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Abstract

The PUMA beamline, created for the heritage community and accessible by all fields of science, welcomed its first users
in 2019. Its optical layout uses a horizontal focusing mirror to prefocus the light emitted from the wiggler source for the
experimental endstation. It provides a 5 pumx 7 pm microbeam for XRF, XAS, XRD and XEOL analysis or a wide 20X 5
mm full field when the beam is defocused, and the KB mirrors are retracted. An extremely stable fixed-exit Si(111) mono-
chromator is used to select the wavelength. Many experiments have been performed at PUMA, particularly in archaeology,
paleontology, conservation, art history and in identifying safer conditions of irradiation for precious heritage samples. XRF
analysis has been used, for example, to show the effects of the interaction of Palaeolithic ivory with soil; to identify the
elemental composition of mineralized textiles and to reveal hidden morphologies of fossils.

Keywords Heritage science - Archaeology - Palacontology - Radiation damage - Synchrotron - X-ray absorption
spectroscopy - X-ray diffraction - X-ray imaging - XEOL - X-ray fluorescence spectroscopy

1 Introduction

Although the potential of synchrotron radiation for the anal-
ysis of heritage materials was recognized in the mid 1980s,
the number of publications started to increase steadily at the
beginning of the new millennium [1, 2]. While early work
emphasized the ability to quantitatively estimate elemental
content in archaeological materials by X-ray fluorescence
(XRF); phase identification and quantitative structural
description by X-ray diffraction (XRD) and small angle
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X-ray scattering (SAXS), as well as elemental speciation
by X-ray absorption spectroscopy (XAS), were soon identi-
fied as significant contributions to understand the composi-
tion of archaeological and artistic materials. Paleontological
work subsequently benefited from imaging capabilities
both in 3D (through micro-computed tomography (nCT))
[3], later from scanning XRF, XAS and XRD [4-10] and
even from X-ray Raman scattering (XRS) spectroscopy and
imaging [11, 12]. To facilitate the access for these new user
groups, it was decided to build both a beamline specialized
for the needs of the community at the French national syn-
chrotron light source SOLEIL, located on the Paris-Saclay
campus south-west of Paris, and a support research plat-
form, IPANEMA [13]. The goal was to offer a beamline
with synchrotron techniques often used by the community,
while being complementary to the portfolio of techniques
already available at SOLEIL. The beamline and accompa-
nying procedures were optimized to take into account sev-
eral specific requirements of heritage materials, particularly
their physico-chemical heterogeneity, their fragility, and
the need to search for local information in large samples
[14]. The name “PUMA” was chosen for the new beam-
line as an abbreviation for “Photons utilisés pour les Maté-
riaux Anciens” (“Photons used for Ancient Materials”). The
beamline opened its doors to its first users in 2019.
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PUMA is a hard X-ray beamline with a flexible design,
which specializes in 2D micro-imaging with a lateral reso-
lution of 5 to 10 um. It allows users to create cartographies
of their samples with the techniques of XRF, XAS, XRD, as
well as X-ray excited optical luminescence (XEOL). Spe-
cific developments aim to reduce the dose administered to
the sample while maintaining the interpretability of the data,
for example by using sparse excitation imaging [15], and
to take advantage of the wide full-field beam to carry out
tomographic experiments. This article describes the beam-
line and provides an overview of the studies carried out to
date at the PUMA beamline in the field of cultural and natu-
ral heritage.

2 Description of the beamline

The optical setup of the beamline is shown in Fig. 1. The
source of the beamline is a 1.8 T wiggler with twenty
164.2 mm periods and a critical energy of 8.98 keV. A
300 um beryllium window is mounted at the entrance of
the beamline and acts as a filter for the low energy X-rays
(<1 keV). A set of primary slits allows the beam size to
match the aperture of the optical elements.

A 1 m long elliptical mirror (CINEL) is used to focus the
large emission cone of the wiggler in the horizontal direc-
tion. This mirror is installed at a fixed 1.3 mrad angle to
the beam and features two bending motors for adjusting its
curvature. This allows the focal distance of the mirror to
change from 3 m to infinity, and is used to control the hori-
zontal beam size at the sample position from around 2 mm
to up to 20 mm. The water-cooled silicon substrate is coated
with a 60 nm thick iridium layer to ensure total reflectivity
of the X-rays from 4 to 60 keV.

