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ARTICLE INFO ABSTRACT

Keywords: The study of materials in cultural heritage artifacts and micro-samples benefits from diagnostic tech-
Ancient material . based . diati h h . b 1 dl Whil
Artifact niques based on intense radiation sources, such as synchrotrons, ion-beam accelerators and lasers. While

Best practice most of the corresponding techniques are classified as non-destructive, investigation with photons or
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charged particles entails a number of fundamental processes that may induce changes in materials. These
changes depend on irradiation parameters, properties of materials and environmental factors. In some
cases, radiation-induced damage may be detected by visual inspection. When it is not, irradiation may
still lead to atomic and molecular changes resulting in immediate or delayed alteration and bias of future
analyses. Here we review the effects of radiation reported on a variety of cultural heritage materials and

Rag?at?on d%ma%e describe the usual practice for assessing short-term and long-term effects. This review aims to raise aware-
';anitlfgg g; faZi:tci:m ness and encourage subsequent research activities to limit radiation side effects.
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1. Introduction

Analytical techniques that make use of intense radiation sources
are applied to an increasingly large number of cultural heritage ar-
tifacts and samples. As a result, material alteration can occur.
Radiation exists not only in a research environment but also as a
natural component of our everyday life (e.g., the sun and artificial
lighting, cosmic rays, radioactivity, and background radiation). Other
processes can of course also cause damage to heritage artifacts; these
materials are continuously degraded by physical, chemical and bi-
ological causes while on display, during travel, or in storage.
Degradation due to these “natural causes” is inevitable as normal
“wear and tear” but is also countered using specific mitigation
procedures.

Intense radiation sources, such as synchrotron radiation (SR),
ion beams, and laser sources, have become preferred approaches
for the analysis of a wide range of archaeological, art and paleon-
tological specimens. At ion-beam facilities, in-situ ion beam analysis
(IBA) of cultural heritage objects using focused beams extracted
to air has been a major breakthrough that can be coupled to ad-
vanced high-resolution measurements on samples in a vacuum
environment.

The study of cultural heritage objects has largely made use of
proton-induced X-ray emission (PIXE) analysis [1-5] and, to a lesser
extent, a range of other IBA techniques, such as Rutherford back scat-
tering spectrometry (RBS) and nuclear reaction analysis (NRA) [6,7].

In the X-ray range, synchrotron beams are orders of magnitude
more intense and brighter than conventional laboratory sources.
Synchrotron-based methods used in heritage sciences are now very
diverse and provide, e.g.:

e elemental information through X-ray fluorescence (XRF);
e speciation, chemical and molecular information through X-ray
absorption spectroscopy (XAS), scanning transmission X-ray

microscopy (STXM), UV/visible photoluminescence and Fourier-
transform infrared spectroscopy (FT-IR);

e structural information through X-ray diffraction (XRD) and small-
angle X-ray scattering (SAXS); and,

e morphological information through X-ray microtomography (uCT)
[8-11].

At synchrotron facilities, recent developments include full 2D and
3D scanning of entire paintings and paleontological fossils (e.g., DESY,
SSRL, ESRF, SOLEIL, and SLS), and many studies on unique micro-
samples of the highest historical value [12,13]. For synchrotrons
alone, this has led to more than 700 publications, half of them within
the past five years.

Laser sources are also increasingly used for cultural heritage char-
acterization [14]. Spectroscopic and spectral imaging techniques are
employed for obtaining chemical information from samples and ar-
tifacts [15-17]. Various interferometric and holographic techniques
are reported for mapping stratigraphy, structural defects and de-
formation in whole objects and surfaces [18-20], while laser-
ablation (LA) methods offer new ways of handling demanding
problems in conservation and restoration of monuments and
artwork.

In the following, we use the generic term “objects” to include
both artifacts and samples. Indeed, conservation scientists mostly
regard microsamples from ancient artifacts as an integral part of
world cultural heritage. There is little doubt that many samples col-
lected on artifacts and stored in museum science laboratories will
be studied in the years to come to provide unique information without
further sampling of the original artifacts.

As the use of intense radiation sources has increased for the anal-
ysis of a wide range of cultural heritage samples, the associated risk
of radiation damage to them has become a subject of discussion
in conservation communities. There is potential for damage with
such exposures, as risk increases with exposure. However, unlike
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in living systems in which radiation-induced damage may readily
be repaired by living cells, in cultural heritage materials, there is
usually no such self-healing mechanism, and, beyond a certain
threshold, the damage will be significant and irreversible. While this
trend is observed, there is no consensus on measures to be taken
to minimize associated risks, except to lower exposure to radia-
tion as much as possible.

The number of publications detailing damage from intense ra-
diation sources is very limited and the terminology regarding
damage to cultural heritage artifacts needs to be refined. It is there-
fore timely to introduce a more efficient terminology and to review
and to address the question of mitigation strategies for radia-
tion damage to cultural heritage materials. In this article, we
therefore

1 propose a new definition of radiation-induced effects in cultur-
al heritage materials that goes beyond that based on immediate
visual inspection;

2 identify relevant activities in the field and neighboring areas that
provide valuable information on damage mechanisms to diverse
cultural heritage materials;

3 propose mitigation strategies; and,

4 review monitoring and recording strategies.

We consider that there is a need to define a new area in which
research on damage mitigation, assessment and fundamental laws
of alteration can be performed without sending over-alarming

messages on analyses that will not result in visible nor structural
alteration.

2. Definition of radiation damage to ancient materials
2.1. Visual damage. ..

In the field of cultural heritage, the common definition of damage
is mostly based on an apparent perception of whether a phenom-
enon (e.g., exposure to the incident radiation) has altered the visual
appearance or has weakened the structure of the analyzed object.
The day-to-day division of experiments into the categories of “de-
structive” and “non-destructive” by museum scientists is usually
based on this definition of damage. Visual observation by the naked
eye, strain testing, stereomicroscopes and light microscopes under
a variety of illumination is standard practice in the conservation and
archaeological fields as a first level of inspection [21-23]. Profes-
sionals in the field have often developed an exceptional skill for
observing even minor changes to the analyzed material. Color change
(e.g., reflectance, absorption, and scattering) provides indirect con-
firmation of the alteration of physical properties of materials, and
is a sensitive probe of material transformation (e.g., structure of crys-
talline compounds, chemical bonding, oxidation state, and
morphology) [24] For example, alteration upon irradiation may lead
to the visible formation of color centers in modern glasses, histor-
ical pigments or paleontological teeth [25-27], or to the browning
of organic compounds [28-30] (Fig. 1).

(2

Fig. 1. Impact of electron-induced damage on synchrotron photoluminescence characterization. (a, b) The sample is maple wood with two layers: (bottom layer) hide glue,
deposited from a 20% solution in water, and (upper layer), sandarac resin deposited from a 20% solution in ethanol 96%. The sample was deposited on the rear of a TEM grid
that protected some areas from irradiation. (¢, d) SEM examination was performed at 0.6-0.8 kV on unmasked areas using a 30-um aperture. Further EDX maps were pro-
duced at partial N, pressure (40 Pa) at 15 kV (120-um aperture, “unrealistic” 1.5-h exposure). (e-g) Note the impact on the distinct sectors of the sample as seen using light
microscopy (e). As seen under light microscopy under UV illumination with a Hg-lamp (Aexc = 450-490 nm, Aem >515 nm), when the electron dose increases, the lumi-
nescence intensity reaches a maximum (area 1) and then decreases until becoming negligible (f). This can also be observed when collecting synchrotron UV luminescence
images (Aexc =275 nm, Aem = 500 + 10 nm) (g). [Figure courtesy A. Vichi (IPANEMA) and ].-P. Echard (Musée de la Musique, Paris)].
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2.2. ...is not the only radiation-induced side effect

While visual inspection is a useful qualitative guide for many pro-
cesses, it is not sufficient to denote the presence or absence of many
forms of damage, which can modify the analyzed material at atomic
and molecular levels. Except in highly transparent media, such as
some glasses and polymers, material optical response will indi-
cate changes in properties at the surface or within the first 100 um
in depth, and may not identify bulk modification. Very local alter-
ation due to microprobes or nanoprobes may also not be observable.
Damage can alter the molecular structure, or the electrical, optical
or magnetic functional response of the material. Visual inspec-
tions do not bring reliable information on the type and the quantity
of defects created, their time dependence, their mechanism and the
reversibility of the structural changes. Indeed, modifications not
visible through a first level of inspection, such as changes at atomic
and molecular levels that may lead to delayed damage, are usually
overlooked. Changes may affect current or future analyses of the
sample, such as speciation measurements, dating and DNA ampli-
fication [31]. It is therefore important to have knowledge of the prior
forms of analysis performed on the sample. In this way, any pre-
vious radiation damage can be incorporated into an understanding
of how the material will respond to later analysis in order to adapt
experimental procedures.

