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Abstract Spectroscopic methods using laser sources have
significantly improved our capacity to unravel the chem-
ical composition of works of art and archaeological re-
mains. Lasers enhance the performance of spectroscopic
techniques which require intense light sources and specific
analytical protocols assuring a microanalytical approach for
analysis has been established. This review focuses on laser
spectroscopic methods used in the field of cultural her-
itage diagnostics. Emphasis in this work is given to the an-
alytical capabilities of laser-based techniques for elemen-
tal and/or molecular analysis and in-situ use, spatial reso-
lution and microanalysis. Analytical methods are classified
according to the elemental (LIBS, LA-ICP-MS) and molec-
ular (LIF/LIDAR, time-resolved absorption spectroscopy,
laser desorption ionization mass spectrometry) information
they yield. For non-destructive laser-induced fluorescence
(LIF/LIDAR) and time-resolved fluorescence spectroscopy,
imaging applications are described. The advantages pro-
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vided by combined complementary techniques including but
not limited to LIBS-LIF-Raman and LIBS—XRF are pre-
sented, as are recent improvements in terms of chemical
imaging. Advances and applications of THz spectroscopy,
non-linear spectroscopy and imaging are outlined. Finally,
laser spectroscopies are described for investigations of dif-
ferent materials and works of art which include Bronze Age
ceramics, Minoan archaeological remains, Ancient Roman
buildings, Renaissance wall paintings and sculptures, and
manuscripts containing iron gall inks and colorants.

1 Introduction

Spectroscopic methods used in art and archaeology may
provide a wealth of information about samples with com-
plex chemical compositions. In the past, artifacts or archae-
ological objects were manufactured by manipulating natural
products which were often a mixture of both organic and in-
organic compounds. In parallel, synthetic inorganic and or-
ganic materials have been used for painting and their inclu-
sion in modern works of art make conservation and analysis
a particular challenge. Additionally, the chemical complex-
ity of mixtures is further increased by the altering processes
that intervene in the life cycle of historical objects. It is for
these reasons that powerful analytical tools are required to
study art and archaeological materials.

Laser spectroscopies play an important role in the analy-
sis of art and archaeological objects. In fact, they can be used
to identify both the inorganic and organic components with
high sensitivity and reproducibility. Moreover, laser spectro-
scopies provide new opportunities for microanalytical and,
at times, completely non-destructive analyses, thus open-
ing up new diagnostic approaches for the study of precious
samples and works of art. In particular, through using laser
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spectroscopies it is possible to extract information from dif-
ferent points and areas on an object; important issues can
be addressed when valuable heterogeneous pieces of art or
archaeological remains are chemically analyzed using laser
spectroscopies. Most of the spatially resolved laser spectro-
scopies applied in the study of works of art and archaeo-
logical materials involve probing samples with laser radia-
tion and simultaneously measuring the energy distribution
of a specific class of emitted or scattered particles. More-
over, depth resolution is also used to characterize the vertical
performance of surface-sensitive laser spectroscopies.

Since the advent of various types of laser spectroscopies
in the 1960s and 1970s [19], studies focusing on the analy-
sis of materials in works of art and archaeological remains
have been increasingly published and this work attempts to
present and discuss an overview of the results achieved. In
particular, laser spectroscopic methods can be classified ac-
cording to their ability to unravel the elemental (LIBS, LA-
ICP-MS) and molecular (LIF/LIDAR, Raman spectroscopy,
time-resolved absorption spectroscopy, laser desorption ion-
ization mass spectrometry) compositions of the analyzed ob-
jects. Emphasis is also given to combined techniques which
serve to expand the potential of the analytical approach
adopted.

Table 1 shows the typical lateral resolution and depth of
penetration for most of the spatially resolved laser spectro-
scopies discussed in this review with other information re-
lated to the sample size requirements of the method and the
scanned area. The latter information is important in order
to evaluate the volume of the 3D objects that can be ana-
lyzed with each technique. Laser spectroscopies here dis-
cussed do not include Raman spectroscopy; readers inter-
ested in the application of Raman spectroscopy in art and
archaeology are addressed to an excellent review provided
on this topic [171].