The beam energy for the experiment is selected using
a double crystal monochromator (DCM) with fixed-exit
geometry in horizontal deflection (CINEL). It features two

WIGGLER BE PS HFM
[ B

19m--195m -- 21 m
Fig. 1 Optical layout of the beamline. The source of the beamline is
a wiggler. A beryllium window (BE) filters the low energy part of the
beam. The primary slits (PS) match the beam size to the optical aper-
ture of the beamline. A horizontal focusing mirror (HFM) is used to
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sets of crystals, Si(111) for an energy range of 4 to 23 keV
and Si(220) for 20 to 60 keV, that are stacked vertically. The
change between the two sets therefore consists of a simple
vertical translation of the whole crystal goniometer. Due to
the high heat load, the system is cooled by liquid nitrogen.
The (less common) horizontal deflection geometry leads to
an extremely stable setup once operating temperature has
been reached, as the mechanics do not work against gravity.

A set of horizontal slits is placed between the monochro-
mator and the final focusing optics to cut stray radiation.

The experimental setup is shown in Fig. 2. A KB mirror
system, designed by SOLEIL, is used to focus the beam on
the sample. It features an aperture of approximately 1 mm
x 1 mmand can produce a focal spot of 5 pm (vertical) x
7 um (horizontal). The flux in the focal spot at the sample
position is around 10'° ph/s between 10 and 20 keV. At
lower energies, the flux falls quickly due to air absorption in
the experimental hutch, but can be raised by filling the KB
mirror chamber and the flight tube upstreamwith helium.
The two mirrors are each coated with a strip of B4C for use
at energies below 10 keV and a strip of rhodium for use at
high energies, up to 22 keV. A thin diamond intensity moni-
tor at the exit of the mirror chamber measures the flux of the
beam incident on the sample.

An 8-axis goniometer is used to accurately position the
sample with respect to the beam and to perform scanning
experiments. It consists of two base translation stages: along
the direction of the beam (s) and perpendicular to it (x).
This enables long movements to be made while scanning.
Directly above these base stages, a 360-degree rotation axis
allows the sample to be rotated around its vertical axis. The
bottom translation stages can be used to position the rota-
tion axis in the focal spot, while three additional translation
stages are located above the rotation axis to allow the sam-
ple to be positioned and scanned while maintaining the focal
spot on the rotation axis. All stages (PI/MICOS) are high
precision stepper motors with optical encoders featuring

DCM TS KB
22,5M -mnmmm- 40 M -mmmmmme 63m --- 63,3m

focus the beam on the tertiary slits (TS) to prefocus for the KB mirror
system (KB). The energy selection is done with a double crystal mono-
chromator (DCM)
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Fig. 2 Photo of the experimental setup. To the right of the image the
chamber of the KB mirror can be seen. The incident X-ray beam (blue
arrow) exits the chamber by passing an intensity monitor (IM) and is
focalized on the sample (Sa). Here, a 3D printed holder for pellets is
shown. Fluorescence from the sample can be detected with the silicon

50 nm resolution. Samples can be scanned up to 20 mm
(vertical) by 30 mm (horizontal). Finally, two tilt stages
allow the sample to be rotated by +5° around the horizon-
tal rotation axes. A kinematic mounting system (Thorlabs)
ensures accurate and repeatable positioning of the sample.
This set up is ideal for samples of sub-millimetric to centi-
metric size, weighing less than 1 kg.

For large, flat samples, such as fossils and manuscripts,
the tilt stages can be removed to make space for larger
scanning stages. This allows analysis of samples weighing
several kilograms for an area of up to 100 mm (vertical) x
150 mm (horizontal).

The SOLEIL acquisition software enables point-by-point
scans and high-speed continuous mapping (FLYSCAN)
[16]. A silicon drift detector (SDD, Rayspec) with 80 mm?
collimated area is placed at 90° to the incident beam and
is used to collect the fluorescence signal of the sample for

drift detector (SDD). Diffraction patterns can be collected in transmis-
sion geometry with the Xpad (Xpad) hybrid pixel detector on the far
left. Lastly, XEOL signals can be analysed with the microscope (Mic),
which is also used to align and monitor the sample during irradiation

X-ray fluorescence spectroscopy (XRF) and X-ray absorp-
tion spectroscopy (XAS). An Xpad hybrid pixel detec-
tor (ImXPAD) is placed behind the sample on a separate
detector table and used to record X-ray diffraction patterns
(XRD) in transmission mode.