Observing beam-induced changes between two states of a ma-
terial is an experiment in itself. As for any characterization of cultural
heritage materials, specific difficulties may arise from the spatial
heterogeneity of the materials involved, their occasional local chem-
ical metastability, the rarity of materials, the difficulty in modeling
them and finally lack of prior knowledge. Damage is inherent in all
forms of analysis and in everyday exposure and handling. However,
in most cases of cultural heritage research, any alteration is seen
as a negative evolution along the path that ultimately leads to ar-
tifact destruction and disappearance. In addition, in some cases, a
“non-destructive” technique could inherently induce more damage
than a “destructive” technique. In the case of a destructive tech-
nique, the amount and the location of the sample consumed during
the experiment can easily be determined. There is currently no easy
way to evaluate the damage to specimens when using “non-
destructive” techniques. There is therefore a need and a curatorial
demand to improve assessment of the extent of damage that occurs
during any experiment. Using a “minimally-destructive” tech-
nique in conjunction with information-rich technology is usually
the common strategy for increasing the ratio of information col-
lected to radiation damage for high-risk experiments.

Recent advances in analytical techniques facilitate the study of
experimental conditions and fundamental factors that lead to al-
teration of specimens. Indeed, to gain better insight, alteration to
the sample should first be measurable. For example, minute quan-
tities of damage to biological macromolecules in the form of
oxidation, deamidation, racemization, isomerization and trunca-
tion can now be detected using capillary electrophoresis and ultra-
high-pressure nano liquid chromatography in conjunction with
hybrid mass spectrometry (MS) [32]. The detection of minor changes
in the oxidation state and local chemical environment can also be
done using photonic vibrational and speciation-probing approaches
across the electromagnetic spectrum [8,33] and electron micros-
copy with TEM-EELS [34]. New imaging capabilities using SR, laser
and IBA techniques allow the sensitive study of minute variations
in composition, molecular and chemical environment, structure and
morphology at the um or sub-um scale. The complex behavior laws
involved in material modification can be studied by analyzing ma-
terials jointly at the successive characteristic length scales involved
(e.g., over three orders of magnitude in length scales of 0.1-
100 um) [35]. Development in correlation of local studies at the
molecular level along with imaging capabilities therefore appears

critical for effectively assessing the heterogeneity of damage within
cultural heritage materials.

In the rest of this review, we retain the term “damage” when al-
teration can be observed visually, while we use “radiation-induced
side effect” (or, in brief, “radiation side effect”) for all other cases.

3. Brief review of radiation side effects on ancient materials
3.1. Historical perspective

We presume that the history of the observation of radiation side
effects follows that of the use of analytical techniques based on
intense radiation sources. However, reports are scarce and primar-
ily contained in the grey literature rather than more widely available
written sources, such as articles and books.

The first analytical methods used in archeometry and heritage
were invasive [optical emission spectroscopy (OES) in the 1920s-
1930s] or implied large beam footprints and/or deep penetration
[X-ray radiography, and neutron activation analysis (NAA), both first
used in the field in the 1950s] [36]. In both cases, being invasive
and destructive or low-dose, alteration upon irradiation of samples
was not identified as a major issue and was considered low prior-
ity compared to the race to smaller sampling volumes and higher
spatial resolution. An exception was NAA, all the more so because
the elemental composition of heterogeneous materials (hence their
activation behavior) is not easily predictable.

After these seminal developments, a main objective was to in-
crease the sensitivity of methods to traces {e.g., how the question
of provenance was raised and tentatively addressed in archeometry,
as reported by Pollard et al. [37]}. The development of ion beam
analysis (IBA) techniques, namely Rutherford backscattering spec-
trometry (RBS) and nuclear reaction analysis (NRA), dates back to
1957. The field of applications rapidly expanded in the early 1960s,
mostly thanks to the development of semiconductor detectors. Ac-
celerators entirely devoted to IBA were built all around the world.
Another IBA method, proton-induced X-ray emission (PIXE), was de-
veloped in 1970. International conferences on this new field were
soon held - IBA in 1973 and PIXE in 1977. Applications to art history
and archaeology were initiated in 1972 and grew rapidly because
of the intrinsic capabilities of these new tools [5,38]. PIXE, elec-
tron microscopy and Castaing microprobe examination led to the
first intense irradiation of microsamples causing significant radiation-
induced effects.

Soon after the discovery of the laser, derived analytical tech-
niques were proposed in the context of archeometry and art
conservation. Early reports described the use of laser microspectral
analysis (a combination of pulsed LA sampling with spark-induced
optical emission spectrometry) in the determination of the ele-
mental content of metal, pottery and paint samples from different
objects [39,40]. In the 1990s, laser-induced breakdown spectros-
copy (LIBS) was shown to be a versatile technique for quick, surface
elemental analysis on samples as well as on heritage objects [41].
The introduction of Raman microscopy by Delhaye and
Dhamelincourt in 1975, and the development of portable spec-
trometers have revolutionized the use of Raman spectroscopy in art
diagnostics and archeometry [16,17,42-46]. Similarly, laser-based
fluorescence techniques have been used for the spectroscopic anal-
ysis, imaging and lifetime imaging, and multi-photon fluorescence
microscopy of cultural heritage materials [15,47-50]. Laboratory
X-ray radiography, medical X-ray scanners, and color-controlled UV
photography on large-to-medium-scale installation were also
strongly developed throughout the 1970s and 1980s in cultural her-
itage [51].

The trend to decrease X-ray, ion and electron beam sizes for micro
and nano focused imaging made the topic of radiation-induced side
effects more pressing (Table 1). For example, the development of
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Table 1

Typical estimated surface dose rates during synchrotron characterization of cultural heritage materials. Note that, at high incident energy, the surface dose is lower, as it is

distributed in a thicker volume. (BM, Bending magnet)

Experiment Energy Beam size Flux Estimated surface dose rate
hv, keV s, um? n, ph/s D, MGy/s

Post-edge XAS at the iron K-edge on pure goethite (BM) 7.2 3x3 1x10° 33

SAXS on an archaeological hair sample 12.7 1x1 1x10" 1.2x 102

Multielemental XRF analysis of an otolith sample (BM) 17.5 3x3 1x10° 1.0x 10!

WCT on a compact bone 30 2000 x 2000 1x 1012 11x10*

USTXM on a typical proteinaceous material 0.285 0.1x0.1 1x10° 1.3x10%

WXRD study of lead chromate samples 18 1.6x0.6 7 %1010 1.6 x 103

Speciation imaging of lead chromate samples at the Cr K-edge 5.96 0.66 x 0.18 59x108 1.8 x10?

Surface dose rates are calculated as D = nhvp/(se), where n is the photon flux, hv the incident photon energy, u the sum of the atomic photoabsorption and inelastic scat-
tering cross sections as calculated using [52], s the beam footprint area and g the material density.

low-aberration lenses for focusing ion and electron beams in the
1990s, and of undulator-based third-generation synchrotron sources
in the same period, led to increases of 3-4 orders of magnitude of
the flux in the analysis spots of corresponding microbeams. His-
torically first used as a complement to PIXE, and tested as a potential
replacement, synchrotron XRF was introduced in the late 1990s
[53,54]. Synchrotron speciation-based methods were introduced in
cultural heritage in 1995 [55], IR spectroscopy in 2003 [56], 3D-
UCT followed only in the mid-2000s [11] and UV/visible spectroscopy
and imaging as late as 2011 [9,57]. A current trend is fast synchro-
tron XRF scanning of entire paintings and heritage samples, leading
to more systematic characterization of objects [58,59]. The first In-
ternational Conference on Synchrotron Radiation and Neutrons in
Art and Archaeology was held in 2005. The development and the
standardization of exposure of sensitive samples to micro-X-ray
beams in other fields of research, in particular biocrystallography,
led to the implementation of specific procedures, such as the use
of cryostreams [60].