2 Elemental analysis

Offering straightforward qualitative and quantitative infor-
mation on the composition of materials, elemental analy-
sis methods have long been used in archaeological research
and conservation science as a primary tool in the charac-
terization and study of many objects and works of art [27,
120, 139, 160]. The identity and composition of a broad va-
riety of materials including pigments and minerals, metal
alloys and jewelry, stone and glass, pottery and soil can
be determined by the use of well-known elemental anal-
ysis techniques including X-ray fluorescence (XRF) spec-
trometry [91, 114], particle-induced X-ray emission (PIXE)
[46], electron microscopy coupled to X-ray microanalysis
[160], atomic absorption/emission spectrometry or induc-
tively coupled plasma mass spectrometry (ICP-MS) [76].

@ Springer

With the exception of XRF and, in part, PIXE, the rest of the
techniques listed above require sampling and sample prepa-
ration, which can often involve elaborate chemical proce-
dures.

This is actually where lasers come in [77]. Irradiation of
a solid surface with a pulsed laser beam, above a certain
energy density threshold, leads to material desorption or ab-
lative breakdown and plasma excitation. This constitutes a
unique microsampling tool that can be combined either with
atomic emission spectrometry, giving rise to LIBS (laser-
induced breakdown spectroscopy), or with mass spectrome-
try (MS) in two different modes leading to laser desorption
ionization (LDI)-MS or laser ablation inductively coupled
plasma (LA-ICP)-MS. In LDI-MS pulsed laser irradiation
leads to gentle sampling that enables desorption of intact an-
alyte molecules from a surface/matrix (details are discussed
in Sect. 3.2). In LA-ICP-MS the laser acts primarily as
a microsampling and material breakdown tool feeding the
ICP, while in LIBS the pulse, in addition to sampling and
breakdown, leads to plasma formation and excitation. In the
following sections, information obtained through the use of
LA-ICP-MS and LIBS is described.

2.1 LIBS

Laser-induced breakdown spectroscopy, also known as
laser-induced plasma spectroscopy (LIPS), enables the de-
termination of material elemental composition on the basis
of the characteristic emission from atomic species in a mi-
croplasma that is produced by focusing a pulsed laser on the
surface of a solid sample/object [37]. LIBS has been used
in a wide variety of analytical applications for the qualita-
tive, semi-quantitative and quantitative analysis of materials
and offers certain features which are quite important in the
context of cultural heritage materials analysis [5, 69]. It is
a straightforward, versatile and simple analytical technique,
which can be employed even by non-specialized users. LIBS
is fast and provides results in real time, which is important
when decisions for further action need to be made, for in-
stance how to proceed with an excavation or how to deal
with object conservation. More importantly, LIBS is appli-
cable in situ—that is, on the object itself—and, because of
the tight beam focusing, it ensures good spatial resolution
with spot sizes invisible to the naked eye (microdestructive).
Additionally, all these features are now combined in com-
pact portable units that offer versatility and enable the use of
LIBS for the analysis of a broad variety of objects/samples
at diverse locations [2, 59].

2.1.1 Physical principles and instrumentation

The main steps in LIBS analysis include laser irradiation
of the sample surface leading to plasma formation followed
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Table 1 Summary of some relevant characteristics of the dis-
cussed laser spectroscopies (laser-induced fluorescence (LIF), time-
resolved absorption spectroscopy (TRS), fluorescence lifetime imag-
ing (FLIM), THz spectroscopy (terahertz spectroscopy), laser abla-
tion inductively coupled plasma mass spectrometry (LA-ICP), laser-

induced breakdown spectroscopy (LIBS), laser desorption ionization—
ultraviolet mass spectrometry (LDI-UV), matrix-assisted laser desorp-
tion ionization—infrared (MALDI-IR), atmospheric pressure-MALDI
(AP-MALDI))