For typical microbeam scanning experiments, the sample
surface of interest is placed in a 45° geometry with respect
to the incident beam. This configuration enables the use of
a video-microscope (SOLEIL) with a high-quality scientific
camera (Orca, Hamamatsu) to constantly image the sample
surface. After aligning the microscope on the beam focal
spot, the sample can be positioned with micrometric preci-
sion for the experiment without need of irradiating it, which
is of great importance for radiation sensitive samples [3, 4].
This microscope also allows the sample to be observed dur-
ing irradiation, and can therefore be used to monitor any
anomalies such as radiation effects or light emission under

@ Springer
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X-ray irradiation (X-ray excited optical luminescence,
XEOL). A LED illuminator canproject light onto the sam-
ple from the red to the UV range. The camera is equipped
with a filter wheel to select the wavelength ranges that can
be observed, making it thus capable of UV luminescence
analysis. In addition, it is possible to divert the microscope
signal with a switchable mirror towards a fiber optic that
connects to an optical spectrometer (ANDOR), for analysis
of the spectrum with a highly sensitive Orca Quest camera
system (Hamamatsu), ideal for XEOL spectroscopy.

3 Examples of research

3.1 Published studies

As the name implies, PUMA was created primarily with
heritage research in mind. Nevertheless, the beamline is
open to all scientific fields and has been used by different
scientific communities outside the heritage field, for exam-
ple to analyze polluted soils [17], materials used for decon-
tamination of industrial wastewater [18], micro-meteorites
[19] or detectors [20]. However, a major part of both user
and in-house research is done in the heritage field and will
be discussed in more detail here.

3.1.1 Archaeology

Archaeological projects done at PUMA concern a wide
variety of materials, particularly ceramics, metals, glasses,
pigments and biomaterials, such as bone and ivory. Most
projects use XRF to determine elemental fingerprints of
the samples. This is particularly important for provenance
studies, where the measured data can be compared to refer-
ences from other objects or from raw materials (e.g., ores)
of known origin. XANES is often used, in addition, to deter-
mine the oxidation state and the mineralogic phase under
which the element is found.

For example, Gianoncelli et al. [21, 22] have applied
these techniques to Greek ceramic artefacts from an excava-
tion in Gella (Italy). They established that ceramics found
within the same excavation but are attributable to different
regional workshops do indeed exhibit important elemental
differences in both the clay body and the glaze. Further-
more, the authors have shown that, in addition to elemental
composition obtained from XRF, knowledge of the crystal-
line and amorphous phases in the sample via XANES can
be advantageous for the comparison of ceramic artefacts.

Tapia et al. combined lab-based confocal XRF with
synchrotron radiation XRF mapping to study red color-
ing matter found in prehistoric cave paintings from the La
Garma and Altamira Caves in Spain. The team was able to
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define criteria for distinguishing between the wall support
and the drawings, and was also able to better characterize
the red pigments [23, 24]. XRF analysis performed by the
same group on a sample taken from a drawing of a bison
at the Font-de-Gaume cave, France, allowed to determine
the place of origin of the sample within the cave and the
composition of the pigments used for the local painting of
a bison [25].

Moutsiou et al. used XRF on raw picrolite samples taken
from various locations in Cyprus to demonstrate that XRF
fingerprinting could help to provenance picrolite artefacts
[26].Palaeolithic mammoth ivory samples were analyzed
with uXRF and XANES by Tranchant et al. to improve the
differentiation between biogenic and diagenetic elements
and thus define markers of origin. This study will be dis-
cussed in more detail later.

3.1.2 Paleontology

While the use of synchrotron radiation to reconstruct the
internal anatomy of fossils in three dimensions using com-
puted tomography began in paleontology in the early 2000s,
the use of XRF mapping is more recent. The usefulness of
this technique was first demonstrated by Bergmann et al. at
SSRL, Stanford [4]. Since then, XRF mapping of fossils has
become an important axis of research at PUMA.

The usefulness of elemental maps can be twofold: as a
wide range of minor to trace elements commonly replace
atoms in specific tissues, their distribution can be used to
enhance anatomical visualization and their abundance to
document fossilization processes. Of primary interest for
anatomical studies are transition metals such as Fe, Cu and
Zn, which can be part of biomolecules with specific biologi-
cal functions (e.g. oxygen carriers, pigmentation) and have
the potential to be preserved for millions of years within
various fossils (e.g. [6, 27-28]). Heavy elements such as As,
Pb, Sr and Y, which offer important information depth (typi-
cally up to 200400 um in shales, calcium phosphates and
carbonates), can unveil anatomical features hidden under the
sedimentary matrix covering the specimen or under other
tissues [7, 29, 30]. For example, in a recent work by Laibl et
al. [31], the distribution of arsenic obtained from XRF scan-
ning at a 5 pm lateral resolution unveiled the morphology of
thoracic appendages hitherto invisible in a juvenile trilobite
specimen from Morocco.

