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Time and spatially resolved VIS-NIR hyperspectral
imaging as a novel monitoring tool for laser-based
spectroscopy to mitigate radiation damage on
paintings¥
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The increased adoption of non-invasive laser-based techniques for analysis of cultural assets has recently
called into question the non-invasiveness of the techniques in practical operation. The methods to assess
the occurrence of radiation-induced alteration on paintings are very limited and none of them can predict
damage. Here we present a novel multimodal imaging approach to understand the time and spatial evol-
ution and types of laser-induced surface alterations, through simultaneous monitoring using visible and
near infrared (VIS-NIR) reflectance hyperspectral imaging (HSI) and thermal imaging during Raman spec-
troscopy. The resultant physical and chemical changes were examined in detail by optical coherence
tomography and synchrotron based micro-X-ray powder diffraction. HSI was found to be the most sensi-
tive in detecting laser induced alternations compared with conventional methods. It is orders of magni-
tude more sensitive than Raman spectroscopy and even synchrotron-based micro-X-ray powder diffrac-
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tion. In cases of thermally driven alterations, transient and reversible reflectance changes were found to
be the first indications of laser-induced modifications and can therefore be used as precursors to prevent
damage. VIS-NIR reflectance spectroscopy should be used to monitor laser-based analysis and potentially
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1. Introduction

The advancement in mobile ‘non-invasive’ analytical tech-
niques has been a major technological contribution to the
adoption of scientific analysis in the characterization of
artists’ materials and their possible degradation products,
owing to the ease of application to historical cultural assets
in situ." Mobile instruments sometimes make use of intense
radiation such as lasers. Despite it is known that intense radi-
ations (lasers and ionizing radiations) can increase the prob-
ability of damage on cultural heritage materials,” research
effort is still needed to better understand the radiation-matter
interaction, identify the critical parameters and develop moni-
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other radiation-based techniques in situ to mitigate laser induced alteration.

toring methods to better design strategies to reduce the risk
associated with the use of intense radiations. The importance
of the problem is demonstrated by its inclusion in one of the
scientific objectives of a pan-European project.® Any alteration
of artworks must be minimized as much as possible as the
integrity of culturally significant artworks is a strict require-
ment governed by conservation ethics. The samples collected
from artworks also need to be preserved to guarantee future
analysis, as they represent invaluable resources of information
for scientists, conservators, archaeologists, art historians and
curators.

Within laser-based techniques, Raman spectroscopy is one
of the most well-established techniques thanks to its high
specificity for molecular characterization® especially used for
pigment analysis.® Its increased use in recent years has chal-
lenged conventional assumption of non-invasiveness, especially
for the development of macro-Raman mapping which can affect
a significant area of the artwork.*” When dealing with pig-
ments, some damage may occur upon laser irradiation,>®° and
if laser-induced transformation occurs, the reliability of the data
acquired and the materials identified can be questioned."’

Laser-induced damage denotes any permanent change in
the characteristics of the surface or bulk of a specimen that

This journal is © The Royal Society of Chemistry 2024
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can be observed by an inspection technique'" and is a function
of material properties, laser parameters and to some extent
environmental conditions (e.g., humidity and temperature).
Visual observation or assessment under optical microscopes
are the most frequent inspection techniques adopted, even
though some damages are difficult to see in plain sight.>'?
When performing Raman spectroscopy, a common monitoring
strategy consists of detecting changes in the Raman spectra
itself, such as peak broadening, shifting,”* a decrease of the
peak intensities,"* or new peaks emerging due to phase trans-
formation.® These particular changes in Raman spectra have
been analysed in detail to understand if they can be taken as
indicators for the detection of damage. Based on these Raman
changes, the laser-induced damage threshold (LIDT) expressed
in intensity (power per unit area), has been defined for a few
pigment powders, such as lead-based pigments (red lead, lead
white, litharge, massicot and plattnerite),® Prussian blue® and
vermilion.'* The use of Raman spectral changes for the detec-
tion of damage is convenient as it is integrated in the measure-
ment itself. However, this monitoring often fails in the detec-
tion of damage, e.g., no Raman spectral changes were detected
despite discoloration observed in phthalocyanine,'® indigo"®
or chrome yellow.'® Our recent studies found that the two com-
monly employed inspection techniques, visual observation
and Raman monitoring, are also not sensitive enough to
detect some short-term alterations on paints that can be
detected only with visible and near infrared (VIS-NIR) reflec-
tance spectroscopy.”'”'® Although visual inspection and
Raman spectroscopy can offer useful guidance for the detec-
tion of certain laser-induced damages, they can be blind to
physical changes (e.g., partial melting of the surface) and inter
and intra molecular scale damage below the detection limit. In
some cases, the alteration may not correspond to damage of
the pigment (e.g., alteration in the binding medium). LIDT
expressed in terms of the minimum laser intensity (power per
unit area) at which a damage is observed, is usually deter-
mined on mock-ups to avoid causing damage to the real paint-
ings by gradually increasing laser power. This method is often
unrepresentative of real cases because of numerous material
parameters that can vary the damage probability on real
artists’ materials. One example is the particle size, reported to
affect the phase transformation of iron oxide nanoparticles®
and blackening of azurite.”® The degree of crystallinity can
also modify the laser damage susceptibility of a material.”*
Another key factor is the presence of impurities as highlighted
in Ciofini et al.,”* where different batches of lead white heated
up differently upon the same irradiation condition as a result
of varying concentration of impurities of iron oxides.
Therefore, the identification of LIDT on artificial samples does
not represent a successful strategy to avoid radiation damage.
Instead, research effort should aim at developing on-line
monitoring methods to prevent damage.