Typical Typical Typical XYZ Operating Removed Applications
lateral depth of movable conditions material
resolution penetration rangeb
LIF 1-5 mm Surface XY = variable Atmospheric None Analysis of minerals, pigments,
spectroscopy pressure varnishes binding media,
organisms
TRS 1 mm 0.5-1 cm XY = variable Atmospheric None Analysis of components of
pressure wood, assessment of scattering
and absorption coefficients
FLIM 30 cm Surface XYZ= Atmospheric None Imaging of fluorescence
variable pressure lifetime of surfaces
THz <50 mm Transmission Fixed position RH < 10%, None Analysis of pigments, binding
spectroscopy [63, 113] or atmospheric media, water content
reflectance pressure
analysis
LA-ICP 5-300 um ~100 nm per XY =5cm 760 torr, 50-500 pg Trace element and isotope
[145] laser pulse Z=2cm argon gas analysis of metals, pottery,
[145] minerals
Micro LIBS 3-15 um 100-500 nm XYZ =20cm 760 torr 0.01-0.2 ug Elemental analysis of metals,
[119] [135] [69] pottery, glass, stone, soil,
pigments
LDI-UV 200-500 um 50-200 nm* XY =20cm 1077-1078 Few tens of Analysis of organic and
[47] Z=0 torr micrograms inorganic pigments and dyes
of material is
sampled
from the
object to be
analyzed
[98]
MALDI-IR 100-300 pm 1.5-2.0 pm XY =20cm 1077-1078 Femtomoles Analysis of organic
[47, 48] [47] Z=0 torr per laser components and residues
pulse [92]
AP-MALDI ~400 um 50-200 nm XZ =50cm 760 torr 0.3-3 nmoles Analysis of organic
[70] [47] Y =30 cm® mm? [70] components: pigments, dyes,

binders, resins

Most of the LDI-MS experiments have been carried out by using standard MALDI equipment. For this reason lateral and depth resolutions similar
to MALDI are obtained. Improved performances in terms of lateral resolution have been obtained by using specifically designed laser microprobe
equipment (see Ref. [47])

The values shown refer to standard commercial equipment

“The reported values refer to equipment specifically designed for the analysis of art objects (see Ref. [70])

by optical detection/recording of the wavelength-resolved
plasma emission, preferably in a time-resolved manner, and
finally analysis/interpretation of the spectral data.

Prior to irradiation, the spot to be analyzed on the sam-
ple/object is selected. This is fundamental for carrying out
meaningful analysis, given the vast surface and bulk hetero-
geneity of excavated objects or works of art. A simple cam-
era is often of great help for achieving proper positioning
of the sample with respect to the focused laser beam. The

LIBS measurement starts by irradiating the object surface
with one or more laser pulses through a focusing lens that
concentrates light down to a spot of diameter in the range of
20-200 pum. Typically, nanosecond-pulsed lasers are used,
with the one of choice being a Q-switched Nd:YAG laser
emitting at its fundamental (1064 nm) or its harmonics (532,
355, 266 nm). Other nano- as well as pico- and femtosecond
pulsed lasers have been used, but mostly in research stud-
ies. The laser wavelength is a critical parameter, which, in
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combination with material absorptivity and scattering, deter-
mines the coupling of the irradiation to the material surface.
Strong absorption confines sampling to a very thin layer, in
the range of 0.1-1 wm, minimizing material removal and
enhancing depth resolution. The quality of the laser beam is
important both for minimizing the affected surface area and
for obtaining good lateral spatial resolution. Typical values
of the laser pulse energy lie in the range of 1-30 mJ, which
translate to energy density values on the sample surface in
the range of 1-50 Jem™2 (0.1-5 x 10° W cm™2). Nanosec-
ond laser irradiation results in a rapid deposition of energy
on the sample surface (within a minute volume of material,
less than 0.1 mm?) leading, through a series of processes, to
material breakdown and generation of a microplasma plume
just above the irradiated spot. With time, typically a few
hundred nanoseconds following the end of the laser pulse,
the plasma expands and cools down giving rise to strong
emission with sharply peaked spectral features, arising from
the excited atomic species, neutrals and ions, in the plume.
Fiber optics, often with the aid of lenses, are typically em-
ployed to collect the plume emission into a spectrograph,
where light is analyzed and recorded on the detection sys-
tem, a gated CCD. Gating the detector permits time-resolved
recording of the plasma emission; this is important for re-
jecting the very strong continuum background present at the
early times of laser plasma formation.

Qualitative analysis is quite straightforward and is done
by assigning the distinct sharp atomic emission peaks in the
spectrum to the corresponding elements. This is facilitated
by use of spectral libraries, nowadays available on a PC or
accessible over the Internet. It is emphasized that in most
cases a single laser pulse is sufficient to produce a clean
spectrum which can lead to quick determination of the quali-
tative (and often semi-quantitative) composition of the sam-
ple. Here, it is important to consider the laser beam con-
finement in a relatively thin layer of material and how this
might affect the analytical information. If superficial impuri-
ties are present or the sample has a multi-layer stratigraphy
(both situations are quite common in cultural heritage ob-
jects), single-pulse spectra reflect precisely the composition
of the sample layers probed. Surface-corroded metals, stone
and pottery bearing burial deposits and multi-layer paints
represent just some relevant examples. Taking advantage of
the confined ablation depth per pulse it is straightforward to
realize that multiple pulses, namely successive LIBS mea-
surements on the same spot, lead to depth profiling of the
sample, particularly useful when complex stratigraphies are
encountered.