Similarly, reports are scarce concerning damage induced during
laser irradiation of samples. In general, laser diagnostic tech-
niques based on spectroscopic or optical coherence methods are
considered totally non-destructive. This is largely correct, consid-
ering that the laser-beam power density is maintained at very low
levels in this type of measurement (<10 W-mm2). However, thermal
or photochemical effects may arise as a result of prolonged irradi-
ation when highly absorbing or photosensitive materials are
examined, particularly under focused beam conditions’. Interest-
ing works were published on the laser-ablative cleaning of heritage
objects, which focused on side effects of the overall ablation process
on the treated object or artwork {e.g., discoloration of pigments [61],
stone surfaces [62], and free radical-induced degradation of binders
or paper [63-65]}.

While almost never described in scientific papers, basic precau-
tionary measures were implemented for all corresponding
instruments with the aim of minimizing the impact of beam-
induced alteration of samples. However, the current evolution of
techniques and practice brings new problems. Novel strategies of
digitization imply the study of entire objects (e.g., large-scale ra-
diography and UV photography, scanning XRF or PIXE imaging of
entire artifacts or paintings, and 3D tomography of fossil collec-
tions). Miniaturized high-intensity X-ray and laser sources are
becoming available for investigation on site or directly in a museum
environment to avoid transportation of fragile artifacts or to provide
immediate diagnosis. Micro-characterization methods using intense

1 Laser sampling analytical methods, such as laser-induced breakdown spectros-
copy (LIBS) and MS-based imaging, are not considered in this review as they are based
on laser ablation and lead to distinct classes of questions regarding damage and to
significantly distinct mitigation and monitoring strategies.

radiation sources have steadily developed at large-scale facilities and
in the laboratory environment.

3.2. Effects reported on the main classes of cultural
heritage materials

Radiation effects from ions, electrons, photons can affect mate-
rial properties, including chemical, electrical, magnetic, mechanical
and optical properties. Only a surprisingly small number of review
articles detail the impacts of radiation damage during the study of
cultural heritage materials {e.g., IBA [5,66,67] or neutron auto-
radiography [68]}. No equivalent review was identified for SR or laser
characterizations (Raman spectroscopy, LIF). This section there-
fore provides an overview on typical radiation effects for the distinct
classes of cultural heritage materials.

3.2.1. Composite materials

Many cultural heritage objects consist of complex composite ma-
terials. Examples include paints, which are mixtures of (often
inorganic) pigments in organic binders, and biomaterials, such as
parchment and paper, which have surface and diffusion layers of
ink and sizing agents inside their organic matrix. The interaction
between different compounds can be complex. Often their radia-
tion sensitivity, mechanical properties and absorption coefficients
are very different. For example, intense radiation can heat a strongly
absorbing pigment, which can lead to mechanical damage (e.g., crack-
ing) in the binder. Secondary radiation effects produced by strongly
absorbing particles can enhance the degradation of an inorganic
matrix. However, indirect radiation effects from activated solvent
species or from moisture can lead to corrosion of pigments and other
reactions. It is important to note that most cultural heritage ma-
terials are impure and can therefore display complex behavior.
Natural materials are hierarchically structured, consisting of very
different types of materials on mesoscopic length scales [e.g., hard
inorganic crystallites in organic matrices (bone, and shells) or al-
ternating domains of high crystalline order and amorphous material
(silk, wool, and hair)]. However, integrated studies of radiation-
induced damage, taking fully into account the composite nature
of such materials, have not been reported so far in cultural heri-
tage contexts, probably due to the difficulty of disentangling the
intricate mechanisms involved. More literature has therefore been
produced on simpler systems.

3.2.2. Metals and corrosion layers

Metals are among the most radiation-resistant materials. Their
high thermal and electrical conductivity reduces the impact of
heating and charging effects arising from beams. Prolonged expo-
sure to radiation can accelerate oxidation and corrosion, especially
in the presence of water and oxygen (see “indirect effects”). While
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photon radiation hardly affects metals, ion beams can displace or
change the sample atoms, reducing strength and ductility. Strong
exposure leads to cracks, changes of the crystallographic struc-
ture, amorphization or deformation. However, the effect of radiation
on metals contained within cultural heritage materials is still an area
where investigation has been limited.

Many of the metal artifacts of interest are heavily corroded [e.g.,
due to long-term ageing between deposition and recovery (archae-
ological artifacts), or impact of the outdoor environment (built
heritage)]. Compounds in corrosion layers of metals are often far
more sensitive to radiation-induced effects than pure metals or alloys.
For example, Monnier et al. identified artifactual S* species (2478
eV) resulting from irradiation while performing XANES at the S
K-edge on corrosion layers from the iron chain of the medieval Ca-
thedral of Amiens [69]. Sulfur was most probably deposited in cracks
from atmospheric pollutants.

Detecting radiation-induced changes is particularly important,
as metastable compounds may play leading roles in long-term cor-
rosion mechanisms of metal artifacts, as suspected, e.g., for iron
hydroxychloride -Fe,(OH);Cl [70].

3.2.3. Minerals from gems, ceramics and pigments

The structure of such materials is generally resistant to radia-
tion effects. However, their heat and electrical conductivity are often
much lower than those of metals, which leaves them vulnerable to
thermal effects of high-power beams. Ionizing radiation may induce
color changes through electrical effects (e.g., speciation changes),
and alter optical properties that are often very important to the cul-
tural heritage objects to which they belong (e.g., gems and pigments).
Also, exposure to charged particles can lead to mechanical weak-
ening of the sample, as described for metals. Thermoluminescence-
dating measurements, widely used on ceramics, may also be
corrupted by analytical radiation.

Absil et al. [25] reported the study of dark brownish stains that
appeared on pigments during irradiation with 2-3 MeV protons for
PIXE analysis. The study aimed to understand the physical pro-
cesses of the stain formation and to find ways to make stains
disappear, avoiding any damage to the painting. A variety of char-
acterization techniques were used including electron paramagnetic
resonance (EPR) spectroscopy, Raman spectroscopy and thermo-
luminescence. The phenomenon was found to be reversible and not
due to molecular changes. These stains progressively faded after a
few weeks. Stains also appeared in vacuum, so it was concluded that
air does not play a role in their formation. Heat and UV light were
found to be the most powerful ways to decrease the stains. It was
concluded that the stains were observed only on samples contain-
ing carbonates and may have resulted from to color centers induced
in the crystal lattice.

The darkening of pigments is occasionally observed in Raman
or fluorescence microscopy, such as, for example, the conversion
from goethite [yellow ochre, FeO(OH)] to hematite [red ochre or Mars
red, Fe;03] upon irradiation by lasers [71]:

2Fe0(OH) — Fe,0; + H,0 (1)

In the context of the study of iron-oxide pigments from wall
paintings in Knossos (Crete, Greece), model samples of goethite
were irradiated at 5 mW (20x objective, 10 s, 50 um diameter, Fig. 2).
Under these conditions, only features from hematite were ob-
served, thereby confirming the full conversion. Local modification
of the color of the pigment was observed. At 10 times less power
(0.5 mW), only features from goethite were observed. Such effects
can be “reversible”: the partial darkening of lead white paint was
seemingly reversed, in relation to laser cleaning or LIBS analysis
[61,72].

(i)

Intensity (a.u.)

20 40 60 80

Raman shift / cm™
(a) (c)

Fig. 2. (a) Raman spectra of a yellow ochre (goethite, FeO(OH)) model sample col-
lected under low-power (i) and high-power (ii) irradiation conditions and of a red
ochre (hematite, Fe;03) sample collected under high-power (iii) irradiation condi-
tions (Aexc = 786 nm, 20x objective). (b, c) Images of the yellow ochre sample before
(b) and after (c) high-power irradiation, respectively. The darkened area after irra-
diation (diameter: 40 um) is considerably greater than the irradiated area (beam size:
5 um). Scale bar is 20 um. [Figure courtesy A. Philippidis (IESL-FORTH)]

Another example is the fading of artists’ pigment Prussian blue
under intense light or anoxia, due to reduction of Fe':