A very useful monitoring method has been designed by
Mencaglia et al>*** that enables adjustment of the Raman
laser power based on simultaneous thermal monitoring of the
irradiated surface. However, the fundamental limitations are
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that thermal damage thresholds of materials are not always
known a priori, and laser-induced alterations may not always
result in a significant increase of surface temperature, e.g.,
photochemically dominated reactions. Therefore, the develop-
ment of alternative monitoring methods for comprehensive
damage detection is still in demand.

In this work, we present a new multi-modal analytical
approach for monitoring radiation damage due to the inter-
action between continuous wave (CW) lasers commonly
employed in Raman spectroscopy and artists’ paint materials.
The set-up consists of time- and spatially resolved hyperspec-
tral imaging (HSI) for VIS-NIR (400-900 nm) reflectance spec-
troscopy and IR-thermography. To verify the sensitivity to
damage detection of this new method, a comparison with
Raman monitoring method is performed. Optical coherence
tomography (OCT) is used to confirm morphological surface
changes, and synchrotron based micro-X-ray powder diffrac-
tion (SR p-XRPD) mapping is performed to assess the possible
crystal structure changes of the pigments induced by the
lasers. The proof of concept of the method is demonstrated
through the detection of physical and/or chemical damages
while irradiating oil paint containing 3 red-orange pigments
that show similar absorption and scattering properties in the
visible regime but different behaviour upon laser irradiation.
The data obtained by this multi-modal approach allow the dis-
tinction between thermal or non-thermal effects thanks to
specific changes in spectral reflectance. Of particular interest
is the possibility to objectively define safety thresholds based
on transient and reversible reflectance spectral changes that
are precursors to the occurrence of more permanent damage.
Based on the survey of the main laser and material parameters
that are relevant to the risk of damage, experimental strategies
for damage prevention are discussed.

2. Experimental
2.1 Mock-up samples

Irradiation tests were performed on mock-ups designed to
simulate a naturally aged oil painting on panel: 15 years old
oil paint mock-ups*® with pigments reported as unstable to
laser irradiation (vermilion, realgar and red lead).>®® The
selection of the oil painting mock-ups was made to assess
potential damage in realistic examples representing a real
painting. The studies performed up to now concerning laser-
induced damage were performed on pressed pigment
powders.>'* For comparison with literature, irradiation tests
were also performed on vermilion pigment powder. The pig-
ments were mixed with linseed oil and applied on a prepa-
ration layer of chalk in rabbit skin glue on a plywood substrate.
The paint thickness is ca. 200 pm. The pigments were selected
to have similar reflectance spectra: all three pigments absorb
at 532 nm while they are all strong scatterers at 785 and
1064 nm. Moreover, the pigments show different light and
thermal stability, which are key material parameters that influ-
ence the occurrence of radiation damage. Realgar (As,S,) rep-
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resents one of the most light-sensitive®® and thermally
unstable pigments (up to 200 °C),>”*® while vermilion (a-HgS)
represents a relatively light-stable pigment®® with a low
thermal stability (300 °C);*° red lead (Pb;0,) is considered a
relatively light-stable pigment with a high thermal stability (up
to 600 °C).

2.2. Multi-modal imaging set up for monitoring

The set up for the multi-modal monitoring of laser irradiation
is shown in Fig. 1. The monitoring consists of recording the
VIS-NIR reflectance spectra of the mock-up paint pre-
irradiation (120 s) and post-irradiation (300 s). To correlate the
reflectance changes with the effects of heat, a thermal imaging
device was used to monitor the relative trend of the surface
temperature during the experiments. Raman spectroscopy was
performed to assess the spectral modification induced by the
laser irradiation. The interrogating laser source is normal to
the mock-up, at 3.5 m. Three different CW lasers commonly
used for Raman spectroscopy were tested (532 nm fiber laser
with maximum output of 100 mW, 785 nm with a maximum
output of 126 mW and 1064 nm with 445 mW maximum
output) at different spot sizes (from tens of pm to 900 pm),
power and exposure times in order to verify the most dama-
ging combination of parameters. All three lasers have
Gaussian beams and the spot sizes on the sample were varied
using different lenses. On each occasion, the spot size was
measured by imaging directly onto a detector with a pixel size
of 4.4 pm. The laser power on the target was measured prior to
each test with a standard Thorlabs photodiode power sensor