Quantitative analysis, obviously quite important in many
compositional analysis problems, is based on relating the
(integrated) intensity of a spectral line to the number density
of each emitting species in the plume and this, in turn, with
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the concentrations of specific elements in the solid. Com-
monly, quantitative analysis is performed by analyzing sam-
ples against calibration standards of known analyte compo-
sition, following the calibration curve method. Given the dif-
ferent types of surfaces encountered, their varying compo-
sitions and material heterogeneity, it is not always feasible
to obtain proper standards for comparison. In certain cases,
reliable calibration-free LIBS methods have been proposed
and used [28].

Some interesting variations of LIBS have been proposed
that are promising with respect to improving or extending
the applications of LIBS. These include double-pulse LIBS,
shown to lead to enhanced analytical sensitivity [153], or
open-path remote LIBS that could be appropriate for large
surface scanning of monuments and buildings from stand-
off distances [81, 134, 168].

2.1.2 Applications of LIBS

2.1.2.1 Metals and metal alloys The strong coupling of ns
pulses to metallic substrates, regardless of laser wavelength
(UV to NIR), makes LIBS quite an efficient method for the
analysis of metals and metal alloys and thus suitable for the
characterization of archaeological and historical metallic ar-
tifacts such as sculpture, tools, weapons, home utensils, jew-
elry and coins. The main metallic materials used in antiquity
include copper and bronze—copper—tin alloys (starting in
the Bronze Age)—and later iron. Other metals used include
lead and zinc while precious metals such as silver or gold
alloys are more often associated with jewelry and for deco-
rating different objects.

Simple, qualitative LIBS analysis can be a helpful tool for
quickly classifying or discriminating among like objects, for
instance various types of bronze materials or different types
of coins. More importantly, quantitative analysis of metal
alloys can reveal valuable information about metallurgical
technology, period of manufacture and possibly provenance
of the raw materials on the basis of the major, minor and
trace elements detected. For example, by means of quantita-
tive LIBS analysis it was possible to obtain a chronological
classification of a number of bronze objects from the Iberian
peninsula, dating from the Bronze to the Iron Age, on the
basis of the elemental content of the alloys and particularly
the concentration of arsenic (As), the presence of which is a
key indicator of the Early Bronze Age [58]. Cluster analysis
enabled reliable sorting of the objects across the different
periods. In a similar study [36], archaeological bronze ar-
tifacts from a burial site in Southern Tuscany, Italy, dated
in the period of 2500-2000 B.C.E. were examined using
micro-LIBS analysis and by use of the calibration-free LIBS
method concentrations of the elements in the alloy were ob-
tained. These results, with the help of principal component
analysis (PCA), led to a typological grouping of the objects
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and in certain cases indicated a classification different from
that suggested by the traditional typology, offering archae-
ologists a more thorough perspective into the origin and use
of the objects. The quantitative analysis of metals can be
clearly extended to studies of jewelry as well [35].

LIBS also enables analysis of superficial contamination
and corrosion layers on metal artifacts providing informa-
tion about object burial history or informing about certain
types of corrosion that might require specific conservation
treatment. A thin corrosion layer is usually etched away fol-
lowing irradiation with a small number of pulses allowing
the laser beam to probe the bulk metal. However, if thick
corrosion layers are present, analysis results have to be in-
terpreted with caution unless it is certain that the laser beam
has actually reached the bulk metal. In this context, LIBS
has also been used to monitor metal objects during laser
cleaning. For example, laser cleaning of a heavily corroded
bronze gun, found in the Adriatic seabed (16th—17th century
C.E.), has been evaluated using qualitative LIBS analysis re-
vealing a significant reduction of calcium emission upon re-
moval of the encrustation layer [1].

In a more demanding type of application, relating to ma-
rine archaeology, double-pulse LIBS has been conducted
successfully for the analysis of metal objects submerged
in water including iron, copper-based alloys and precious
alloys that resemble in composition archaeological ones
[43, 108].

