of X-rays).

5.7. Synchrotron methods not (yet) used to study ancient and historical materials

A huge potential seems to lie in a number of synchrotron techniques that could have direct implications for the study of
ancient materials and have not or hardly been used thus far.

This includes methods that have only been scarcely used in the field.

Soft X-ray based techniques, such as STXM, TXM and to a lower extent X-PEEM, have attracted considerable interest in
life and environmental sciences as they allow determining the speciation of light elements particularly carbon and oxygen
from organic materials (particularly at the ALS and CLS synchrotrons), or working on M lines of transition metals, at spatial
resolutions of a few tens of nanometres [171,185]. At such low energies — for instance, the carbon K-edge is at 280 eV —
experiments require sample thicknesses in the 100 nm range, with requirements similar to those needed for transmission
electron microscopy (TEM), and may require preparation such as focused ion beam (FIB) [ 186,187]. Particular developments
are expected in the study of the alteration of organic materials (paper, wood, organic binders in paintings, etc.), or micro-
organism induced degradation of archaeological and heritage materials.
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The use of synchrotron (and conventional) X-ray wCT techniques is quite limited in archaeology and conservation
sciences. Study of the consolidation of materials such as stone, glass and wood, as well as dendrochronological investigation
used to date wooden artefacts are expected to develop in the years to come.

Synchrotron microbeam small angle X-ray scattering (jtSAXS) allows a spatially-resolved investigation of the sample’s
mesoscale (see Section 3.4.3), namely in the 10-5,000 A range. Although many ancient materials show interesting features
of nanometre length scale, like nanoparticles or porosity or exhibit a hierarchical structure, like biological materials, this
technique is hardly used.

On a longer term, additional synchrotron techniques appear particularly promising for ancient materials studies.

THz imaging capabilities, discussed in Section 5.5, may well find several applications in the field of ancient materials
studies. An extension in IR spectroscopy towards the far-infrared domain is also observed using conventional sources, driven
by applications in Space science. THz spectroscopy could also be highly valuable in the cultural heritage field, in particular
for the analysis of inorganic compounds inactive in the mid infrared domain, such as some pigments or corrosion products.
A first application to the study of 16th century Spanish paintings has recently been reported [188].

This is also the case for holographic or coherent scattering techniques that were developed to address the phase problem
in XRD in the last years. Two main methods were developed to reconstruct the missing phases. In holography the signal
emitted from the sample interferes with a reference wave [189-191]. Measuring the thus created hologram allows to
reconstruct the complete wavefront emitted by the sample. However, this requires a large coherence length and is thus
more readily achievable with soft and tender X-rays. The second method is phase guessing, in which no reference wave
is used. Instead, just the diffraction pattern obtained by a fully coherent illumination of the sample is compared with one
calculated from a model of the sample. An iterative algorithm then refines the electron density of the sample and the phases
of the detected wave field [73,75,192,193]. The disadvantage of this technique is that a priori information is needed from
the sample; in most cases an outline or support of the sample is put into the model. Ptychography [71,194,195] is very
promising for real applications and has already been used to image microstructures from a computer chip [74] and soft
matter [196,197]. This technique illuminates the sample with overlapping spots of coherent radiation. The information
from these overlaps allows a much faster convergence of the reconstruction algorithm. In addition, this technique can be
used to image a ROI, while other techniques need to reconstruct the full object. The disadvantage of all coherent diffraction
techniques is the large amount of photons needed to attain high resolution [198], thus limiting its use to radiation-hard
samples.

Finally, more use could be made of synchrotron surface/interface sensitive techniques, such as speciation obtained from
photoemission techniques.

5.8. Radiation damage: mitigating, monitoring and studying

Third generation synchrotron sources are capable of delivering very high photon fluxes into the sample, especially when
using focused beams. Potential radiation damages are particularly important in the X-ray and UV ranges of radiation, which
are ionising radiations. For techniques that are applied invasively and/or with very small beam footprints, damage may
not result in a visible alteration of the original objects, particularly museum objects. However, a main worry here is the
possible loss of information, or worse misleading information, that could be retrieved from a radiation-damaged spot. For
instance, photoreduction or oxidation can lead to local changes of speciation, and further lead to full misinterpretation
of the data. For this reason tracking radiation-induced changes may prove as important as introducing mitigating
measures.