Hyperspectral imaging (HSI)
In-house built. Grating based. VIS-NIR.
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S$120C with a neutral density filter of 10%. The overall range of
power investigated varies between 0.015 mW and a maximum
of 100 mW. As the investigated pigments are strong Raman
scatterers the standard laser irradiation time was set to 10 s,
which represents more than a typical integration time to
collect a high signal-to-noise-ratio (SNR) Raman spectrum of
these pigments. The effect of irradiation time was assessed
between 10 s and 450 s. Several irradiation tests were per-
formed on each of the mock-ups. All the tests were performed
on previously un-irradiated zones of the mock-up. At first,
some tests were repeated to check the homogeneity of the
mock-ups and the reproducibility of the measurements
(Fig. S17), which showed a small variation in detected tempera-
ture over a range of 7% and a variation in the spectral reflec-
tance change AR over a range of 0.5%.

2.2.1 VIS-NIR hyperspectral imaging. To improve the stabi-
lity and spatial resolution compared to our previous study
using fibre optic reflectance spectroscopy,’” a grating-based
hyperspectral imaging system was chosen which allows simul-
taneous monitoring of the changes within the laser spot and
the surrounding area with a spatial resolution of ~15 pm at a
distance of 3.2 m of an area 30 pm x 15000 pm. The simul-
taneous monitoring of the surrounding area provides an
internal control to evaluate the quality of each single measure-
ment (Fig. S21). Moreover, most thermal related damages will
dissipate heat from the irradiated area, which makes it poss-
ible to evaluate the extent of the damage as a function of temp-
erature away from the laser spot, where no photons are directly
involved allowing differentiation of changes caused by heat

OCT
@810 nm,

Lasers
532 and 1064 nm

DC light @ 45°

transverse
resolution 10 um,
depth resolution o

Eiber:Lite <

[} ca.l.2 um |

-

illumination

Raman 785 nm
In-house built. 100 mW max
laser power, spectral
resolution 8 cm™!' & 900 um

Thermal camera
FLIR T620 (8-14 um, frame rate 30
Hz, spatial resolution 200 wm at 25
cm, thermal sensitivity 0.04 °C) @45°

Fig. 1 The set-up for monitoring laser induced alterations and a brief description of instrument specifications. The enlarged picture of the sample
shows the probing area for each technique: thermal imaging (dark blue box), hyperspectral imaging (HSI) slit (white rectangle) and the laser

irradiation spot for Raman spectroscopy (yellow solid circle).
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alone compared to those that involved photons. The instru-
ment used is an in-house developed line-scan grating-based
imaging system developed at the ISAAC laboratory,
Nottingham Trent University, used at a distance of 3.2 m at
~60° with respect to the surface of the mock-up. The system
consists of an Andor Zyla 5.2 SCMOS camera combined with a
Specim ImSpector V10E spectrograph. The spectrograph pro-
vides a spectral resolution of 2.8 nm (with 30 pm slit) and after
rebinning gives a total of 132 channels with spectral sampling
resolution of 4.53 nm per pixel. The first few channels at the
beginning and at the end were removed due to their low SNR,
narrowing down the spectral range to 400-900 nm. A Meade
ETX90 telescope is attached to the spectrograph and camera
system. Calibration of the spectra was achieved using a 99%
Spectralon®© diffuse reflectance target. The reflectance spectra
were recorded before (0.2 s integration time each for a total of
120 s) and after the laser irradiation (0.2 s each for a total of
300 s) at the exact same position, without scanning. For illumi-
nation, a DC light source at ~1 m and 45° to the target was
used (the illumination increases the surface temperature by
only 1-2 °C). The damage was evaluated based on the differ-
ence spectra between post and pre-irradiation (AR) plots.
Internal checks on the system stability were enabled using
areas along the slit of the HSI far from the position of the
laser irradiation where no temperature increase is detected by
the thermal camera (Fig. S21). Any AR above the level of
system stability and noise fluctuation were identified either as
permanent or transient damage within the 300 s monitoring
post irradiation.

2.2.2. Thermal imaging. The thermal camera is a FLIR
T620 with a FOV of 25° x 19°, frame rate of 30 Hz and tempera-
ture range —40 °C to 650 °C. The recording was performed at
45° and at a distance of 25 cm, providing a spatial resolution
of ~200 pm. Temperature was monitored for the whole dur-
ation of the experiment (before, during and after the laser
irradiation) with emissivity set at 0.95 based on preliminary
measurements on the specific mock-ups.

2.2.3. Raman spectroscopy. A remote standoff 785 nm
Raman system developed by ISAAC lab (for details of the
system refer to ref. 31) was used with a 500 1 mm™" grating,
giving a spectral resolution of 8.5 cm™'. The changes in
Raman spectra were evaluated in terms of changes in net peak
counts above the fluorescence continuum spectrum and peak
positions. Raman spectra were recorded simultaneously while
irradiating with the 785 nm laser. The same 785 nm Raman
system was employed to monitor the effects of the 1064 nm
and 532 nm lasers, for consistent comparison. In these cases,
several Raman spectra were recorded pre and post irradiation
with the 785 nm laser at 2.8 mW over 900 pm spot (the safety
of this setting was previously checked with the same monitor-
ing procedure).