Another advantage is the local characterization of the
major-to-trace elements in an elemental inventory of the
various tissues which allows paleontologists to document
remnants of the original chemistry of fossil organisms and/
or their taphonomic history (i.e. fossilization pathway). For
instance, in a first attempt to decipher the taphonomic his-
tory of a newly discovered Ordovician fossil site from South
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France, Saleh et al. [32] used XRF and XANES to estab-
lish that the fossils are essentially made up of a layer of
Fe(Ill) oxide/hydroxide crystals, varying in thickness and
containing traces of metals. The distribution of other ele-
ments, notably manganese and arsenic, strongly suggests
that iron (hydr)oxides do not represent the original mode
of preservation of these fossils, but rather result from more
recent alteration processes, as demonstrated for other con-
temporary deposits.

The design of the PUMA beamline has also allowed
Saucede et al. to demonstrate that some fossil tissues do not
only show optical luminescence when irradiated by ultravi-
olet (UV) light, but also when irradiated by X-rays (XEOL)
[33]. This behavior is highly specific to certain mineralo-
gies and molecules, but might open the possibilities for new
developments in the analysis of fossils.

The analysis of fossils at the PUMA beamline will be
discussed in more detail later in the article using specific
examples.

3.1.3 Conservation

Conservation science deals with artefacts, typically from
museum collections, that are undergoing some physical
(e.g., cracking) or chemical (e.g., discoloration) change.
Most of the samples analyzed at PUMA in this field dis-
play discolorations that are due to chemical reactions taking
place at a very slow speed. These changes are often very
localized, a common example being pigments in heteroge-
neous paint layers. Thus, a probe is needed that can deter-
mine chemical information, such as the oxidation state or
the coordination number of target atoms, with microscopic
resolution.

XAS enables this by scanning the energy of an incident
X-ray microbeam across the absorption edge of an element,
revealing information about that element only. This highly
specific information is extremely useful in heterogeneous
samples. For example, the degradation state of smalt pig-
ments was revealed by XANES in Jacopo Bellini’s Madonna
of Humility, one of the earliest paintings where smalt was
used as a pigment [34], and in the painting Woman doing a
Libation or Artemisia (anonymous) [35].

X-ray diffraction can be used to determine corrosion
products in a sample and thus reveal reaction pathways.
This can lead to the identification of compounds, which play
an important role in these reactions and whose presence
degrades the lifetime of an artefact. Clerici et al. [36] high-
lighted for example the important role of chlorine corrosion
products found in debris from the Basilica of St. Francis of
Assisi, which had been damaged in an earthquake.

3.1.4 Safer conditions of irradiation

Radiation effects concern all fields of research. However,
ensuring safer conditions of irradiation is particularly
important to safeguard heritage artefacts [37, 38]. As the
artefacts investigated are unique and often precious, spe-
cial care must be taken to ensure that they are preserved for
future generations. This also includes future scientists who
may find out that certain artefacts can no longer be stud-
ied because they have been excessively altered by previous
experiments, even at a local scale. Research on radiation
damage has therefore been an important axis on the PUMA
beamline since the start of user operation.

Gimat et al. have investigated the link between radia-
tion and depolymerization of cellulose fibers in model and
historical papers. They showed a linear correlation between
radiation dose and the number of cellulose scissions cou-
pling controlled irradiation with size-exclusion-chroma-
tography (SEC) [39] on pure cellulose model papers. In
addition, they showed that UV luminescence is a powerful
technique for tracking effects post-irradiation, and that the
luminescence of the irradiated areas of paper continued to
increase over the year following the irradiation of the sam-
ple, while the non-irradiated parts showed no luminescence.
They also investigated the role of additives and the behavior
of artificially aged and historical papers under irradiation
[40].

