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1. INTRODUCTION 

In the broad field of archaeometry, a wide variety of 
complementary investigation techniques find their application to 
the study of ancient materials. Among the main requirements, 
the preservation of the specimen integrity plays a paramount role 
in the archaeological, biological, physical and chemical analysis. 

Obtaining a detailed description of the samples without any 
damage can be done using advanced analytical techniques [1], [2]. 
Among other probes, X-rays have shown a huge potential: given 
their (i) intrinsically high penetration-depth, (ii) exceptional 
chemical sensitivity, (iii) elemental selectivity, and (iv) wavelength 
range ideally suited to probe interatomic distances in solids, x-ray 
beams proved to be an optimal choice both for structural and 
chemical investigations of ancient findings [3], [4]. 

X-ray beams are routinely produced and exploited in 
laboratories all over the world. However, in the last four decades, 
the spread of synchrotrons has revolutionised the world of X-ray 
sources, offering the above-mentioned peculiar characteristics 
for new, better science. These advanced light sources are ideally 
suited to investigate the structural and chemical nature of 
materials, however, to access such facilities, researchers need to 

follow selection procedures which are quite different from the 
ordinary laboratories. Although the field of archaeometry is not 
new to the use of synchrotron radiation [5], the latter could be 
expanded and further explored to address many scientific 
questions still left unanswered in the archaeometry community. 
In this work, the fundamental role played by synchrotron-based 
techniques in assessing the finest details of our past will be 
presented and discussed. In particular, in the next section, we will 
present and discuss the core characteristics offered by 
synchrotron sources. To help the unfamiliar readers, many 
examples will be made using laboratory sources as a term of 
comparison. Throughout the text, we will highlight the major 
advantages offered by these sources and we will explain what are 
the main reasons to justify and support a request for access to 
synchrotron beamlines. 

2. CHARACTERISTICS OF SYNCHROTRON SOURCES 

In archaeometry, the scientific analysis of any ancient material 
is carried out to obtain details on manufacturing processes, 
materials provenance, dating, tracing etc. This is commonly 
achieved through the analysis of a sample’s compositional 
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and/or structural profiles, which serve as proxies to navigate the 
historical background and retrieve information related to 
technological advancements, craftsmanship, trade networks, and 
cultural practices. 

In this context, synchrotron techniques are well suited to 
characterise a wide variety of samples including (but not limited 
to), those reported in Figure 1. The typical samples can range 
from a wooden fragment (a) to single wool knots coming from 
ancient carpets (b) similar to the materials studied in [5], to 
bronze artefacts (c), to powder samples (d). The only limitations 
are presented by the experimental set ups. 

As far as the incoming radiation is concerned, synchrotron 
sources produce photon beams having wavelengths from the IR 
to the hard X-rays, with a high degree of collimation and 
intensity, and, in some cases, coherence. Due to the nature of the 
interaction between light (at those wavelengths) and matter, most 
of the investigation techniques are non-destructive. Indeed, just 
as laboratory IR and X-ray sources, at synchrotrons it is possible 
to probe the chemical and structural details of materials while 
preserving the integrity of the specimen [6]. However, the other 
intrinsic characteristics of synchrotron sources that have just 
been mentioned offer numerous advantages being hardly if not 
impossibly attainable by laboratory sources. 

2.1. Photon flux 

Probably, the most famous peculiarity of synchrotron beams 
is represented by the high photon flux which is several orders of 
magnitude larger than the typical laboratory sources. The first 
direct benefit of this lies in the shorter measuring times needed 
to obtain good statistics. This benefit applies to any technique 
(scattering or absorption based). The shorter measuring times 
alone, however, are not sufficient to grant the request for 
beamtime. If the only advantage is time-saving, then the 
outstanding advantages of a large-scale facilities are most likely 
underexploited, making the request for beamtime rather 
unjustified. 

 In the case of scattering based techniques, a higher flux 
translates directly into the possibility of assessing structures 
having a low degree of periodicity (e.g. thin films of few atomic 
monolayers) or, simply, low amounts of analytes (e.g. 
nanoparticles or nanoclusters). 

On the other hand, in the case of absorption-based 
techniques, the high photon flux is beneficial to achieve minimal 

detection limits of trace elements down to the ppb (an example 
is reported below). 

2.2. Energy tunability 

In absorption-based techniques, the possibility of finely 
tuning the incident photon energy plays a paramount role. X-ray 
absorption strongly depends on the photon energy in terms of 
probability of interaction and, accordingly, of the magnitude of 
the signal observed [7]. 