2.2.4. Optical coherence tomography. For characterization
of the surface and sub surface structure of the irradiated
region, an in house built ultra-high resolution Fourier Domain
OCT developed by ISAAC lab** was used, producing a 5 X 5 X
2 mm?® virtual volume cube with depth resolution of ~2 pm in

This journal is © The Royal Society of Chemistry 2024
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air and a transverse resolution of 10 pm. The paint surface
position is extracted from the OCT cube and a root-mean-
squared (RMS) surface roughness map is calculated with a
50 pm window.>?

2.2.5. Synchrotron based micro-X-ray powder diffraction
mapping. To assess the possible changes in the crystal struc-
ture of the pigments, SR-based p-XRPD mapping was per-
formed on thin sections of 10 pm thickness at the p-XRD
branch of ID13 beamline of the European Synchrotron
Radiation Facility (ESRF, Grenoble, proposal HG172**%). To
perform raster scan maps, a beam size of ca. 2.5 x 2.5 pm® was
used with a step size of 2 pm in x and y directions, with an
acquisition time per point of 10 ms at 12.92 keV and a flux of
~1.9 x 10" ph s™* (at I = 34 mA electron beam current). The
two-dimensional diffraction patterns collected in transmission
have been azimuthally integrated using dedicated Jupyter note-
books, based on the PyFAI software package®® and were then
analysed with PyMCA software to perform ROI imaging.’” The
identification of the crystalline compounds was performed
with Match! software using COD inorganics database.*®

3. Results

3.1. Thermally dominant effects

Fig. 2 shows the results of the monitoring while irradiating the
vermilion oil mock-up with 785 nm and 532 nm lasers at a
high laser power of 100 mW. The 785 nm laser produced a
spot with a milky appearance and the surface temperature
reached 80 °C (Fig. 2a). The 532 nm laser, strongly absorbed
by the pigment, caused a surface darkening, and reached an
elevated temperature of 180 °C. The VIS-NIR percentage reflec-
tance changes (AR) extracted from the hyperspectral images at
a single slit position monitored over time are reported in AR
plots by subtracting the pre irradiation spectra from the post
irradiation spectra. The evolution of the AR plots is shown at
various times immediately after the laser was turned off (from
1 to 300 s) and at different spatial offset from the center of the
laser spot. A short-term AR change at 600 nm was detected
within the first few seconds post irradiation and this corres-
ponds to a temporary shift towards longer wavelengths at the
point of inflection in the typical “S-shaped” reflectance spec-
trum of semiconductors. The short-term reversion of AR at the
same wavelength was also detected outside the laser spot and
gradually disappeared further out from the laser spot as the
surface temperature decreased. The same AR and temperature
were detected at the laser spot, when irradiated with the
785 nm laser (Fig. 2a, column 3), as at 1 mm away from the
laser spot, when irradiated with the 532 nm laser (Fig. 2b,
column 4), suggesting that the alteration induced by the
785 nm laser at the laser spot is thermally driven. We obtained
similar results for realgar (Fig. S31) and red lead when irradiat-
ing with 785 nm laser, suggesting a thermally dominated
effect on all three pigments. The results obtained from
irradiation with 785 nm and 1064 nm lasers have no signifi-
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Fig. 2 Laser induced alteration dominated by thermal effects: vermilion oil paint mock-up irradiated at 100 mW with a spot size of 900 pm for 10 s
with (a) 785 nm laser, and (b) 532 nm laser. Column 1: images of the sample around the irradiated areas (the yellow arrow indicates the position of
the laser spot, green arrow is 1 mm offset and blue arrow is 4 mm offset from the laser spot); column 2: temperature profile just before turning off
the laser (yellow, green and blue bands indicate the position of the laser spot, 1 mm and 4 mm offset from the laser spot); column 3: evolution of
AR difference spectra measured with the HSI post irradiation at different times compared with pre-irradiation (1 s post irradiation shown in light

blue, 5 s orange, 10 s yellow, 60 s green, 300 s dark blue) at the laser spot,

and reflectance spectrum of the mock-up prior to irradiation (red curve)

is also shown. Column 4: evolution of AR spectra 1 mm away from the centre of the laser spot; column 5: 4 mm away from the laser spot. The

average temperature change (ATa,g) is indicated in each case.

cant differences in terms of changes in reflectance, Raman
spectra and surface temperature for all three pigments.

Further information can be extracted by comparing the
hyperspectral cube and the thermal data cube in time and
spatial extent as shown in Fig. 3. The time evolution of AR at
600 nm (Fig. 3a) gradually tends to a plateau as the tempera-
ture approaches room temperature. As AR at all wavelengths
plateaus at a non-zero value (—2%) within the laser spot, there
is an additional permanent change to the reversible change
(Fig. 2a). Fig. 3B shows the intensity profile of the beam, the
AT profile, and the reversible AR profile across the laser spot
and its surrounding. Within the laser spot, the temperature
and reversible AR profiles show a similar spatial trend; outside
of the laser spot, the reversible AR profile show a deviation
from the AT spatial trend, with a more gradual decrease in AR
from the laser spot and an abrupt decrease occurring when the
edge of the substrate was reached (Fig. 3b). The Ultra high resolu-
tion OCT was used to image the damaged area to obtain the RMS
surface roughness map, showing a reduction in surface rough-
ness, which is double the diameter of the laser spot (Fig. 3c).