Electron paramagnetic resonance (EPR) is a powerful
tool to detect radicals created in solid media. Godet et al.
[41] used this technique to identify and track radicals cre-
ated in Egyptian blue and green pigments during irradiation.
They showed that Egyptian green pigments were more radi-
ation-sensitive than blue ones, which was attributed to the
radiation sensitivity of the predominant amorphous phase
in Egyptian green pigments. In addition, Egyptian green
showed clear color changes under irradiation, while no such
effect was observed for Egyptian blue.

3.2 Detailed studies

After reviewing results that were published by users and
scientists of the PUMA beamline, three studies of in-house
research will be presented in more detail in the next para-
graphs. These examples have been selected to show the
breadth of the research carried out by the scientific team of
the beamline and its associates.

3.2.1 Paleolithic lvory
Mammoth ivory was used to manufacture the first jew-

elry and figurative art objects known, which provide
valuable clues to human life in prehistoric times [42—44].

@ Springer
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Prehistorians are investigating issues such as the availabil-
ity of ivory as a raw material in the various regions and the
resulting procurement strategies. These questions can be
answered by analyzing geochemical markers in Palaeolithic
ivory that are characteristic for its origin. The aim of this
study was to identify trace elements as site-specific markers
associated with mammoth habitat (endogenous elements)
and to determine the chemical changes in the ivory compo-
sition over time in relation to local storage conditions, such
as the uptake of exogenous elements.

A total of 12 archaeological ivory samples coming from
several prehistoric sites have been analyzed at the AGLAE
accelerator using PIXE/PIGE techniques and elements such
as Zn, Br and Sr have been identified as endogenous ele-
ments while elements such as F, Fe or Mn as exogenous
elements [45]. Tranchant et al. showed that XRF analyses
at the PUMA beamline allow additional trace elements to
be mapped (e.g. Rb, Y, Pb) due to the higher sensitivity for
heavier elements (Z> 19). PIXE/PIGE analyses at AGLAE
are more suitable for the analysis of elements lighter than
Ca and are more surface sensitive than XRF because of the
higher information depth of the X-ray fluorescence signal
[46]. In addition, PIXE/PIGE analyses are routinely com-
bined with RBS measurements at AGLAE, enabling the
determination of elements up to C. This shows the interest
of combining analyses at both facilities to obtain a more
complete chemical characterization of ivory (organic and
inorganic parts).

The investigations on the PUMA beamline helped to
improve the distinction between endogenous and exog-
enous elements in ivory previously obtained at AGLAE.
Two-dimensional XRF mappings of trace elements from
Ti to Pb enabled visualization of their spatial distribution
over an area of a few 100pm X100 pm (see Fig. 3a). A
heterogenous distribution is characteristic of an exogenous
element (Ti, Mn, Fe, Rb, Y, Ba, Pb) and a homogenous one
characteristic for an endogenous element (Zn, Br, Sr). Cu
is a potential new endogenous marker. Moreover, semi-
quantitative evaluation of the 2D mappings obtained for the
whole corpus of artefacts from Hohle Fels was conducted
(Fig. 3b). This analysis provided supplementary informa-
tion on the discrimination between endogenous and exog-
enous elements [47].

In addition, XANES measurements were carried out
for selected elements. Figure 4 presents Mn K-edge and
Sr K-edge XANES spectra obtained for the same ivory
sample as in Fig. 3a. We compared the obtained spectra
with the most appropriate reference samples (hollandite
(Ba(Mn4 + 6Mn3 +2)016) for Mn and fluorapatite (FAp)
for Sr). Hollandite is associated with sedimentary deposi-
tion [48], which is consistent with the limestone containing
location where the Hohle Fels archaeological samples were
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found [49]. The Mn oxide observed on this sample can be
identified as hollandite which precipitated during diagen-
esis. This consideration again confirms the exogenous char-
acter of Mn.

The chemical state of Sr is similar to Sr in FAp, which
is not surprising as the structures of FAp and ivory are very
close (Sr incorporates into both bone and FAp at Ca sites).
The inorganic part of ivory consists of carbonated hydroxy-
apatite, which tends to undergo chemical alterations due to
bioerosion processes in FAp [50].