For instance, X-ray beam fluxes are typically in the 10'>-10' ph - s=! - mm~2 range or higher at the sample position,
i.e.in the 0.01-1 ph - s~! - A=2 range. On the only series of experiments known to the authors using synchrotron UV/VIS
luminescence measurements on ancient materials, at 280 nm the irradiance at the UV/VIS synchrotron microspectroscopy
beamline was comparable to that obtained with a 450 W Xenon lamp in the same bandpass. The high spectral irradiance
of the UV/VIS synchrotron generated beam can be compensated by its high monochromatisation. Valence electrons,
located in outer energy levels, induce photo-electronic transitions in the 200 nm-1.2 pum range (1-6 eV). In the UV
range, the 200-380 nm region corresponds to bond energies from 140 to 70 kcal - mol~" respectively, typically found in
organic and inorganic compounds. Organic materials show a greater number of photo-induced reaction pathways from
the excited state than inorganics, such as photoxidation or photoreduction phenomena induced by the chemical reactivity
of the excited state generated by light absorption, or intramolecular photoreactions during which photochromism or
internal energy transfer may occur. All these pathways are responsible for the chemical changes of a material or its close
environment.

Organic materials, such as textile fibres and paint binders, are most sensitive to radiation damage, while metals may
be radiation-hard to even the highest SR fluxes. Radiation damage is a very complex phenomenon and types of material
may react to it in very different ways. The damaging properties of a radiation beam depend on its energy, on the photon
flux and on the experimental conditions (e.g. temperature, humidity, etc). Direct damage is created by the absorbed photons
themselves, for example by photochemical reactions or ionisation, or by secondary particles like photoelectrons. Conversely,
indirect damage is created by photons that react with the environment of the sample, creating aggressive moieties such as
HOe radicals in water and ozone in air. These indirect processes are often more damaging than direct ones, but can be
reduced by using inert atmospheres and cooling of the sample.

1
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X-rays have energies high enough to ionise matter and can damage the material directly by creating fast electrons via
the photoelectric and Compton effects. These electrons react via secondary electron cascades and may therefore destroy
molecular bonds in the sample. For more information see [82,83,199]. Irradiation can also create point defects in semi-
conductors or isolators, which create new states in the energy gap of the material [200,201]. These defects are called “colour
centres” because they lead to a darkening of transparent objects. This includes a group of cultural heritage materials like
glasses [200,201], teeth [7], pigments and soft tissues. These optical degradations may be partly reversible. For instance, it
is possible, at least to some extent, to remove the radiation marks on teeth [7] and glasses by subsequent UV irradiation.

The simplest way to minimise radiation damage is to use high quantum efficiency detectors, an efficient background
reduction to lower the necessary radiation dose and appropriate shutters, pre-characterisation and pre-alignment
procedures to limit the irradiation time. For instance, in X-ray tomography, which is especially prone to radiation damage
induced artefacts, two different methods have been developed to reduce the impact of the damage. The first aims at
performing the tomogram ultra-fast with particularly sensitive detectors. In this way, it is often possible to complete the
tomogram before the radiation damage leads to visible degradation. The other approach uses phase contrast at high X-ray
energies. Since the absorption drops faster than the refraction with increasing energies (except at absorption edges) this
increases the signal/damage ratio of the experiment.

Reducing the intensity of the primary beam is usually counter-productive since a longer exposure time is needed. This
does not limit the direct radiation damage but allows the indirect damage to work over a longer period of time.

In addition to mitigation procedure, a stronger focus could be put on monitoring. On top of monitoring the signal
change itself over time, integrating complementary techniques at a beamline, like FT-IR, colourimetry, UV/VIS or Raman
spectroscopy can allow the in situ determination of radiation damage and improve the acquisition quality for damage types
that can be detected with these techniques.