In this context, X-Ray Fluorescence (XRF) represents a clear 
example. XRF is a technique based on the photoelectric effect: it 
provides an elemental profile of the sample’s content by 
measuring the fluorescence emitted by the sample. XRF spectra 
collected in laboratories or even with portable devices are 
routinely used to evaluate the chemical content of a sample but 
the possibility to tune the incident photon energy has a great 
effect on the outcomes of the measurement. In particular, one 
can enhance (or suppress) the fluorescence emission of a given 
element, which is extremely useful whenever two or more peaks 
are overlapping or weak. 

In Figure 2 we present two XRF spectra collected at the XRF 
beamline of Elettra [8] on the same sample and under the same 
experimental conditions. The sample is an ancient gold coin 
dating back to the V century DC. The spectra were collected 
using a monochromatic SR-beam at two different energies: 10 
(black line) and 11.6 keV (red line). The two energies were 
selected using a Si(111) monochromator and they were 
purposefully chosen to be below and above the Pt L3 absorption 
edge (11.564 keV) so that the higher energy would maximise the 
signal from this trace element. Indeed, Figure 2 shows how the 
two spectra overlap in the low-energy part of the spectrum, while 
major differences can be observed in the energy region related to 
Pt (around 9.5 keV). In this area, the red spectrum presents a 
peak which is absent in the black spectrum due to the exciting 
energy being below the Pt L3 absorption edge. The comparison 
of these two spectra yields two practical benefits: in the case of 
the 10 keV, Cu and Zn peaks are clearly visible, and they stand 
out from the background; in the case of the 11.6 keV, the peak 
(and hence the presence) of Pt leaves no doubt. 

Similar results cannot be achieved with laboratory or portable 
sources as the X-ray emission of such sources is not 
monochromatic and cannot be tuned at wish. Synchrotron 
beamlines, on the other hand, thanks to their high energy-
resolution and energy tunability, can detect the presence of 
elements even at very low concentrations even in the case of 
extremely high dilutions (ppb) [9]. Although other techniques 
(such as inductively coupled plasma-based techniques) are in fact 
capable of reaching similar detection limits, synchrotron-based 
XRF combines the results of a fine quantitative analysis together 
with the surface distribution of the detected elements and 
possesses the added benefit of requiring no sample preparation 
[10]. 

For the sake of clarity, we can consider some direct 
applications of XRF to the field of archaeometry, where the 
technique can be used, for example, to reconstruct lost images, 
as reported in this example of ancient daguerreotypes [11]. A 
similar approach was applied with spectacular results to the 
analysis of the Dead Sea Scrolls. In this case, XRF was employed 
not only to reveal the chemical composition of the ink, yielding 
insights into the ink recipe and origin, but also to unveil the 
hidden text and layers of parchment, providing essential 
information to decipher the damaged or overwritten text [12], 
[13]. 

 

Figure 1. A set of samples of different nature: a black-painted eye, fallen from 
an Egyptian wooden statue (a), bronze artefact (b), wool strings fermented 
and/or dyed with different dyes (c), powder samples (d). 
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The energy tunability alone is so critical that it lies at the heart 
of X-ray Absorption Spectroscopy (XAS). XAS measures the 
variation of the absorption coefficient as a function of the 
incident energy. The energy range for XAS is chosen across the 
absorption edge of the element of interest. From the evolution 
of the absorption coefficient over this range, one can obtain 
information on the different chemical species of the target 
element present in the sample and evaluate their relative 
abundance. Such information can be used, for instance, to 
estimate the geographical location of some soil (see the case of 
Fe K-edge XANES analysis in [14]) or to prevent degradation 
[15]. 

The combination of the high photon flux with the energy 
tunability is already a tremendous advantage for the study of trace 
elements. A further advantage can be obtained using vacuum 
chambers, to enhance even more the signal-to-noise ratio of the 
fluorescence emission from light elements. Vacuum chambers, 
such as the one in Figure 3 minimise the fluorescence signal 
degradation in the path between the sample and the detector [16]. 

2.3. Beam divergence and polarization 

Synchrotron light has an intrinsically low divergence and high 
degree of linear polarization. These strongly affect the geometry 
of Compton and elastically scattered X-ray photons, which are 
the major contributors to the spectral background in 
fluorescence-based techniques such as XRF and XAS. By 
measuring the emitted fluorescence photons in the horizontal 
plane (i.e. in the plane of the synchrotron storage ring) and 
perpendicular to the primary beam, better signal to noise ratios 
can be achieved, thus leading to improved detection sensitivity 
typically in the range of parts per billion (ppb) levels (see, for 
example [8]). 