2.1.2.2 Marble and stone Analysis of marble and stone
can be useful in provenance studies or in determining the
type of surface encrustations and relating those to specific
burial environments in the case of excavated objects or to
pollution processes in sculpture and monuments exposed to
urban environment. The possibility to carry out LIBS analy-
sis without the need of collecting samples is quite important
particularly if portable equipment enables analysis on loca-
tion.

In a detailed study [107], LIBS has been employed in
the analysis of different white marble types (from Naxos
(Greece), Proconnesos (Turkey) and Carrara (Italy)) both in
the bulk stone and on the surface encrustation. Quantitative
analysis data was obtained for the main constituents (Ca, C,
Al and Si) as well as for impurity elements (Fe, Mg, Mn, Ti,
Ba and Cu) present at the ppm level with the help of refer-
ence samples based on CaCO3 matrices doped with certified
soils.

An important question in the conservation of stone sculp-
ture relates to the determination of the thickness of the pol-
lution crusts and the distribution of certain pollutants as a
function of depth from the surface. In this context, a depth
profiling study can be quite illuminating: it has been shown
that in LIBS analysis of marble encrustation, emissions from
several elements, which originate from the environmental

deposits including Fe, Al, Si and Ti, are detected in contrast
to the unweathered marble, which contained these elements
at much lower levels [116].

Various types of geological materials have been used in
early times to make simple tools and sculpture. Their ele-
mental composition, and particularly that of minor and trace
elements, has been related to provenance of the object. In
this respect, such analysis can be of importance in uncover-
ing, for example, the sources of raw materials used to make
certain objects by comparison of compositional patterns be-
tween the object in question and the original raw materials.
Quick screening can be performed on the basis of qualita-
tive analysis, if differences in elemental content are signif-
icant [84]. For more detailed studies a systematic quantita-
tive analysis of major and minor components is obviously
needed [39].

2.1.2.3 Pottery and ceramic objects Ceramic objects are
the most common among archaeological and historical find-
ings. Analysis of the fabric (main body of the ceramic) pro-
vides evidence about the clay composition revealing tech-
nological and potentially provenance information. Surface
analysis may yield artistic and technological information
concerning the slip (original paint layer) or the glaze in the
case of glazed pottery. LIBS has been used in several stud-
ies of pottery such as, for example, the characterization of a
collection of ancient Roman pottery sherds, Hispanic Terra
Sigillata, that originated from different production sites and
dated back to the 1st—5th century C.E. On the basis of the el-
emental content of sherds and with the aid of linear correla-
tion analysis of LIBS spectra, it was possible to classify the
sherds according to their production location. Furthermore,
depth profiling studies were carried out in order to distin-
guish between the slip and the fabric of the ceramic sherds
and elements such as calcium and iron were used as mark-
ers for the transition from the one layer to the other [111].
Likewise [9], linear and rank correlation methods have been
applied successfully for the characterization of various ce-
ramic samples (archaeological and modern). In a similar
study [54], selected pottery sherds coming from three differ-
ent excavations in eastern Turkey and dated from the Early
to Middle Iron Age were examined as regards to their com-
position by using LIBS. Comparison of results from LIBS
from analysis of the colored slip (paint layer) and on the
fabric (bulk ceramic) revealed a strong correlation of the red
color with the iron (Fe) content of the slip layer. Further-
more, test studies, using PCA on LIBS spectra, showed that
the analytical information contained in the raw spectral data
(no quantitative analysis done) can be used for differentiat-
ing among sherds coming from different sites known to have
used different clay sources and pottery making technology.

2.1.2.4 Glass and faience Vitreous materials (faience,
glass and glaze) are made of quartz (or quartz sand), lime,
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alkalies (soda or potash) and metal oxides. Chemical anal-
ysis of ancient glass is a way to reveal the composition,
selection of raw materials, as well as the coloring agents.
Furthermore, the analysis of weathered glass helps to study
the decay processes and understand mechanisms.