3.2.2 Mineralized textiles

Iacconi et al. [45-46] studied archaeological textiles from
the Iron Age site of Creney-le-Paradis (Aube, France),
preserved in a “mineralized” form. The results obtained
at PUMA provided chemical and mineralogical informa-
tion, which complemented the morphological data col-
lected with synchrotron computed tomography at micro and
nano scales, on the PSICHE and ANATOMIX beamlines of
SOLEIL, respectively. Two main objectives were pursued
in identifying the spatial distribution of elemental composi-
tion, chemical speciation and mineral phases present in the
samples: (1) to identify the nature of copper corrosion prod-
ucts formed on the textile, and (2) to collect information
on the metal substrate, in addition to laboratory SEM-EDX
analysis. To this end, u-XRF, p-XRD and p-XAS data were
collected at PUMA. XRF surface scans were performed
at a 10 to 25 pum step scan and at an excitation energy of
19.7 keV (100 ms / pixel) to obtain distribution maps of
the elements on entire mineralized textile fragments. On
specific points of interest, XANES spectra collected at the
Cu and As K edges, between 8.90 et 9.25 keV and 11.931
and 12.50 keV, respectively, with a beam size of 5 pm X
7 um (1s per energy step), a XANES map was acquired at
the As K-edge, between 11.931 and 12.50 keV (exposure
time 500 ms per energy point). Energy calibration for XAS
was performed by using a Cu metallic foil and setting the
first inflection point of the edge to 8979 eV. The results con-
firmed that the metal substrate, visible over a few hundred
um on a fragment edge, is a tin bronze containing minor
(As, Sb, and Ag) and trace (Fe, Pb, possibly Ni, and Au,
Bi<0.1 wt%) elements (Fig. 5). In corroded areas, on the
surface and in corrosion products, typical elements from
archaeological buried soil were also detected: Mg, Al, Si,
P, Cl, K, Ca and Ti. Common trace elements in ancient cop-
per base alloys are As or Sb with Ag often related to “grey
copper” ores (also anciently named fahlerz). These copper
sulfide minerals could be related to different tennantite-Cu
or tetrahedrite mineral series, as recently defined via a new
nomenclature for tetrahedrite group [53, 54]. However, very
little Fe and no S and Zn were detected both by EDS and by



Heritage research at the PUMA beamline

Page7of 13 848

. 100 pm

Microscope image

-20
Counts
- 2081
- 1659
- 1392
- 1124
- 875
3 *Ti/Sr
o 10° 1 O Mn/sr
c
o * Fe/Sr
§1 2t o % O Cu/sr
= 0 X g X i % X |+zwsr
8 i 8 + %X o 7 X o X
H + o +  +
810 g * t o i ¢ £+ © X
2 * * * °
O . .~0| b * ¥
910 » *
T o o o o
T $F T SFRme
12 3 4 5 6 7 8 9 10 11 12
Archaeological ivory sample number

Fig.3 (a) XRF mappings of the archaeological ivory sample AI-HF-03
[46]. (b) Normalized concentrations of trace elements regarding to Sr
for the 12 studied archaeological ivory samples of the Hohle Fels cave.

XRF in the alloy. Thus, the hypothesis of the use of fahlerz
type (“grey copper”), mixed copper sulphide with mainly
Sb (ref. mineral: tetrahedrite) and/or As (ref. mineral: ten-
nantite) is not manifest. Copper(I) oxide (ref. phase: cuprite,
Cu,0) was not identified on the textile surface. Extracted
individual fibers were mounted vertically on a metal sup-
port (Huber model 1002-18MS; height: 1.3 cm; diameter:
0.31 cm) held in place with glue. The mount was then
attached to a Huber 1005 goniometer head (Huber Diffrak-
tionstechnik, Rimsting, Germany) which is compatible with
the micro and nano-tomography setups at ANATOMIX,
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The plot on the left shows the results for Ti, Mn, Fe, Cu and Zn, the
plot on the right for Br, Rb, Y, Ba and Pb. Results of trace elements are
classified by increasing atomic number [47]

where the samples had been investigated beforehand. They
were analyzed using XRD (beam diameter: 10 um, acquisi-
tion time: 1s/point) at an energy of 20 keV to maximize the
transmission of the samples. The combined XRF and XRD
results confirmed that the two main mineral corrosion prod-
ucts were basic copper(Il) carbonates (ref. minerals: mala-
chite Cu,(OH),CO; and azurite Cu;(OH),(CO3),).
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{ Fig.4 Mn K-edge (a) and Sr K-edge (b) XAS spectra of the sample Al-
HF-03 compared with hollandite for Mn and FAp for Sr. Mn K-edge
and Sr K-edge XRF mappings in the inserts show the analyzed spot for
XAS (10 pm x 5 pm) with a red rectangle. XAS data were treated using
XAS viewer software (Larch). We corrected the self-absorption for the
hollandite XANES spectrum

3.2.3 Fossils

We further illustrate here the potential of the PUMA beam-
line for palaeontological studies through two additional case
studies: the XRF mapping and XAS spectroscopy of a bran-
chiosaurid amphibian from the Late Carboniferous (ca. -300
Myr) of Montceau-les-Mines, France (Fig. 6A-D), and the
XEOL imaging of a shrimp from the mid-Cretaceous (ca.
-100 Myr) of Jbel oum Tkout, Morocco (Fig. 6E-G).