2.4. Complementary information: multi-scale and multi-
techniques approaches 

High-intensity beams carry an indirect potentiality: they can be 
reshaped using not only focusing optics, but also slits or pinholes 
to tune their horizontal and vertical dimension (of course, the 
use of slits and pinholes comes at the price of photon intensity: 
for this reason, such strategy can only be applied when the 

starting intensity is high enough). In other words, the spatial 
resolution of the analysis can be pushed easily to the micro and 
nano scales, investigating heterogeneities over different scales of 
ancient materials and assessing information about local 
composition, structure, and/or degradation patterns. 

For synchrotron beamlines the possibility to adjust the beam 
size (through optics and/or slits and pinholes) is ordinary 
practice. Thus, the possibility of probing samples at different 
scales is rather frequent and a wide range of accessible spatial 
resolutions (from mm to the nm [17]) is therefore available. The 
possibility of inspecting heterogeneities at different scales is an 
asset in any field where samples nature may vary significantly, 
including archaeometry [18]. 

Accessing different scales can be achieved in a more complex 
way leading to more intriguing results and insights. This way is 
represented by multi-technique approaches. Most beamlines 
offer a set of techniques which provide, if used synergistically, 
complementary details on the same sample, yielding an all-round 
picture of a given system. The complementarity can be expressed 
in terms of different kind of information: for instance, one could 
complement the elemental distribution, obtained with XRF, with 
the chemical speciation of some of the elements, assessed by 
XAS. This can be the first step to retrieve information about the 
provenance of archaeological materials or on trade networks of 
artefacts [19], [20]. Another example, a bit more audacious, could 
be the combination of the results of X-ray Photoemission 
Spectroscopy (XPS) with those of X-ray Absorption Near Edge 
Structure (XANES). These two techniques are both based on the 
X-ray absorption process, but they focus on the detection of 
photoelectrons (XPS) and photons (XANES). Due to the 
different penetration depth of photons and electrons in matter, 
the two techniques can assess the chemical state of a sample 
within some nm (XPS) or some μm (XANES) from the surface. 
A striking example where the two techniques were applied 
obtaining results that were apparently in contrast can be found 
here [21]. 

Complementarity can also be found in the combination of 
radically different types of information, such as the chemical 
nature probed by absorption-based techniques and the structural 
features assessed by X-ray diffraction (XRD). XRD can provide 
the structural parameters of crystalline materials, identifying and 
quantifying different crystalline phases, yielding fine details on 
the average crystalline structure probed by the incoming X-ray 
beam. A great example of combining different techniques to 
obtain complementary information on a sample is reported in 
[22], where the authors employed several techniques to analyse a 
sample of ancient ink. Other examples showing the combination 
of different techniques assessing the elemental sensitivity, 
chemical speciation, and structural details at different length 
scales are reported in [23]. 

2.5. The IR case 

Although most beamlines are dedicated to soft or hard X-
rays, those exploiting IR radiation are definitely worthy of 
mention, as IR photons represent a complementary probe to X-
rays. IR spectroscopy can be employed to analyse organic 
residues on ancient materials.  In particular, from the absorption 
bands in the IR spectrum, one can retrieve the molecular 
composition of oils, resins, and adhesives, or identify organic 
materials on surfaces that may be challenging with conventional 
IR spectroscopy. 

Synchrotron radiation Fourier-Transform IR (FTIR) 
microscopy was successfully employed in the study of the 

 

Figure 2. XRF spectra collected on an ancient gold coin, under the same 
experimental conditions (beam size, beam position on the sample, sample-
detector distance and geometry, dwell time) using two monochromatic 
beams of different energies: 10 keV (black line) and 11.6 keV (red line). The 
higher energy spectrum is showing a peak around 9.5 keV related to the Pt L 
emission which is absent in the lower energy spectrum. The sample, a high-
purity gold coin, contains Pt as a trace element contaminant. The comparison 
of the two spectra demonstrates how the energy tunability is crucial to 
highlight the presence of certain elements even when their concentration is 
very low. 
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materials and methods related to the production of ancient 
musical instruments [24] and to inks, pigments, and dyes used in 
ancient artworks and manuscripts [22]. Another example of 
FTIR analysis on pigments is the case of the Roman wall 
paintings, where the authors could assess details of ancient 
coloration techniques [25]. 