In this context, a thorough study undertaken has ex-
amined the potential of LIBS in the analysis of historical
glasses [127]. Measurements on a series of certified standard
glass samples using a commercial LIBS instrument based on
an echelle spectrometer (and using ns laser pulses at 266 nm)
gave, for most elements, satisfactory I values with precision
in the range of 3-20%. More research is clearly required
to improve the precision by optimizing measurement condi-
tions as well as corrections related to plasma temperature
and electron density variations given the fact that glasses
exhibit rather weak absorption even in the UV. In a differ-
ent study [23], artificially weathered glass samples (simi-
lar to the composition of original glasses from Medieval
and Renaissance periods) as well as commercially avail-
able ‘antique’ glasses with a modern chemical composition
and coloring components (the chromophores) were exam-
ined by LIBS. The analysis of their main components was
carried out successfully while the presence of trace elements
(Co, Cu, Mn, Fe and Cr) was attributed to different types of
chromophores based on ions of the above transition metals.
Weathered glass consists of the unaltered bulk glass mate-
rial, a hydration layer created through the exchange between
alkali and hydrogen ions (as a consequence of the water dif-
fusion from environment), and may also present a layer of
externally formed corrosion salts. Depth profiling by LIBS
gave a qualitative indication regarding the profiles of the
different corrosion layers of the artificially weathered glass
samples.

Turning to much older artifacts made of faience, a few
Bronze Age objects (found in Crete, Greece) such as beads,
vessels and decorative objects were analyzed using LIBS in
order to identify glaze colorants and surface decorations.
The color of the glaze was correlated with certain metals
such as for example manganese for brown, copper and man-
ganese for green while noble metal coatings made of gold
or silver were also identified. In one of the faience beads ex-
amined for determining the pigment decoration used on its
surface, the emission recorded indicated actually the pres-
ence of silver on the surface proving that the grey material
covering the bead was not a pigment but the remainder of a
corroded silver coating [118].

2.1.2.5 Pigments Among the most attractive applications
of LIBS (Fig. 1) in the context of applications in art and ar-
chaeology has been the study of pigments in various forms
of painted artwork such as easel and wall paintings, wood
and metal polychromes, illuminated manuscripts and pot-
tery [5, 21, 22]. Most pigments used in paintings (from an-
tiquity to relatively modern times) are inorganic compounds
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Fig. 1 Analysis of a painting with a compact portable LIBS spectro-
meter. (A probe head unit, containing a small nanosecond Nd:YAG
laser, is positioned, with the aid of a micropositioning stage, over the
painting. The LIBS emission signal is collected through the optical
head and by optical fibers transmitted to a compact grating spectro-
graph equipped with a gated CCD detector controlled through a laptop
computer [175])

that have been either naturally available as colored minerals
or synthetic ones. In several cases pigment identification is
quite straightforward on the basis of the metallic elements
detected through LIBS and the paint color. Obviously, un-
ambiguous identification is not always possible. For exam-
ple, detecting copper (Cu) in a green paint might be related
to the use of more than one copper-based green pigment (e.g.
malachite, verdigris, copper resinate) and in that case addi-
tional data from a molecular analysis technique, for example
Raman spectra, could clarify the result.

2.1.2.6 Biomaterials Analysis of biomaterials is an area
of potential interest to archaeological research focused on
human remains, aiming to identify certain diseases, nutri-
tional habits or deficiencies or the presence of potentially
toxic elements or animal remains and fossils. The charac-
terization of calcified tissues employing LIBS is an exam-
ple of such a quantitative analysis of traces of aluminium,
strontium and lead in human bones or teeth [151]. It was
demonstrated in that study that the above trace elements
can be quantitatively detected and, in fact, surface mapped
in calcified tissue samples. These results indicate strongly
the potential advantages of LIBS in the analysis of bio-
archaeological samples.

In a different type of study, samples of parchment (colla-
gen) from different sources were analyzed by LIBS and, on
the basis of the concentrations of a number of elements (Ca,
Na, K, Mg, Fe, Cu and Mn), it became possible to achieve a
clear discrimination between modern and historical samples.
Furthermore, correlations were found between the animal
type and the ratio of Mg:Cu emission lines intensity [45].