In general, the assessment of invisible radiation damages is more difficult. Many organic materials, like fibres of
parchments and canvas, suffer a loss of structural order when subject to high radiation doses. Although this leaves no visible
mark on the sample, the danger of long-term degradation has to be considered. Unfortunately, few information is available
to this time, and systematic methodological studies have yet to be performed [202]. This should lead to clear indication
which radiation doses are tolerable on a given material.

It is important to note that radiation damage in general does not heal out over time and hence the radiation exposure of a
cultural heritage object or sample accumulates over successive treatments and should be carefully archived. Unfortunately,
this information appears insufficiently recorded and made available for the time being. Procedures could be implemented
for important palaeontological specimens and heritage samples to allow recording and storing the information on the
potentially altering experiments performed on these sample and objects.

5.9. Perspectives for specific support at synchrotron facilities

Dedicated projects developed at synchrotron facilities are expected to facilitate the study of ancient and historical
materials. This includes initiatives such as the Heritage science unit (M. Pantos, CCLRC, 2003-2008) at SRS Daresbury, the
IPANEMA platform (Institut photonique d’analyse non-destructive européen des matériaux anciens) at synchrotron SOLEIL and
the Initiative in Palaeontology at the ESRF, Grenoble. For example, developments of the IPANEMA platform at SOLEIL focus on
supporting experiments and developing research activities in instrumentation and data processing optimised to the needs
of ancient materials. Support of synchrotron experiments may include support to project definition, sample preparation,
adaptation of experimental setups, data collection and data processing. A particular focus is aimed at studying series or
collections of objects which are often more relevant to the field than case studies on individual artefacts. The setting-up of
the platform aims at facilitating interactions with scientists, as well as end users, such as conservators and archaeologists,
including by organising training sessions [24,203].
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Appendix A. Acronyms and abbreviations used

See Table A.1.
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Table A.1
ATR Attenuated total reflectance
BM Bending magnet
BP Before present, taken as 1950 AD
cCM Channel-cut monochromator
CRL Compound refractive lenses
CT Computed tomography
DAD Diode array detector
DCM Double crystal monochromator
DMM Double multilayer monochromator
EDS/EDX Energy dispersive X-ray spectrometry
EUV Extreme ultraviolet
EXAFS Extended X-ray Absorption Fine Structure
FIB Focused ion beam
FLIM Fluorescence lifetime imaging
FPA Focal plane array detector
FT-IR Fourier-transform infrared (microscopy)
FWHM Full-width at half maximum
FzP Fresnel zone plate
GC Gas chromatography
IR Infrared
KB Kirkpatrick-Baez (focusing mirrors)
LA-ICP-MS Laser ablation-Inductively coupled plasma-Mass spectrometry
HPLC High performance liquid chromatography
Ma Million years
MS Mass spectrometry
NEXAFS Near-edge X-ray Absorption Fine Structure (= XANES)
oM Organic matter
PIXE Particle induced X-ray emission
refl. reflection
ROI Region of interest
SAXS Small-angle X-ray scattering
SEM Scanning electron microscopy
SIMS Secondary ion mass spectroscopy
SR Synchrotron radiation
STXM Scanning transmission X-ray microscopy
TLC Thin-layer chromatography
TOF Time of flight
transm. transmission
TXM (Full-field) transmission X-ray microscopy
typ. typical(ly)
uv Ultraviolet
SR-UV-LFS Synchrotron UV/VIS luminescence full-field spectro-microscopy
SR-UV-LMS Synchrotron UV/VIS luminescence microspectroscopy
VIS Visible
vuv Vacuum ultraviolet
XANES X-ray Absorption Near Edge Structure
XAS X-ray absorption
X-PEEM X-ray photoemission electron microscopy
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
XRF X-ray fluorescence
WDS/WDX Wavelength dispersive X-ray spectroscopy
n Micro
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