KFe'"[Fe" (CN); | —*5— KaFe![Fe" (CN)g] @

This leads to pigment discoloration, as the dark blue color of Prus-
sian blue results from intervalence charge transfer between the two
iron sites of this mixed-valence compound (Fe", Fe"). X-ray irradi-
ation while performing X-ray absorption spectroscopy (in anoxia)
leads to a shift of the Fe absorption edge that is primarily attrib-
uted to beam effects (Fig. 3) [73].
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Fig. 3. In-situ Fe K-edge XANES successive spectra on Prussian blue-dyed paper under
anoxia and visible light illumination (1.5 x 108 lux). The shift of the energy of the
absorption edge is attributed to the reduction of Fe(III) to Fe(Il) induced by the beam.
The structural evolutions can be studied in terms of fading induced by X-ray
irradiation. [Figure courtesy M.-A. Languille (IPANEMA) and Cl. Gervais (Bern Uni-
versity of the Arts, Switzerland)][73,74].
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As part of a study on the durability of several types of chrome-
yellow pigments, pure lead chromate (both in monoclinic and
orthorhombic form) and several monoclinic co-precipitates of PbCrO,4
and PbSOy4 (PbCrp76S02404 and PbCro54S0.4604) were synthesized [75].
These materials were irradiated with an 18-keV monochromatic
X-ray beam of ~7 x 10'° photons per second (ph/s) during a series
of 100 intervals of 10 s at the PO6 X-ray microprobe beamline of
PETRA-IIL The beam was focused to dimensions of 0.6 x 1.6 wm?. After
each interval, an XRPD image was recorded. The observed diffrac-
tion lines gradually reduced in intensity, indicating a progressive
amorphization of the material (Fig. 4b,c). The higher the sulfate
content of the chrome yellow, the quicker this beam-induced deg-
radation progressed inside the three monoclinic materials (Fig. 4d);
the loss of structure in the orthorhombic PbCrO, was even faster
(Fig. 4e) and initially appeared to follow second-order kinetics. Since
significant changes occurred within a time scale of 10 s or more,
this phenomenon did not impede the recording of XRF/XRPD maps
with typical dwell times of 0.5-2 s, although it could impact on data
collection that takes longer (e.g., X-ray absorption spectroscopy).

3.2.4. Glasses

Glasses behave very similarly to other minerals, generally having
low heat and electrical conductivity. Glasses in cultural heritage
objects almost always contain additives to engineer their optical
properties, and impurities from the raw material and the fabrica-
tion process. These can lead to rapid formation of color centers,
which cause discoloration or darkening of the glass and can have
a strong visual impact due to the transparency of glass in the visible.

3.2.5. Organics, including polymer films and fibers, oils, varnishes
and dyes

Organic materials are much more sensitive to the effects of ion-
izing radiation than inorganic materials. Focused beam conditions
can lead to melting. Organic bonds are easily broken by primary and
secondary radiation effects. The excited molecules (charged or
radical-bearing) quickly form new chemical bonds leading to cross-
linking, aggregation, decomposition, oxidation and isomerization.
These effects can structurally weaken a polymer by making it brittle,
causing its discoloration or decreasing its solubility and change its
spectroscopic response (Fig. 1). Within the context of cultural her-
itage artifacts, the optical properties are often very important (e.g.,
oils, varnishes, and dyes). Above certain thresholds, discoloration
and decomposition can lead to visible marks left by the analyzing
beam. In addition, indirect effects from the matrix or solvent can
strongly accelerate degradation.

The photochemical stability of organic coatings and films has
been studied in the context of research on the impact of radical
formation during laser-ablative cleaning of varnished paintings. Thin
films of PMMA (Poly(methyl methacrylate)) or polystyrene
simulating varnishes with low and high absorbance in the UV, were
doped with photolabile organic molecules (e.g., aryl iodides),
followed by irradiation at 248 nm with ns and fs laser pulses [63,76].
Photocleavage of the weak Ar-1 bonds resulted in the formation of
Ar radicals, which formed highly fluorescent arenes via H
abstraction that served as sensitive fluorescence indicators of
photochemical activity in the organic film as a function of
laser-irradiation dose. The doped film concept could serve as a
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Fig. 4. Synchrotron microdiffraction study of the darkening of yellow lead chromates. (a) Sample showing the darkened irradiated spot when performing synchrotron uXRD
(18 keV, 7 x 103 ph/s, 1.6 x 0.6 um?). The deposited dose is estimated at 1.6 x 10% MGy/s. (b,c) Change over time of the X-ray diffraction pattern of monoclinic PbCrO4. (d,e)
Evolution over time of the intensity of XRD features of distinct lead chromates. Note that the reported alteration happens on a time scale of hundreds of seconds, far beyond

usual data collection times at synchrotrons, in the 0.1-1 s range.
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sensitive, straightforward sensor to investigate photochemical effects
of synchrotron or ion beams on organic media. The literature
on testing macrofading and microfading, used to establish
safe-lighting conditions in museums, also constitutes a source of
information on irradiation behavior under the near-UV and the
visible [77].

Radiation stability of organic materials (e.g., Mylar foil,
Kapton foil, PDMS (Polydimethylsiloxane) and Fe(III)TPP)
(Tetraphenylporphyrin) were investigated with focused 1600 keV
He"ion beams. Area-selective irradiation or damaging were carried
out with simultaneous H-count-rate measurements as a function
of the deposited ion-beam fluence within the range 10'*-10' ions/cm?
[78]. The results show that both the Kapton foil and the Fe(III)TPP
complex did not suffer from hydrogen depletion while there was a
slight decrease of the hydrogen content of the Mylar foil and a re-
markable exponential loss of hydrogen from PDMS, suggesting
degradation of the polymer chain. Hydrogen loss takes place by an
irreversible process of homolytic scission of C-H bonds. It is well
known that molecules containing aromatic functional groups are
generally more stable under irradiation. However, Mylar contains
aromatic groups that provide relatively high radiation stability but
also ethylene groups, which can undergo bond scission to result in
some H loss. The Kapton polymer and Fe(III)TPP molecule contain
almost only aromatic bonds, so they have high radiation stability.
By contrast, PDMS, with only single covalent bonds, has low radi-
ation stability.

3.2.6. Organo-metallics, soaps, lakes and inks

Organo-metallic compounds, soaps, lakes, and inks are known
to be sensitive to beam damage. While studying the Fe?/Fe3* ratio
of iron-gall ink manuscripts, Kanngiesser et al. and Wilke et al. both
reported a shift to lower energies with radiation exposure time of
the Fe K absorption edge, as revealed by a time series of XANES
spectra collected at the same position. This is indicative of a re-
duction of the Fe* ions to Fe?* with radiation dose, while the organic
matrix acts as an electron donor [79,80].

Mazel et al. observed a similar photoreduction of iron under an
X-ray beam during XANES investigation of blood remains from the
patina of Dogon anthropomorphic statuettes [81]. They note that
“for the area where mineral compounds are supposed to be pre-
dominant, this evolution is not observed”, using radiation damage
as further demonstration of the presence of iron atoms in an organic
environment.

3.2.7. Unmineralized biomaterials, including wood, textiles,
parchment, paper, leather

This large group of cultural heritage materials is arguably the
most radiation sensitive and great care has to be taken in conduct-
ing irradiation experiments [30]. In addition to the above points
regarding polymers, biological materials very often contain signif-
icant amounts of water, which leads to indirect radiation effects.
However, removing the water from the sample can result in even
greater morphological damage. Biological materials are prone to
aging by radiation. Mechanisms of aging include racemization,
deamidation, oxidation, and truncation (Fig. 5) [82]. Modern
technologies enable us to gain deeper information about biomaterials
by studying subtle changes in their molecular structure.

Sandstrom et al. reported a limited reduction of the sulfate signal
(SO4*[HSO4; 2482.6 eV) versus an increase of the elemental sulfur
(2473.0 eV) while studying waterlogged wood from ancient ship-
wrecks after long exposure [83].

Moini et al. examined the effects of various ageing techniques
on aspartic-acid racemization in silk samples. Modern silk speci-
mens were exposed to UV-lamp radiation for 200-1920 h with a
resulting increase of the D/L ratio for aspartic acid from 5.4% to 8.8%.
Untreated modern silk exposed to electron-beam radiation showed

an increase in the D/L ratio of aspartic acid from 3.3% to 5.7% (Fig. 6)
[84]. Recently, similar results were also reported on the effect of syn-
chrotron X-ray irradiation on proteinaceous specimens [85].

Published examples highlight that the lack of understanding of
the basic radiation-induced damage mechanisms may lead to un-
expected response of materials during analysis. For example, PIXE
analysis of manuscripts resulted in visible damage being manifest
only months later [28]. Mantler et al. made an in-depth study of
X-ray-induced paper degradation under varying irradiation condi-
tions (exposure time, voltage and intensity of the rhodium tube, and
aluminum filters) and concluded that the collection of data in con-
ditions required by wavelength dispersive XRF spectroscopy may
lead to “permanent yellowing, brittleness, and even mechanical de-
composition” of paper [86].