Organic analysis in biomaterials is more challenging; al-
though light elements present in organic materials such as
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carbon, hydrogen and oxygen can be detected by LIBS, re-
sults may lead to non-reliable conclusions about their exact
concentrations in the sample (due to their existence in air at-
mosphere and interaction with the atmospheric molecules).
In an interesting approach [163], LIBS was used to ex-
amine fossilized buffalo horns from Indonesia, 400,000
and 1,000,000 years old, under reduced ambient pressure
(3 torr). The low-pressure surrounding gas is crucial for
overcoming the undesirable broadening effect and the re-
sulting decrease in hydrogen and carbon emission efficien-
cies that occur at atmospheric pressure, conditions that are
common in regular LIBS analysis. The carbon and hydro-
gen line intensities were used as indicators of the fossiliza-
tion degree of the samples and thus of their age (no carbon
signal was detected in the older samples). Using the same
technique [109], analysis of fresh and fossilized corals and
shells was performed in an effort to establish a method for
discriminating between original and artificial materials used
for fabricating beads used in a religious context. Emissions
(from C, H, Na, Mg and Ca) were proposed as indicators
for distinguishing between original and imitation materials
or between fresh and fossilized coral beads.

2.1.2.7 Laser cleaning In the past two decades laser ab-
lation, because of its precise material removal features, has
been introduced as a tool in art conservation. Many differ-
ent objects, including marble, stone sculpture, various metal
artifacts, stained glass, paintings, icons and works of art on
paper, have been investigated with laser ablation cleaning
[33, 60, 141, 155]. The cleaning process relies on the con-
trolled removal of contaminants or other unwanted materials
from the object surface by means of laser ablation. A critical
issue regarding the success of the cleaning process relates to
knowing where (and when) to stop the process. That is, to be
able to assess reliably to what extent the undesirable mate-
rial has been removed. Such control of laser cleaning can be
achieved, in certain cases, by monitoring the optical emis-
sion resulting from material ablation. In essence, a LIBS
measurement is carried out simultaneously with the laser
cleaning. As already discussed, successive laser pulses on
the same spot can provide compositional information about
the surface and into the bulk material. If distinct differences
exist between the LIBS spectra of the contamination layer
to be removed and the original surface, then it is, in prin-
ciple, possible to control the process of cleaning by an al-
gorithm implemented on a computer. Such control of laser
cleaning has been demonstrated in several cases including
the removal of overpaint from wall paintings [72] and of
encrustation from marble [115, 150] or glass. For example,
LIBS was used to control the cleaning process of medieval
stained glass [99] monitoring the elemental composition of
the crust during the cleaning process. An increase of mag-
nesium and silicon with a synchronous decrease of calcium

was observed as the ablation proceeded towards the bulk
glass material. Therefore, the relative intensities of Si/Al
emission were selected as critical parameters capable of sig-
naling the end point of the cleaning process.

2.2 Laser ablation inductively coupled plasma mass
spectrometry

Material ablation, which is observed upon irradiation of con-
densed phases with laser pulses at high laser irradiances
(>10% W cm~2) [67], has been proposed as a solid sampling
technique for inductively coupled plasma mass spectrometry
(ICP-MS) since 1985 [77]. An IR ruby laser operating with
laser pulse energy of 0.3—1 J was used to irradiate a stan-
dard rock sample and the ablated material was transferred
into the plasma of an ICP source in order to generate atomic
ions. Today Nd:YAG (1064, 532, 266 or 213 nm), ArF ex-
cimer (193 nm; this is the most widely used wavelength)
and, more recently, fs Ti:sapphire (800 or 193 nm) [49, 55]
lasers provide more stable sources for material ablation from
solid samples. Upon laser irradiation, material is removed
under vapor or solid (particles or agglomerates) forms and
is transported to the ICP source with the assistance of an
Ar or He gas flow via a simple polymeric tubing. The in-
teraction of the ejected material with the plasma of the ICP
source led to its vaporization, atomization and ionization.
The formed ions are extracted from the plasma and intro-
duced into the mass analyzer that separates ions according
to their mass-to-charge ratio. Common interfering species
formed in the plasma are charged oxides (MO™), halides
(MH™) and argides (MAr™). Also, a common problem en-
countered in laser ablation sampling is elemental fractiona-
tion. The latter results in detection of ionic species which are
not fully representative of the solid sample composition and
has been shown to be dependent on laser wavelength [90].
UV lasers help to reduce fractionation, since atomic and
ionic species are formed with improved efficiency in com-
parison to IR lasers [149].

2.2.1 Applications of LA—-ICP-MS

LA-ICP-MS has been used mostly to explore the elemental
and isotopic composition of a variety of artistic or archaeo-
logical samples. A detailed list of applications of LA-ICP—
MS in the field may be found elsewhere [71, 145].