It is important to note that permanent damage detectable
by reflectance changes correlated with significant temperature
rise (Fig. 2), are visible by eye but not by any Raman spectral

2342 | Analyst, 2024,149, 2338-2350

changes (Fig. S4t). Moreover, no amorphization or phase tran-
sition was found when analysing thin sections obtained from
the two irradiated spots with SR p-XRPD mapping. Spectral
reflectance monitoring allows a much more sensitive detection
of permanent surface changes compared to Raman and even
SR p-XRPD. A decrease of the net peak counts of the main
Raman bands of vermilion were detected only when irradiating
with 532 nm at a much higher laser intensity, achieved by
reducing the spot size from 900 to 180 pm while keeping the
laser power and exposure time fixed (Fig. S5t). In this case a
more severe darkening was observed (Fig. 4a). Vermilion dar-
kening has been reported both as a natural degradation occur-
ring in paintings®**~** and induced by laser irradiation.'* The
mechanisms and the compounds that impart this darkening
are still of open debate and due to the difficulty in identifying
the degradation products and the highly superficial nature of
the degradation. The laser-induced darkening has mainly been
attributed to the formation of the black metacinnabar
(B-HgS).*>** In the field of laser processing, a recent method
has been proposed to produce the beta phase from the alpha
phase using a pulsed 1064 nm laser.** Other recent studies
explain the darkening as also due to a progressive amorphiza-
tion of the alpha phase and possible defected alpha phase due

This journal is © The Royal Society of Chemistry 2024
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to sulfur deficiencies.*>*®

In our experiments, the SR p-XRPD
mapping of the thin section of the most severely darkened
area (Fig. 4) revealed a reduction of the peaks ascribed to cin-
nabar on the surface and a slight asymmetric broadening of
some cinnabar peaks. Extracting diffraction patterns from the
cross-sectional layers (the top 5 pm, the sub-surface layer
5-10 pm in depth, and the bulk of the paint layer 10 to 20 pm
in depth) (Fig. 4d), it is possible to observe also a weak peak
appearing as a shoulder at a smaller angle next to the most
intense peak of cinnabar, which can indicate the presence of
metacinnabar (the 200 Bragg peak, 9008849 COD inorgan-
ics®®). All these features could indicate the possible formation
of very small particles of metacinnabar produced on the top
few microns of the irradiated area, as shown by the Red-Green
false colour combination map in Fig. 4c.

Thus, a surface darkening detected by HSI was produced on
the vermilion oil mock-up at 100 mW both with a spot size of
900 pm (Fig. 2b) and with a spot of 180 um (Fig. 4). However,
only in the latter case, where the intensity is 20 times higher, a
subtle crystal transformation in p-XRPD was detected and a
reduction of the main Raman peaks of vermilion was observed.
The darker surface of the high intensity test absorbs many
more incident photons, leaving significantly less photons for
Raman scattering of the unaltered vermilion below the surface,
and hence a reduced Raman signal of vermilion.

To assess the effect of the binding medium, the irradiation
test at 100 mW using the 532 nm laser was replicated on the

This journal is © The Royal Society of Chemistry 2024

vermilion powder. In this case, the temperature rose to 210 °C,
a more severe darkening occurred, and the main Raman peak
of vermilion reduced in intensity (Fig. S61). The different be-
havior of the pigment powder and the oil paint of the same
pigment may suggest a better heat dissipation of the oil
binder, which was suggested also in another study.>* This
comparison highlights how important it is to study the laser
interaction of the pigments in the specific binding medium of
interest, to avoid misleading conclusions on the potential
damage.

Intensity is known to be one of the key parameters that
increase damage risk, but a prolonged exposure (increase of
fluence or total energy per unit area irradiated) may also have
its impact that needs to be investigated. At a laser intensity
where a short irradiation time (10 s) did not cause permanent
damage with the 785 nm laser, the prolonged exposure (up to
450 s) did not cause further damage for any of the three pig-
ments either (see Fig. S71 for an example on red lead). In these
cases, a temperature plateau is reached after a few seconds of
irradiation. This data suggests that for safe operation at
785 nm where thermal effects dominate with these pigments,
it is preferable to operate at low laser intensity with increased
exposure time to obtain the same SNR Raman signal.