Patten et al. studied the changes in parchment samples after ex-
posure to an X-ray dose during high-contrast X-ray microtomography
and used a series of analytical methods to check for alterations (i.e.
ATR-FTIR, biochemical analyses, near-IR analysis, and XRD). They
could not find evidence of any change but such an experiment would
surely be interesting to repeat with a source of greater brightness,
such as a synchrotron [87].

3.2.8. Biominerals from bone, tooth and fossil tissues

This subgroup of samples is generally very radiation hard and
suffers little visible damage during irradiation. Color changes are
often observed in the irradiation of teeth and similar materials. Most
importantly, however, fossils might still carry traces of their orig-
inal organic content (e.g., DNA, and proteins), which, unlike the bulk
mineral, could be highly radiation sensitive.

Richards et al. studied the blackening of modern and fossil teeth
under X-ray UCT [27]. By irradiating bands on teeth using synchro-
tron X-rays under realistic experimental conditions, they compared
the blackening observed with varying irradiation durations, X-ray
photon energies, origins and history of the samples of teeth. They
further studied how colored tooth enamel could be bleached
using exposure to UV light, and observed occasional remains of
darkening.

Contrasting results were published regarding the impact of X-ray
irradiation on the DNA-amplification potential from archaeologi-
cal bones [31,88]. Irradiated bones where analyzed using polymerase-
chain-reaction amplification methods to assess the impact of CT
experiments on the preservation of DNA.

3.3. Complementary sources of information

The above review shows that the literature on radiation damage
affecting cultural heritage materials is limited and patchy, and does
not provide a sufficient framework to account for the situations
observed. Fortunately, radiation-induced damage is well studied in
related fields of research, such as ion implantation for the micro-
electronics industry, fundamental photophysics and photochemistry,
radiobiology on living organisms, biocrystallography (relating ra-
diation damage to XRD reflection intensity and subsequent
reconstruction of the electron density), environmental sciences
(speciation of trace elements in clay-based materials), and some
fields of materials science. References are given in Table 2.

For example, Raman and FT-IR analyses showed that UV light at
248 nm from a nanosecond KrF excimer laser is capable of induc-
ing conformational changes in an irradiated collagen film, mainly
as a result of breaking the hydrogen-bond network and loss of water
molecules that maintain the ordered structure [114]. In addition flu-
orescence measurements showed that UV laser light is capable of
causing tyrosine photo-oxidation [114]. The effect of X-rays on pro-
teins was studied [115,116] and a study of which amino acids are
most affected by synchrotron X-ray radiation was conducted [117].
There are examples of the effect of gamma radiation on the mechanical
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properties and the solubility of silk and other proteins [118]. Wien
et al. described VUV-irradiation effects on proteins in high-flux syn-
chrotron radiation circular dichroism spectroscopy [119].

Radiation effects have been investigated in diverse fields, such
as materials science, where material properties can be modified by
irradiation. This includes photolithography in the semiconductor in-
dustry, space science (where the damage of cosmic radiation to
space equipment was investigated) [ 120], astrobiology and radiation-
biology [121] (where the effects of radiation on living orga-
nisms are of interest to understand whether life is possible in highly-
irradiated habitats such as the surface of Mars) [122], and military
applications (e.g., anti-missile systems based on high-power lasers).
However, a limited number of systematic studies have been per-
formed on radiation damage that occurs as a side effect of analytical
and irradiation investigations.

Soft X-rays are increasingly being used to study the speciation
of carbon and nitrogen in wet organic samples in the so-called “water
window” [99,123] or in other materials. Examples in cultural her-
itage include the study of the L absorption edges of transition metals
[124]. In the low-energy X-ray range, the dose deposited may reach
extreme values, due to the large cross-section of elements and has
led to accurate comparisons between radiation damage under photon
speciation (STXM), electron speciation (TEM-EELS) and X-ray dif-
fraction microscopy [109,125,126]. In particular, Howells et al. showed
that there is approximately a “linear relationship between the
maximum allowed dose and the resolution, with the allowed dose

Radiation
(UV, X-ray, y-ray)

being equal to 1.0 x 108 Gray per nanometer of resolution” and dis-
cussed practical procedures to estimate thresholds [126].

As a result of standardized experimental set-ups and data anal-
ysis in synchrotron protein crystallography, experimental conditions
leading to minimal damage could be defined more clearly than in
other fields [92-94]. In crystallography, radiation damage can be
monitored from the loss of long-range order that leads to broad-
ening or vanishing of Bragg peaks during the experiment (Table 2).
This allows quantification of damage and enables researchers to
measure directly the effects of mitigation strategies (e.g., cryocooling).

However, many other aspects of radiation-induced damage that
have not been studied are likely to have a strong impact on cultur-
al heritage research, e.g.:

e the mechanisms of degradation of proteins used as binding media
in heritage varnishes and paint layers;

e the effects of additives in polymers;

e the deterioration of radiation-sensitive pigments, such as mixed-
valence inorganic compounds; and,

e the effects of trace-elemental concentration and crystal defects
on the damage induced in ancient materials, such as teeth, glass.

In the following section, we present a brief account of how each
relevant form of radiation interacts with matter and what forms of
modification are produced in different classes of cultural heritage
materials.

Fig. 5. Mechanisms leading to alteration of organic materials under ionizing radiation.



L. Bertrand et al./Trends in Analytical Chemistry 66 (2015) 128-145 137

a
4
339 .
3 -
2.5+
= x16
a | 7 18 10034 0 hours —
L
> 21 / .g &
sl £ 100187596 hours
! 1= ] J W
14 %100 C 1920 "
= ours ’
0.5 - > S
22.6 23.0 23.4
Time (min)
0 L) L) L] L]
0 500 1000 1500 2000
UV Exposure (Hours)
b

257 Untreated

j \ 4.5%
0 T TR
25: Electron beam

- j \/5.—2%\

Ozone

o
1

Relative Abundance
1

Chlorine 142 hr
9.9%
12.6%

0|IlIl[lIIl[llIl|llll|llll]llll]llll]llIIlllII|llll]llll|llll|llll|lllI|lI

18.20 18.40 18.60 18.80
Time (min)

257 Chlorine 214.5 hr

Fig. 6. (a) Effect of UV radiation on silk aging. Average D/L ratios for silk samples treated with UV radiation for 0, 348 h, 596 h, 1280 h and 1920 h. The inset shows the
electropherograms for the samples treated with UV radiation for 0, 596 h and 1920 h, focusing on the aspartic acid D and L peaks (547 m/z), along with 16 x magnification
of the D peak. {Reproduced with permission from ACS [82]}. (b) Effects of ozone, electron beam, and chlorine exposure on silk aspartic acid racemization.
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Table 2
Fields of research that may allow significant transfer of information to cultural her-
itage with respect to radiation-induced effects

Scientific field Topic Ref.
Life sciences Radiobiology [89-91]
Impact of radiation on living
organisms
Radiation damage to protein [92-96]
crystals studied in molecular
crystallography
Damage to active sites in [97,98]

metalloenzymes

NEXAFS | STXM synchrotron-based [99]
studies of biological cross-sections

Environmental
sciences

Radiation effects on the speciation [100]
of trace elements in soils and
clay-like materials

Material sciences
(Hard condensed

Damage to crystalline materials [7,67]
Radiation-controlled material

matter) synthesis and engineering
Photonics [101,102]
Space science
Radiation hardness of [26,103,104]
semiconductors and core materials
Damage to X-ray optics [105,106]
Lithography, ion implantation and [107,108]
doping
Material sciences Radiation damage to polymers and [78,109-113]
(Soft condensed plastics
matter)
Fundamentals of Ion-induced radiation damage [1,6,7,67]

radiation damage Ion/solid interactions

Fundamental photophysics

4. Basic mechanisms of interaction between probing particles
and matter

Cultural heritage objects and samples are exposed to charged par-
ticles, photons and neutrons to create interactions as a basis for
analysis. The radiation used is not necessarily harmful to the ma-
terial but there is usually a limit above which it causes visible
damage. In order to determine the specific radiation effects and
thresholds for visible damage to a cultural heritage object, one needs
to consider the type of radiation used and its interaction mecha-
nisms with the material under analysis.