2.6. Radiation damage 

Although X-ray techniques are all widely known as non-
destructive, high intensity and high brilliance sources might 
induce a wide variety of modifications in some materials. Such 
modifications can take the form of visual alterations (e.g. colour 
change) or mechanical deformations (e.g. cracks) or, sometimes, 
they could occur at the micro and nano scale, thus being invisible 
to common inspections used by curators. Some alterations are 
reversible, while others might be permanent, possibly including 
the destruction of a specimen by thermal stress. All these effects, 
known as radiation damage, primarily depend on the X-ray dose 
delivered to the samples. Therefore, brilliant X-ray beams such 
as those produced by synchrotrons might result into a high 
probability of radiation damage, thus calling for analysis of 
possible roots of alterations. This analysis should be carried out 
even before the experiment starts to provide a reliable term of 
comparison for post-experiment analysis [26]. 

On the other hand, the spread of fourth generation 
synchrotrons has contributed to raise awareness on the topic, 
fostering the development of strategies to minimise the risk and 
the gravity of radiation damage. For instance, synchrotrons high 
intensity can be used with measuring times being short compared 
to laboratory sources: this keeps the dose to low levels ensuring 
the sample safety. An example at hand is the case of pigments 
irradiated with an 18-keV monochromatic X-ray beam of ~ 1010 
photons/s for a series of 100 intervals of 10 s [27]. Alternative 
measures with similar results could be, for instance, the use of a 
chopper placed in the beam path, or the choice of X-ray energies 
far away from the X-ray absorption edge of the major elements 
in the sample matrix or even the sample cooling to reduce the 
thermal stress [28]. 

When dealing with synchrotron sources, radiation damage can 
occur, but it does not necessarily represent a limit. Rather, it is a 
condition that should be carefully considered and, if needed, 
promptly addressed.  

2.7. Access procedures 

The appealing opportunities offered by synchrotrons can be 
exploited by academic researchers provided that an experimental 
proposal has been positively evaluated by an independent review 
panel (see, for example [29]). Experimental proposals explain the 
details of a given scientific study, from the available literature, to 
the particular case study, to the intended measurement strategy. 
For academic research, proposals are ranked on the basis of the 
scientific merit. A fundamental point of the experimental 
proposal is to justify the need for the synchrotron facility. This is 
done by highlighting how the experiment would exploit the main 
features of the synchrotron source (e.g. intensity, energy 
tunability, spatial resolution, coherence, divergence, etc.). Of 
course, this procedure makes the access to synchrotrons not 
straightforward and requires some careful planning way ahead of 
the experiment. After a positive evaluation of the proposal, each 
experiment is assigned a limited time (usually few days, with the 
beam available 24h non-stop) and measurements should be 
carried out within the allocated time slot. It goes without saying 
that researchers are expected to follow closely the data collection 

and be ready to correct possible deviations from the expected 
direction. This demanding working modality does not allow for 
improvisation and requires extensive knowledge of the topic, 
deep expertise in the technique and instrumentation to be used. 

3. CONCLUSIONS 

In the last four decades, synchrotron light sources have spread 
and become a widely used tool for the structural and chemical 
characterization of materials. Thanks to the unique properties of 
their light beams, the finest details of materials can be assessed 
with unprecedented detail. 

In the archaeometry community, many works have proven 
the potentialities of synchrotron radiation which are based on the 
high-intensity photon beams, energy tunability from the IR to 
the hard X-rays, extremely high spatial resolution (down to the 
nm range), multi-technique characterization. 

In this work, we have presented and discussed the main 
advantages brought by the above-mentioned characteristics. 
Also, we have warned the reader of the present limitations that 
have to be accounted for when planning an experiment at a large-
scale facility: mainly the beam damage and the access procedures. 

The ongoing technical upgrades involving synchrotron 
sources and end stations will soon result into a new better 
science. However, to fully exploit the new opportunities, the 
complexity of synchrotron instrumentation should be dealt with. 
The best results involve multidisciplinary teams, where the 
competences of scientists and archaeologists are shared in 
fruitful collaborations. Indeed, any advancements would be vain 
without a synergistic effort involving both the disciplines. As 
discussed elsewhere, science and history are two different worlds 
which can be hard to blend, and without a genuine dialogue 
bridging the gap between good science and meaningful historical 
questions, “little of value can be achieved” [30]. Therefore, a 
successful collaboration will empower both worlds, bringing new 
challenges to the scientific analysis and new insights to the 
historical interpretation of the data, pushing the boundaries of 
both communities. 

 

Figure 3. Samples in the IAEAXspe end station at the XRF beamline, at Elettra 
[8]. The vacuum environment enhances the sensitivity to light elements as 
the path between sample and detector is (almost) free from scattering 
particles that can be found in air at ambient pressure.  
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