The fossil branchiosaurid amphibian appears extremely
flattened, with only the body outline, some scales, and a
few limb bones preserved in an ovoid sideritic (FeCO;)
concretion (Fig. 6A). This fossil, however, is actually three-
dimensionally preserved beneath the splitting surfaces. The
study of this pluri-centimetric fossil is a case example of the
application of the larger scanning stages (Fig. 6B), which
can be used to accommodate a single large sample or several
smaller samples for multi-acquisitions. Here, hitherto invis-
ible vertebrae, pelvic, limb and skull bones are unveiled
by the distributions of calcium and yttrium (Fig. 6C). The
overlay of the calcium and yttrium distributions presented
in Fig. 6C illustrates how the XRF signal escapes from dif-
ferent depths depending on atomic weight: the Ca signal is
subsurface whereas signal from Y K-lines can escape from a
depth of a few 100 um in fossils. Due to its preferential sub-
stitution for Ca in calcium phosphates (apatite group min-
erals and bone), the u-XRF mapping of yttrium represents
an excellent proxy to reveal hidden skeletal features in flat-
tened vertebrate fossils [7, 29]. Note that XRF of strontium,
which also substitutes for Ca in calcium phosphates, yields
similar results in many cases, yet Sr similarly substitutes for
Ca in calcium carbonates resulting in the absence of con-
trast when fossils are preserved on limestone or siderite as
for the Montceau-les-Mines amphibian [29]. In addition to
the revealed skeletal features, the Y distribution also uncov-
ers another previously invisible structure distinct from
the amphibian remains: a surrounding halo that decreases
in intensity as it extends away from the fossil. While this
halo does not provide information about the anatomy of
the fossil, it documents previously unknown processes that
occurred during the formation of the concretion, thereby
contributing to the understanding of the fossil’s taphonomic
history. Interestingly, there is no overlap of Ca and Y in the
halo, which indicates that its composition is not bone, but
something else. The speciation of yttrium in the halo and
fossil was investigated using XAS at the yttrium K-edge.

Collected spectra confirmed that Y in bone is present as
yttrium substituting for Ca in fluorapatite, and that the spe-
ciation of Y in the halo is different (Fig. 6D), corresponding
to a form that remains to be identified in future studies.

The Cretaceous shrimp is dorso-ventrally flattened, with
only the cephalothorax (i.e. head) and the first two abdominal
segments visible (Fig. 7A; see Fig. 4f in [8] for a schematic
anatomical reconstruction). It has been preserved through
phosphatization, including finely replicated cuticular and
muscular features [7, 55], and as such emits strong lumi-
nescence when illuminated by UV light (Fig. 7B). Using
the band-pass multispectral XEOL imaging capabilities of
the PUMA beamline, we collected XEOL emissions in the
yellow, red and near infrared domains under 12.5 keV irra-
diation for the anteriormost part of the specimen. The false
color overlay of the emissions in these domains resolves the
different anatomical features at high resolution, while also
exhibiting luminescence contrasts between different regions
(Fig. 7C). These contrasts reveal variations in probed depth
and composition, with the latter offering promising poten-
tial for further documenting the taphonomic history of the
fossil.

4 Conclusion and outlook

The instrumentation of PUMA is constantly evolving to
make use of innovative technologies and to adapt its capaci-
ties to the needs of its user community.

In the next years, the replacement of the wiggler with a
U20 undulator source is planned, which should increase the
flux in the whole energy range by around an order of mag-
nitude, allowing users to measure more samples with higher
statistics and/or larger maps. The focal spot size as well as
the detection limits for all elements will also be significantly
improved.