4.1. Primary versus secondary radiation effects
The following conventional definitions are used (Table 3; Fig. 7):
e Primary radiation effects result from the interaction of an inci-

dent particle (e.g., an ion or a photon) with a target atom or
molecule.

Table 3
Examples, for the case of X-rays, illustrating the definition of direct, indirect, primary
and secondary irradiation effects

Primary effect

Secondary effect

Direct effect

Indirect effect

Photoelectric effect in a
target atom, creating an
ion and a fast electron.

Photoelectric effect in a
solvent molecule, creating
areactive species (e.g.
formation of OH radicals).

Inelastic scattering of the
photoelectron, creating
electron cascades and
more ionization.

Chemical damage to the
target molecule by the
reactive species.

‘
<
<
-
<

Fig. 7. The different types of radiation effects in a sample in an (aqueous) environ-
ment. Primary radiation effects (yellow star) are caused by interaction of an incident
particle (shown in red) with a sample atom or molecule (shown in grey). The in-
teraction can result in secondary particles, such as photoelectrons, being emitted
(shown in light blue). Secondary particles can themselves interact with neighbor-
ing atoms for secondary radiation effects (green star). Indirect effects are caused by
interaction of incident particles with the solvent (orange star), creating aggressive
species (shown in green), which can themselves react with the sample (red star).

e Secondary radiation effects result from the interaction of a secon-
dary particle, for example a photoelectron or a displaced nucleus,
with a target molecule or atom.

e If this primary or secondary interaction happens in a target atom
or molecule, the effect is direct.

e Indirect effects contain all possible reactions when an atom or
a molecule of the solvent, environment, host matrix, or sub-
strate is hit, creating a chemically reactive species that reacts with
the target atom or molecule. Typical examples of indirect effects
are reactions with water radicals and solvated electrons result-
ing from radiolysis of aqueous solvents [127].

4.2. Impact of experimental parameters on radiation-induced effects

This section discusses and defines the most important experi-
mental and environmental parameters and their influence on
radiation-induced effects.

4.2.1. Probing-beam parameters

Flux (or intensity) is the number of particles (e.g., photons or
ions) that travel through a unit area per unit time. Lasers produce
very high fluxes, as do, to a lesser extent, focused synchrotron beams.
Thermal and charging radiation effects are flux dependent, as they
depend on the ratio between the rate at which energy or charge is
deposited or generated, and the ability of the sample and environ-
ment to dissipate it. High fluxes can also lead to molecular
interactions, when radicals are created fast enough to interact with
each other instead of reacting with their environment. The products
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of these interactions can open new reaction pathways. The energy
of the incident particles (not to be confused with the flux or de-
posited dose) depends on machine parameters (e.g., the acceleration
voltage for ion beams, or undulator, filter and monochromator pa-
rameters for synchrotron beams). Many channels of radiation effects
are activated at certain particle energies (e.g., ionization energy).
Spectroscopy experiments that are bound to these energy thresh-
olds, such as XAS and UV photoluminescence spectroscopy, leave
no possibility to optimize the energy parameter except to change
conditions dramatically by switching, e.g., from K- to L-shell tran-
sitions. In addition, for ion beams and X-rays, the penetration depth
is strongly energy dependent. For soft-to-medium X-rays, the pen-
etration depth will typically vary as E3. Lower energy beams will
thus deposit most of their dose at the surface of the sample, while
higher energy particles will distribute the energy in deeper layers
(Table 1). Depending on the method used, there can be optimal en-
ergies, where the signal-to-damage ratio is highest. The detector
efficiency, which is often energy dependent, has to be taken into
account.

Fluence is the beam flux integrated over time, equal to the total
number of particles that have passed through a unit area. In syn-
chrotron experiments, dose is more commonly used, and is a
measure of the total (integrated) energy deposited per unit of sample
volume. However, both measure the total deposited radiation in a
sample area and can be discussed together.

4.2.2. Environmental parameters

High sample temperature can damage the sample and acceler-
ate the kinetics of degradation reactions. However, high temperatures
might also have an annealing effect on some materials, allowing
crystal defects, such as color centers in glasses to “heal”. Cooling
the sample can reduce damaging reactions; this is especially true
for indirect radiation effects that rely on chemical reactions and dif-
fusion of radicals {e.g. [92]}. However, to achieve a measurable effect,
cryogenic cooling is required, and can itself be very damaging to
samples. In addition, the damage is not avoided, but delayed. The
created radicals will start damaging the sample as soon as the tem-
perature is raised and radicals become mobile.

The sample atmosphere is important, mainly through thermal
conductivity, humidity and oxygen concentration. Thermal con-
ductivity mitigates heating effects from high-flux sources, such as
lasers. Thermal effects will be more damaging when working in
vacuum. Water molecules in the air and in materials will partici-
pate in damaging the sample through indirect effects. It is therefore
better to work in dry atmospheres. However, many samples, espe-
cially of biological origin, do not tolerate low humidity. The oxygen
in the atmosphere can degrade the sample though indirect effects,
such as ozone generation. In addition, it might oxidize the irradia-
ted parts of the sample. For these reasons, it is generally preferable
to remove oxygen during the experiment, by placing the sample in
an inert gas atmosphere or by blowing inert gas on the irradiated
part. Some compounds, in particular dyes, can reduce spontane-
ously under anoxic conditions, with charge compensation from the
substrate on which they are deposited [73]. Eventually, water mol-
ecules inside the sample will contribute to indirect radiation effects
(see sub-section 4.1), which can be more damaging than the direct
irradiation effects. In many organic materials (e.g., wood and paper),
the level of humidity cannot be arbitrarily reduced without causing
structural damage.

Surface contamination and trace-elemental concentration of the
sample can contribute to indirect radiation effects by chemical re-
actions of the contaminant with the sample. It is important to note
that irradiation can directly damage the sample material and its
contaminants, resulting in further chemical reactions and conse-
quential damages. Radiation effects on the contaminated surface

could permanently attach the contaminants to the object by
radiation-induced chemical reactions.

4.3. Exposure to charged particles

IBA makes use of various ion-solid interactions [6,7,38,67,128].
For analysis of cultural heritage materials, samples are usually
exposed to beams of protons or alpha particles that are acceler-
ated to energies of a few MeV. On passing through matter, these
highly energetic charged particles interact with the electrons of the
material, causing ionization of the atoms present. Using the termi-
nology introduced previously, such ionizing radiation is therefore
called direct. As the range of probing ions is usually a few tens of
um, a large amount of energy is deposited within this depth. As
charged particles traverse through the material, they slow down as
they lose kinetic energy. This loss of energy may be divided into
two components based on the mechanism of energy transfer, re-
sulting in collisional or radiative energy loss. Energy loss to electrons
occurs due to Coulombic interactions (i.e., ionization and excita-
tion), and nuclear energy loss occurs due to emission of
Bremsstrahlung or Cerenkov radiation, and nuclear interactions. Ini-
tially, an ion mainly loses its energy in small steps via interactions
with the electrons in the material through which it passes. Once it
no longer possesses sufficient energy to excite an electron, the ion
mostly loses its energy by nuclear collisions. As the ion slows down,
it captures one or more electrons to form a neutral atom (e.g., a
proton forms a hydrogen atom and an alpha particle a helium atom).

Similarly, when high-energy electrons pass through matter,
several possible processes occur, including:

1 ionization, in which the energy-loss mechanism is similar to that
for heavy charged particles;

2 Bremsstrahlung, which is the creation of X-rays from electron
deceleration; and,

3 elastic scattering from nuclear and electronic interactions.

Ion and electron irradiation can result in the following effects
to analyzed materials:

e changes in electronic configuration (impurities, color centers, cre-
ation of charged species), resulting, e.g., in visible changes in
sample color or reflectivity;

e displacement of atoms in the sample, which results in reduced
crystallinity;

e the energy deposited by the beam can cause sample heating, re-
sulting in macroscopic softening or distortion of the sample;

e as particles are charged, charges can build up in isolated samples,
which can lead to damage due to high-voltage breakdown;

e changes caused in microscopic structures by the creation of struc-
tural defects and the formation of new phases; and,

e ions can cause surface roughening due to sputtering and modify
the composition of the sample by implantation or nuclear
reactions.

4.4. Exposure to photon beams

Unlike ions and electrons, photons are not electrically charged
and carry a much smaller momentum. Their interaction with ma-
terials can be classified via the following regimes.