3.2. Contribution of photochemical effects

Fig. 5 shows the results of a realgar oil paint mock-up irra-
diated with the 532 nm laser, where different types and extents
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B-HgS; (d) the average XRD patterns from the first 5 pm of the surface (grey curve), from sub-surface 5 to 10 um (dark red curve) and from the bulk
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of damage occurred depending on the intensity and exposure
time. The high-power test (100 mW) induced a permanent
increase of percentage reflectance around 540 nm (up to 7%)
and a significant temperature rise to 128 °C (Fig. 5a). The heat
dissipation away from the irradiated spot resulted in the detec-
tion of only a reversible AR at around 565 nm, which gradually
disappeared away from the laser spot. With a reduced power of
2.8 mW, the temperature rise was minimal (2-3 °C) and only
the permanent damage at around 540 nm was present though
considerably reduced within the laser spot (Fig. 5b). In com-
parison, a similar temperature rise of 2-3 °C was detected
4 mm away from the laser spot in the high-power test (Fig. 5a),
where only the reversible AR at 565 nm was detected, indicat-
ing that a purely thermal contribution of 2-3 °C without
photon irradiation does not cause permanent damage.
Therefore, the permanent damage seen in the low-power test
at the laser spot is likely to be of non-thermal origin.

The effect of a prolonged exposure time was tested at low
power (2.8 mW) irradiating for 450 s (Fig. 5c). The temperature
rise (2-3 °C) is comparable to the 10 s exposure but a perma-
nent reflectance change of —11% (¢f. 7% for 10 s) appeared at
a different wavelength of 580 nm (¢f 540 nm for 10 s). The
damage is visible by eye as an orange spot with dimensions
comparable to the laser spot size (900 pm). In this non-
thermal dominated effect, the prolonged exposure resulted in

2344 | Analyst, 2024, 149, 2338-2350

increased damage, in contrast to the thermally dominated
case observed with 785 nm laser.

The capability of hyperspectral imaging to distinguish the
spatial extent of different reflectance changes within the same
dataset is highlighted in Fig. 6. We can see that under high
power (100 mW) at 532 nm, the permanent reflectance change
AR at 540 nm appeared only within the laser spot where
photons were incident on the sample (Fig. 6a), while the
reversible AR at 565 nm steadily decreased away from the laser
spot and showed a similar trend to the temperature profile
(Fig. 6b). This data suggests the presence of two competing
effects, thermal and non-thermal, when irradiating the realgar
paint mock-up with 532 nm laser at high intensity.

It is well known that realgar is particularly susceptible
when irradiated at around 500-670 nm as a photochemical
transformation to pararealgar occurs.”’

Several studies show that the process undergoes several
intermediate steps related to a progressive, randomly distribu-
ted change of the As,S, into As,S; cages,*®>° also called y
phase in early literature.”” In our experiments, the possible
crystal structure change of realgar to pararealgar induced by
532 nm laser can be seen in the changes observed in the
Raman spectra collected before and after the irradiation
(Table 1 and Fig. S8%). However, no peaks ascribed to parareal-
gar were detected and only a decrease of intensity of the main

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 The thermal and photochemical effects on realgar paint mock-up irradiated with 532 nm laser with a spot size of 900 pm (a) at 100 mW for
10 s; (b) at 2.8 mW for 10 s; (c) at 2.8 mW for 450 s. Column 1: images of the irradiated areas (the yellow arrow indicates the position of the laser
spot, green arrow is 1 mm offset and blue arrow is 4 mm offset from the laser spot); column 2: temperature profile just before turning off the laser
(yellow, green and blue bands indicate the position centered at the laser spot, 1 mm and 4 mm offset from the laser spot); column 3: AR difference
reflectance spectra (1 s light blue, 5 s orange, 10 s yellow, 60 s green, 300 s dark blue) at the position of the laser irradiation, and the reflectance
spectrum of the mock-up prior to irradiation (red curve). Column 4: evolution of AR spectra 1 mm away from the centre of the laser spot; column 5:
4 mm away from the laser spot. The average temperature change (ATag) is indicated in each case.

realgar peaks after irradiation was observed for the high-power
short-exposure test and the low-power long-exposure test
(Table 1). To further assess the possible formation of parareal-
gar, a thin section of these two tests subjected to the same
total energy of radiation, high-power short-exposure and the
low-power long-exposure, were analysed with SR p-XRPD
mapping. Extracting diffraction patterns from every 5 pm
going from surface to bulk shows that in the irradiated area of
the high-power test (Fig. 6¢c and d), a 10-15 pm layer of para-
realgar was produced followed by a thin intermediate layer
with a small quantity of the y phase with pararealgar before
reaching the unreacted bulk. Peaks ascribed to the presence of
a discontinuous thin layer (ca. 5 pm) of pararealgar with a
higher amount of the intermediate y phase are already present
due to the age of the mock-up (15 years old) as shown in an
area outside the laser spot (Fig. 6d, diffractogram on the
right). A similar composition to the pristine paint is detected

This journal is © The Royal Society of Chemistry 2024

in the SR p-XRPD map of the low-power long-exposure test
(Fig. S97), suggesting that this type of irradiation did not
clearly produce a pararealgar layer. It is known that for some
pigments, and in specific intensity range, reciprocity can fail,
meaning that the amount of degradation depends not only on
the total energy that the sample is exposed to, but also the
light intensity. It has been found that in the case of broadband
light-induced alteration of realgar, reciprocity does not hold
even within one order of magnitude in intensity.’" In our case,
reciprocity do not hold over one order of magnitude in power
and the failure of the reciprocity principle may be attributed to
a high contribution of thermal effects at high power and domi-
nance of non-thermal effects (photochemical) at low power.