Tomography

While currently only microbeam experiments are pro-
posed to users at PUMA, the development of an endstation
for computed microtomography (CT) experiments has been
an integral part of the design process. This endstation will
provide a large field of view of approximately 5 mm (verti-
cal) X 20 mm (horizontal), access to high energies up to
60 keV, and the use of a white beam. This setup will be
optimized for pCT imaging of organic to moderately dense
samples. The maximum sample size that can be imaged is
expected to be up to about 35 mm wide and several centime-
ters high, achieved by extending the field of view horizon-
tally through off-center positioning of the rotation axis and
vertically by recording a series of acquisitions with vertical
sample movement.
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Fig. 5 Analysis of a mineralized textile sample from the Iron Age site
of Creney-le-Paradis (Aube, France). (a) Macrophotography of the sur-
face of the sample showing a copper slab covered with altered textiles;
the corrosion phases consisting mainly of basic copper(Il) carbonates.
(b) False color XRF raster scan RGB image of the area outlined in blue
in (a), showing the distribution of copper (red), arsenic (green) and cal-
cium (blue). The arsenic is confined to the corroded copper plate and

A prototype has been made and several test experiments,
currently only using monochromatic incident beam, have
shown the potential of such a station for PUMA. For instance,
the first dataset collected on a real sample at PUMA and 3D
rendered is an insect trapped in Eocene (ca. -45 Myr) amber
from Poland (Fig. 7D—F). A notable feature of the prototype
developed at PUMA is its use of a high-definition camera,
which achieves submicrometric voxel sizes for samples up
to several centimeters wide, with a typical ratio of 10,000
to 15,000 between the field of view and the reconstructed
voxel edge-size. This is the feature of this experimental end

@ Springer

is visible on the extreme left and bottom of the samples, corresponding
respectively to the fractured edge and an area with abraded textiles. (c)
Image showing the pixels identified as part of the copper plate from
segmentation using k-means after normalization and standardization
of the spectral data. (d) Identification of peaks in the mean spectrum
corresponding to the copper slab in (c), see text for discussion

station, which proved essential in characterizing long dis-
tance characteristics of micro-pore networks in archaeologi-
cal ceramic sherds. Using this setup, Coli et al. [S6] explored
the use of high-definition tomography, typically imaging a
40 mm diameter ceramic sherd at 5 um voxel resolution, to
document ceramic chaine opératoire by characterising its
pores and crystallite grains networks.

Upgrade

SOLEIL is currently preparing a challenging upgrade
program to convert its accelerators into a 4th generation
storage ring [54]. The installation is currently expected to
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v

Fig. 6 XRF mapping and XAS spectroscopy of a branchiosaurid
amphibian from the Late Carboniferous (ca. -300 Myr) of Montceau-
les-Mines, France. A, Optical photograph of the specimen. B, Pho-
tograph of the experimental setup, illustrating the use of the larger
scanning stages. C, False colour overlay of calcium (red) and yttrium

fluorapatite

Normalized intensity (a.u.)

17.05 17.10 17.15 17.20 17.25 17.30
Energy (keV)

(green) XRF elemental distributions. D, Y K-edge XAS spectra from
the right humerus (orange), nearby yttrium hallo (green) and a fluor-
apatite standard (black). Main acquisition parameters: mapping energy
18 keV, monochromatic; beam size (V x H)~5 pum X 10 pm

571( 650
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Fig. 7 Paleontological applications under development at the PUMA
beamline. A—C, XEOL imaging of a shrimp from the mid-Cretaceous
(ca. -100 Myr) of Jbel oum Tkout, Morocco. A, Optical photograph
of the specimen. B, UV photograph. C, RGB false colour overlay of
XEOL emissions in the yellow (red), red (green) and near infrared
(blue) domains, from the box area in B (70 tiles). D-F, X-ray microto-
mography of an insect trapped in Eocene (ca. -45 Myr) Baltic amber

from Poland. D, Optical photograph of the amber piece, with the
trapped insect highlighted by the white circle. E, tomogram through
the insect. F, Quick 3D rendering of the insect. Main acquisition
parameters: energy 12.5 keV (C) and 18 keV (E), all monochromatic;
beam size (V x H)~2 mm X 2mm (C) and ~20 mm X 5 mm (E, 550 nm
voxel size)
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take place in 2028 with a shutdown of the facility for 18
months.

For PUMA, our goal will be to offer users a microbeam
of 1 um? with a flux several times higher than before the
shutdown. The installation of an optimized insertion device
should allow us to reach an order of magnitude more flux
than pre-upgrade with the U20 undulator, for a total gain in
performance of two orders of magnitude compared to cur-
rent conditions.
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