4.4.1. High-energy photons
X-ray and y-ray photons carry enough energy to ionize materi-
als. They can lead to material damage via three effects:

e the photoelectric effect, in which the photon is absorbed and a
photoelectron is ejected by the target atom;
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e Compton scattering, an inelastic scattering event, during which
the photon transfers part of its energy to an electron of the target
atom, producing a lower energy photon and a high energy free
electron; and,

e at photon energies >1.1 MeV, pair production, in which the photon
transforms into an electron-positron pair.

All these processes lead to high-energy primary electrons that
release their energy through inelastic scattering in the sample,
causing secondary electron cascades.

4.4.2. Photochemical effects (eV-level energy photons, UV/visible)

Photons in this energy range can interact with atoms, mol-
ecules or materials, through electronic effects. The absorbed photon
energy promotes an electron to a higher energy state (photo-
excitation). Depending on the electronic structure of the material,
photo-excitation can trigger a large variety of different processes,
such as ionization and ion-pair formation, bond dissociation and
formation of free radicals, leading to subsequent chemical reac-
tions, including atom abstraction, oxidation, dissociation, cross-
linking, and polymerization. Because of their high photon flux, (ns
or ps)-pulsed laser sources usually enhance these photochemical
effects by temporarily generating a high density of excited states
[76].

4.4.3. Thermal effects (low-energy photons, IR)

Photons absorbed deposit their energy inside the material. De-
pending on photon energy, this energy is dissipated via different
relaxation pathways, often including photochemical reactions.
However, a large part will activate vibrational or lattice modes of
the target and cause heating. Depending on the power of the irra-
diation source and the thermal conductivity of the sample and its
environment, the temperature increase can be substantial, leading
to mechanical expansion, deformation of the sample, drying out of
humid samples, and boiling of fluids, which can threaten the me-
chanical integrity of materials (for example, by initiation and
propagation of cracks). In addition, heating can cause conforma-
tional changes in molecular materials, and accelerate chemical
reactions and phase transitions (e.g., such thermal effects may be
observed with lasers during materials analysis, particularly when
focused beams are used in Raman or laser fluorescence microsco-
py). Considering spectroscopic techniques, classified as non-
invasive, mechanical effects following irradiation are usually minimal
and arise mainly because of thermal expansion of the materials.

4.4.4. Specific case of high-power laser irradiation

In the case of high-power laser irradiation, pulsed lasers, typi-
cally with pulse duration in the ns-to-fs range, may be used in the
LA regime (P > 10 W-mm~2) leading to material removal from the
sample surface. LA enables material analysis through a number of
schemes {e.g., matrix-assisted laser desorption ionization (MALDI),
LA time-of-flight MS (LA-TOF-MS), LA inductively-coupled plasma
OES or MS (LA-ICP-OES/MS) and laser-induced breakdown spec-
troscopy (LIBS) [129,130]}.

In the context of cultural heritage, LA is also used as an advanced
cleaning method for object conservation. In LA-based techniques,
material removal does take place and is obviously an essential
ingredient of the method. This flux regime falls distinctly higher than
that described previously (Raman or fluorescence analysis) and
working at this regime is always the result of an intentional choice.
The rapid transformation of materials from solid to liquid and gas
generates significant mechanical stresses [131]. Furthermore,
formation of plasma and its expansion against the ambient
atmosphere results in the formation of a shockwave that acquires
enough energy to cause significant damage to soft materials (e.g.,
paints). Beyond local ablation, modifications to the remaining

irradiated substrate or sample (around “craters”) are observed as
aresult of a complex interplay of mechanical (stress and shockwave),
thermal and chemical effects [61-65].

5. Mitigation strategies

We review below the main approaches implemented to miti-
gate radiation-induced side effects during the characterization of
cultural heritage materials.

5.1. Avoidance of unnecessary beam exposure

Since the extent of material damage directly relates to the irra-
diation dose, reducing or interrupting beam exposure when data
acquisition is not being performed will reduce the risk of sample
damage. In order to avoid unnecessary sample irradiation, it is im-
portant to select the region of interest (ROI) of the analysis in advance
[2]. This is usually done by careful identification of ROIs under an
optical microscope, and acquisition of corresponding images. It is
very useful if at least one orientation point can be marked on the
sample holder and the relative distance of the ROl measured. This
way, the sample can be positioned very precisely for measure-
ment in the vacuum chamber or sample holder before analysis. It
is beneficial if a high-quality optical microscope is also available for
on-line positioning at the instrument. The following measures are
similarly recommended:

e pre-alignment of samples rather than in-beam alignment;

e use of control samples to optimize experimental measurement
and data collection, which may result in difficulties, as most
ancient samples present distinct features at the microscale;

e use of shutters when no data is collected from the sample (re-
quires specific instrumental capacities); and,

e reduction of measurement dead time during irradiation [re-
quires specific instrumental capacities (e.g., optimize continuous
scanning) [132,133]].

5.2. Optimization of dose or fluence

Reducing the overall dose arriving at the sample during any analy-
sis is crucial, as most damage types caused by ionizing radiation
depend on the dose or fluence. Obviously, this should not result in
excessive deterioration of the analytical result. Suggested improve-
ments in experimental set-ups may include the design of more
efficient acquisition schemes, leading to enhanced S/N: use of sen-
sitive low-noise detectors; or, detection geometries and detectors
that permit signal collection from wider solid angles.

5.3. Optimization of flux

It is also crucial that the flux is optimized to the dynamic range
of the detection set-up. Furthermore, a higher flux creates damage
faster and makes the experiment more difficult to control. For those
types of damage (e.g., thermal effects), which depend on the flux
rather than the fluence, a reduction of the flux might reduce the
alteration. However, in some conditions, increasing the flux might
be beneficial. Considering ionizing radiation, a higher flux will often
reduce the interference of indirect effects with the measurement.
Suggested improvements in experimental set-ups may include the
following:

e Moving the sample or defocusing the beam during acquisition
to average out the dose on the sample. This is applicable in the
case of homogeneous samples or when spatial resolution at the
beam size is not an issue [134-136]. This is standard practice
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in PIXE [30]. At synchrotrons, this can also be done by moving
the sample out of the focal plane of the excitation beam.

e Keeping the flux at a minimum as long as adequate S/N is main-
tained, in cases where alteration is flux dependent, which is often
true for non-ionizing radiation at optical wavelengths, where
thermal effects dominate damage. Examples are laser sources,
where minimum power density will keep photochemical and
thermal effects to a minimum.

e Considering the optimal size of the area for scanning, together
with the pixel size and beam size. For example, in the case of a
1000 x 1000 um? size scan in a 256 x 256 pixel array, one pixel
size is about 4 um; working with a smaller beam size might not
be worthwhile.

¢ In most cases, the beam profile will be smooth (e.g., Gaussian
or Lorentzian). However, due to imperfect optics it might also
have “hot spots”, which have a much higher flux. It is impor-
tant to take these into account because they might cause local
flux-dependent effects not expected from the average beam flux.

5.4. Optimization of dwell time

The dwell time is the time the beam stays in one pixel. Fast scan-
ning can reduce the damage by providing more time for energy
dissipation. In order to decrease the deposited energy density further,
it is possible to use large solid angle detectors [1,137].

5.5. Optimized sample environment and condition

Radiation effects often relate to the sample environment, in-
cluding its ambient atmosphere or the analyte matrix (see
sub-section 4.2.2). The following strategies are used in several labo-
ratories in order to reduce environment-related effects:

e use of a modified atmosphere suitable for the sample (e.g., an
inert atmosphere, such as a helium jet, and reduced humidity);

e decreasing the water content within the sample; or,

¢ lowering the sample temperature.

If heat is not dissipated, it will cause a temperature increase of
the sample that could lead to thermal damage. If the analysis is done
under vacuum, thermal dissipation is even more limited. Cooling
will result in a reduction of diffusive processes in the sample and
impede an extensive propagation of ions and radicals. Cryostreams
are employed in biocrystallography and soft X-ray imaging of bi-
ological cross-sections [92,97]. During IBA, especially with a focused
beam [138], the deposited power density can be large (e.g.,
800 mW-mm~3 for a 3 MeV proton beam of 100 um diameter at
100 pA current) [30]. Cooling the sample is especially recom-
mended for organic materials. When the measurement is carried
out in vacuum, a cold finger connected to a liquid-nitrogen supply
can be applied. However, one should note that such a set-up re-
quires a clean high vacuum, as any possible contamination in the
vacuum chamber can be frozen to the sample surface. In-air IBA pro-
vides better heat dissipation. The cooling is even more efficient, and
X-ray absorption in air is minimized, with a helium gas flow in front
of the sample.