3.3. Identification of damage prediction marker

The interaction between the 785 nm laser and the investigated
pigments has shown a predominant thermal effect. In this

Analyst, 2024,149, 2338-2350 | 2345
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Table 1 Raman monitoring of realgar paint mock-up irradiated with
532 nm laser

532 nm on realgar® A Raman shift® (cm™) A net peak counts®

2.8 mW, 10 s —-0.3+£0.8 —-12.6 £13.5
2.8 mW, 450 s —-0.7+0.8 —-40.7 £11.1
100 mW, 10 s —-0.3+1.0 —47.3 £12.6

“Irradiation of the paint mock-up with a spot size of 900 pm. ® Raman
spectral difference in peak position between pre and post irradiation
of the main characteristic peak of realgar (354 cm™"). Raman spectra
collected with 785 nm. “ Raman spectral difference in neat peak counts
between pre and post irradiation of the main characteristic peak of
realgar (354 cm ™).

regime, by increasing the laser power (Fig. 7) we observed that
the first alteration detected is a reversible spectral reflectance
change AR (Fig. 7b), and permanent damage eventually
appeared only when the laser power was increased further
(Fig. 7c and d). The occurrence of a reversible AR prior to per-
manent damage has been observed in all three pigments irra-
diated with the 785 nm laser. This data suggests that reversible
AR can be identified as a damage prediction marker. In the
predominantly photochemical effect that occurred in the case
of realgar with 532 nm laser at low powers, a prediction

2346 | Analyst, 2024, 149, 2338-2350

marker was not detected. Nevertheless, the very high sensi-
tivity of the HSI allows detecting even subtle changes (Fig. 5b)
not detected by Raman or SR p-XRPD, nor by the naked eye.

3.4. Safety threshold

The identification of LIDT is generally performed by varying
laser power for a given setup and is expressed in terms of the
minimum laser intensity at which damage is observed. When
dealing with Raman spectroscopy for sensitive materials, such
as heritage objects, a balance must be struck between
efficiency in collecting Raman photons and safe limits to avoid
damage. Thanks to the reversible reflectance changes (AR)
appearing prior to thermally dominated permanent damage,
we can use this prediction marker to objectively define the
safety threshold.

As shown in the earlier sections, apart from intensity, the
duration of irradiation can contribute to the damage. Only
recently, it was found that the laser spot size has an effect as
well, independent from intensity."*'” It is quite common to
refer to micro-Raman as a riskier technique compared to por-
table Raman, due to the smaller spot size exploited in micro-
Raman (from hundreds of um for portable devices to just few
pm for micro-Raman) that increases considerably the intensity
for a given laser power.”* This consideration assumes that the

This journal is © The Royal Society of Chemistry 2024
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intensity damage threshold is independent of other laser para-
meters. However, by plotting safety threshold (i.e., laser inten-
sity when only reversible AR is observed) and the LIDT (i.e., at
the threshold of permanent AR appearing) at fixed exposure
time for various spot sizes between 40 pm and 900 pm
(Fig. 8a), it is clear that spot size has a considerable effect. If
we compare spot sizes of 40 pm and 900 pm, the safety
threshold in laser intensity is at least 90 times lower for the
larger spot size than that for the smaller one, while in contrast,
the safety threshold in laser energy (or power at the same
irradiation time) is around 5 times higher for the larger spot
size (Fig. 8b). This means that in this example, under safe
operation, the larger spot size can be up to 5 times more time
efficient in collecting Raman photons than the smaller spot
size, assuming the total laser energy incident at the sample is
proportional to the Raman photons generated. Delivering the
same 532 nm high laser intensity (20.8 W cm™2) with different
spot sizes on vermilion mock-up, shows that the bigger the
spot the more severe the damage and the higher the surface
temperature (Fig. 8c). This effect can clearly be the result of
better heat dissipation in smaller volumes than those of larger
spot and volume as already hypothesized
works.'*'” However, it is interesting to note that this trend is

in previous

observed not only on vermilion oil paint with a high intensity
laser, but also on realgar at a low intensity (0.5 W ecm™?) where
there is no significant temperature rise detected (Fig. 8d). In
summary, for a comprehensive assessment of damage and
safety threshold we need to consider not only intensity but
instead the 3 experimental parameters: power, duration of
irradiation, and spot size in combination.