Each cultural heritage sample is complex, inhomogeneous and
impure and will therefore react slightly differently to beam expo-
sure. However, taking into account the guidelines presented in the
above section, radiation effects can be minimized and visible damage
to the sample can be reduced or even avoided.

6. Monitoring and recording strategies

In addition to mitigation strategies, once a sample is submit-
ted for analysis, different stages of monitoring can be used to

characterize its state before, during and after analysis. Each stage
must be well documented. Macro or visible damage, micro damage
that can be identified with microscopy and, if possible, with mo-
lecular or elemental monitoring that requires advanced analytical
techniques must be documented. We highlight here a few sugges-
tions that could serve as a basis to produce more general guidelines.
Several of these points are usual practice at many facilities while
others could be disseminated far more.

6.1. Prior to the experiment
The following steps can be followed.

1 Request and document general information about the sample,
such as its chemical composition, age, treatment, conservation,
and analysis history. In addition, evaluate and document the con-
dition of the specimen, including its appearance through high-
resolution or microscopic photography, depending on its size,
and document any suspicious feature indicative of prior damage.
Macro or visible damage to the naked eye, micro damage that
can be identified with optical microscopy, and molecular/
atomic monitoring that requires advance analytical techniques
should be documented. Obtaining information about the his-
torical value and the cultural value of the samples is central.
Sample handling, therefore, should conform to these values. This
sample assessment is comparable to the ‘Artifact condition report’
done routinely in museums.
Evaluate the radiation sensitivity of the samples (see Section 4).
3 Perform a test run on a control sample, preferably using one as
similar as possible in composition to the sample of interest. Use
this control sample to optimize the signal while eliminating any
damage to it. If a control sample does not exist, evaluate and op-
timize the impact of radiation on the least visible or an already
damaged portion of the sample.

N

In ideal conditions, the analyst must find ideal measurement pa-
rameters at which maximum information is achieved at minimum
damage to the sample. Being able to define this threshold in each
experiment is largely due to the skill and experience of the analyst.

6.2. During the experiment

When this evaluation part of the analysis is completed, the
secondary stage of monitoring takes place during experimentation
on the sample. Initially, experimentation must be performed at low
dose. Dose should be increased only gradually to attain optimal
characterization conditions. At this stage, any unexpected ana-
lytical response, such as unusual response or lack of characteristic
analyte signal, should be evaluated and documented. Successive
measurements must be performed to evaluate changes that appear
in situ. It is usual practice with many instruments to monitor a
selected analytical signal by time to follow possible structural or
chemical modifications of the sample (see, e.g., Figs. 3 and 4). S/N
is usually constraining here (e.g., readout noise will build up when
summing successive images).

Under some analytical conditions, the first measurement may
be the best while, in others, it can be the least reliable (sample with
contaminated surface in which the first measurement “cleans up”
the sample) [139]. In conditions where ablation occurs, the first mea-
surement might remove or add contamination. This result may differ
to that obtained from the control measurement due to varied surface
history of the samples.

In addition to the reproducibility of successive data, which relates
to the condition of the sample, additional and complementary tools,
such as optical microscopy, colorimetry, or MS and optical spec-
troscopy, can be utilized to monitor the condition of the sample for
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minimal or no damage, depending on the type of experiment being
performed. An important evolution would be the advent of “early
warning systems” able to alert on the occurrence of radiation-
induced side effects during characterization with intense radiation
sources. Interestingly, mathematical models were developed for the
evaluation of the dose deposited in samples with realistic experi-
mental parameters. For example, Chukalina et al. proposed a
procedure to compare the dose deposited during computed and con-
focal tomography experiments [140]. Information on sample-
exposure conditions and location of analyses, and the date and the
place of experiment, as well as every important experimental pa-
rameter, should be documented [110].

6.3. After the experiment

The last stage of monitoring is an investigation of the state of
sample after analysis is completed and its comparison with similar
data prior to analysis. Similar to monitoring prior to analysis, post-
analysis monitoring includes the same stages. Due to diffusion
processes (heat, reactive species), damage can extend far beyond
the irradiated area (Fig. 2).

Two types of damage can happen: immediate and delayed. Im-
mediate damage can be identified during the post-monitoring stage,
typically after a few minutes delay at maximum. To detect any
delayed damage, long-term monitoring is required. The nature and
the degree of any damage, including the possibility of long-term
damage, should be documented and discussed with curators and
conservators, so that they report possible changes in the future, and
for assessing impact to future characterization. This will mostly
happen during re-examination of the sample. Although rarely done,
reports of damage should also be publicly disseminated, includ-
ing through research articles. It is therefore critically important to
document and to preserve all data regarding the effects of the ex-
periments on cultural heritage materials.

7. Conclusion: “Fighting the taboo”

We have reviewed existing works and day-to-day laboratory prac-
tice on the effects of intense radiation on cultural heritage materials.
This review is a first step in raising awareness, identifying key pa-
rameters of the analytical process, and encouraging subsequent
developments, such as the preparation of guidelines and dedi-
cated instrumental development to mitigate alteration that could
be further developed in the course of international initiatives [141].

When analyzing cultural heritage artifacts by intense sources,
radiation damage is an essential consideration and a concern of cu-
rators, conservators, archaeologists, paleontologists, analytical
scientists and other professionals. In some cases, due to the large
amount of energy deposited when performing these measurements,
there is a risk of degradation of the materials under study. The ap-
plication of high doses is often necessary, given that the sensitivity
of most currently available detectors is limited and that trace in-
formation is often sought. Damage can sometimes be visible to the
human eye (e.g., formation of color centers in glass, or browning
of organic compounds). The potential loss of information, or, worse,
the retrieval of misleading or biased information, from an area
damaged by radiation, even without direct visual consequences to
the sample, can constitute a major analytical risk. We therefore pro-
posed to redefine the terminology of damage in these materials by
conserving the widely-used term “damage” to effects leading to
changes noticeable through visible assessment, while we suggest
using “radiation-induced side effects” to cover all alteration phe-
nomena involving characterization.

We reviewed works describing alteration effects on different types
of cultural heritage materials. From the discussion presented in this
review, it is clear that intense radiation effects can occur in cultural

heritage materials. These effects can be temporary, delayed or per-
manent, visible or non-visible, and can change the macroscopic,
microscopic and molecular properties of these materials. As a result
of the importance of cultural heritage materials, maintaining the
integrity of the object by minimizing the effect of radiation, while
obtaining maximum information, must be the most important task
of the investigators. According to present practice, the criterion for
assessing whether damage occurs or not, and to what extent, relies
mostly on visual inspection. This criterion will be efficient in de-
termining effects leading to significant changes in the material
response in the optical region, but sometimes gives little or no insight
into the presence of molecular or atomic level changes within the
analyzed material. However, development of modern analytical tech-
niques has provided us with the opportunity to move beyond visual
inspection and look at atomic and molecular levels to determine
the effect of intense radiation on cultural heritage materials. Ad-
vanced separation and MS or proteomics techniques, and high-
resolution hyperspectral imaging, allow assessment of damage down
to molecular and atomic levels, thereby enabling a deeper level of
understanding of fundamental damage processes and their impli-
cations for heterogeneous cultural heritage materials. Such a deeper
level of understanding would enable us to improve how we address
and mitigate radiation damage in cultural heritage materials.

In the specific field of cultural heritage, a concern is that the po-
tential risk of alteration at atomic or molecular levels may be over-
interpreted by curators and conservators, resulting in reduced
collaboration. In addition, public perception of the damage to val-
uable, well-loved objects may be out of scale to the scientific debate,
resulting in undue pressure to discourage further collaboration. These
perceptions may prompt some scientists not to insist on the effects
of radiation damage when working with curators and conserva-
tors. This can ease the development of a taboo where radiation
damages are ignored rather than considered. We therefore suggest
fostering joint initiatives and exchange of ideas between curators
and scientists in order to develop a common approach. The discus-
sion should also shift from policy regarding the irradiation of single
objects to the definition of rules regarding categories or collec-
tions of objects and samples. New collaborative research programs
with corresponding training actions can help to mitigate, to un-
derstand and to predict in a more precise way the effects of
irradiation. As a more general consideration, we think that this
process initiated in the scientific community involved in cultural
heritage may be relevant to scientists working on many other classes
of materials using intense radiation sources.
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