4. Discussion

The identification of LIDT on mock-ups is intrinsically an
unreliable method owing to the highly heterogeneous nature
of artists’ materials. Research effort should focus on develop-
ing monitoring strategies to prevent damage while measuring

This journal is © The Royal Society of Chemistry 2024

with laser-based techniques. The inspection technique used to
detect damage must also measure directly material alterations
and be sensitive to low level alterations to mitigate damage. In
this work, we have demonstrated the effectiveness of VIS-NIR
HSI in detecting a broad variety of laser-induced alterations on
representative artist materials, providing information both on
the spatial extent and the evolution over time of the possible
damage. We have shown that the very high sensitivity of reflec-
tance spectroscopy allowed us to detect subtle changes not
detectable visually, even under a microscope. The minimum
laser intensity at which we can see permanent alteration with
HSI is at least a factor 20 lower than that detectable by Raman
spectroscopy (Fig. 2b and 4). The HSI monitoring over time
enabled us to identify a transient change in reflectance that
appears prior to permanent damage (Fig. 7), when the effect is
thermally driven. Owing to the intrinsic sensitivity of reflec-
tance spectroscopy to laser induced alterations, damage can
be effectively mitigated. Moreover, in the case of photo-
thermal damage, this prediction marker can be used to
prevent damage. Hence the method can objectively define the
safety threshold and is suitable for safe Raman measurements
directly on real historical materials without the need to
perform unreliable preliminary tests on mock-ups to define
LIDT. Monitoring of radiation damage during Raman
measurements in situ may be more convenient with a simpler
system using reflectance spectroscopy, similar to the setup in
our previous work."”

A deeper understanding of the laser-material interaction
allows the design of a better damage mitigation strategy when
measuring real artists’ materials. Thanks to the lateral resolu-
tion and field of view of the HSI, it is possible to detect altera-
tions not only in areas directly irradiated with photons but
also in regions away from that, where the dissipated heat from
the laser spot has an effect. The multi-modal set-up with time
and spatially resolved thermal and spectral reflectance moni-
toring allowed the distinction between spectral changes associ-
ated with photochemical and thermal effects (Fig. 6a and b).
The heat accumulation induced by increased laser intensity is

Analyst, 2024,149, 2338-2350 | 2347
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well known, but here we demonstrated that it is necessary to
consider the combined effect of the 3 parameters, power, spot
size, and exposure time, to define safety thresholds. Through
this, some not so commonly known effects were found. The
laser induced damage threshold in intensity considerably
decreases when using a larger spot size, that is, it is less safe
to use a larger spot size for the same laser intensity. Prolonging
the irradiation time does not necessarily increase the extent of
damage. While prolonged exposure caused a significant
increase in the extent of damage in a case where photochemical
effect dominated (Fig. 5b and c), it did not increase the extent
of damage in another case where the thermal effect dominated
(Fig. S5T). We aim to explore further the spot size effect on the
damage threshold. In particular, to identify the optimum com-
bination of power, spot size and exposure time for the highest
SNR Raman signal within safe operation limits.

The three selected pigments present similar absorption and
scattering properties in the VIS-NIR regime (absorbing at
532 nm and highly scattering at 785 and 1064 nm) but demon-
strated different responses to laser irradiation. Red lead paint
mock-up proved to be very resistant to the three lasers (532,
785 and 1064 nm) investigated, with no permanent damage
detected in the survey (maximum laser power 100 mW). The
vermilion oil paint mock-up appeared to be damaged mainly

2348 | Analyst, 2024,149, 2338-2350

by thermal effects, with 532 nm laser causing the highest
temperature rise. The vermilion oil paint was heated up less
than the vermilion powder and resulted in less damage under
the same irradiation conditions. In the most severely darkened
case, a very thin layer of black meta-cinnabar was formed
(Fig. 4). To a higher or lower extent, a superficial layer of para-
realgar and intermediate phases were produced when realgar
was irradiated with 532 nm laser (Fig. 6¢, d and Fig. S6t). With
the predominant thermal effect induced by the 785 nm and
1064 nm lasers, realgar exhibited a relative stability to temp-
erature rises. Overall, when irradiating with 785 nm and
1064 nm laser, the resultant temperature rise is highest on the
vermilion mock-up, followed by realgar and then red lead
(Fig. 2a and Fig. S3, S5 respectively). The surface temperature
rises due to both absorption and scattering, and the kinetics
of cooling are mainly related to the heat capacity of the irra-
diated materials. The lowest reported heat capacity is the one
of vermilion (48.4 J K~' mol™), followed by realgar (82.9 ] K"
mol™") and then red lead with the highest heat capacity (130 J
K" mol™").>>** These results indicate that both light stability
and thermal stability are important in determining how sensi-
tive a pigment is to laser irradiation. Experiments are in pro-
gress to further assess laser induced reflectance changes on
other pigments and in mixtures.

This journal is © The Royal Society of Chemistry 2024
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5. Conclusions

The multimodal imaging set-up is valuable for understanding
and studying different damage mechanisms and contributes
to the development of a safe analytical protocol for Raman
spectroscopy on paintings. Owing to the extremely high sensi-
tivity of VIS-NIR reflectance spectroscopy in detecting even
subtle changes, it is an effective monitoring technique to be
used in tandem during laser-based analyses. It could also be
applied to the monitoring of other types of radiation, such as
X-ray, for safe analysis of paintings. Furthermore, its appli-
cation could also be extended to other fields, such as laser pro-
cessing where a high control of intentional laser induced
modifications are required.
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