Metallic objects, ceramics and glasses have been investi-
gated for fingerprinting purposes operating under either line-
profiling or drilling-at-one-spot modes. Line-profile analysis
is preferred when flat samples are to be analyzed and ben-
efits from the reduced elemental fractionation and the en-
hanced sensitivity. It has been used to evaluate the elemen-
tal distribution across the surface of written documents [173]
and also to analyze skeletal remains supposedly connected
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to Mozart and to suspected relatives [161]. The drilling-at-
one-spot mode, which is the most widely adopted operative
protocol in LA-ICP-MS, minimizes sample alterations and
maximizes spatial resolution (Table 1). Applications include
the analysis of ancient coins [152], glazed ceramics [136]
and pigments used in prehistoric rock art [144].

LA-ICP-MS qualitative elemental fingerprint analysis
has been shown to be useful for provenance and authenti-
cation of indigenous art [78]. However, quantitative analysis
represents the principal expected application for each ICP—
MS-based technique. LA-ICP-MS quantitative analysis ap-
plications are limited by calibration issues caused by the
difficulty to obtain reliable solid standards. Glass and metal
samples are more frequently quantitatively analyzed due to
the wider availability of reference materials with bulk com-
position similar to that of the sample to be analyzed. When
the sample bulk composition differs significantly from the
standard, it is a good practice to use an internal reference el-
ement to partially compensate for differences between sam-
ple and standard. Some authors have reported the use of
home-made standards for the quantitative analysis of stone
materials [169].

The determination of isotope ratios for selected elements
is also achieved through LA-ICP-MS. Ratios of Pb, Sr or U
isotopes are evaluated for establishing provenance and dat-
ing. Applications of this technique have been suggested in
archaeometric studies and involve coins and metal samples,
glasses and ceramics [145].

2.2.1.1 Metals and metal alloys LA-ICP-MS elemental
qualitative fingerprint and quantitative analyses of metal ob-
jects have been widely used for establishing provenance.
Provenancing precious metals like gold and silver has been
a challenging task since trace elemental analysis has been
affirmed and applications of LA-ICP-MS in provenanc-
ing gold artifacts have been reported [82]. Recently, anal-
ysis by LA-ICP-MS (with a fs Ti:sapphire laser operating
at 266 nm) of major, minor and trace element in Chinese
gold objects in the Smithsonian’s Freer Gallery of Art and
Arthur M. Sackler Gallery has shown that association of sil-
ver with trace palladium, platinum, tin, copper and zinc led
to patterns useful for fingerprinting [20]. Copper-based al-
loys were also investigated with the aim to discriminate be-
tween different copper sources [50] while lead isotopic anal-
yses of copper and silver ingots have been performed by us-
ing multi-collector mass spectrometers [11].

2.2.1.2 Glasses and glazes LA-ICP-MS is a powerful an-
alytical tool for discriminating glassy archaeological ma-
terials. For example, archaeological glass beads originat-
ing from south Asia and sub-Saharan Africa were success-
fully discriminated on the basis of a low-uranium/high-
barium ratio associated to an early period in Sri Lanka and
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South India, versus a high-uranium/low-barium ratio that
was relevant to glass produced on the west coast of India
and in sub-Saharan Africa after the 9th century C.E. [51].
With a pretty similar analytical approach, also Egyptian and
Mesopotamian blue and colorless glasses were discrimi-
nated because the LA-ICP-MS supported the conclusions
that different raw materials and/or manufacturing processes
were used [154].

2.2.1.3 Obsidian Obsidian is a glassy material formed
during solidification of magmatic flows. Obsidians have
been analyzed by using LA-ICP-MS for establishing their
provenance. Analyses of obsidian objects with different ge-
ographic origins have been carried out [71] by selecting
the elements that better discriminate between sources. The
quantitative evaluation of elements like barium and the rare
earths (REs) and ratios like Zr/Y and Zr/Nb are frequently
used to discriminate between different obsidian sources.
However, it has been demonstrated that the LA-ICP-MS
quantitative evaluation of other elements can also be used
successfully for provenancing purposes [176].

3 Molecular analyses

Objects like paintings, sculpture, textiles, books, furniture
and archaeological remains consist of a complex mixture of
inorganic and organic molecular systems whose identifica-
tion requires powerful analytical approaches.

The identification of molecular components of works of
art and archaeological objects has been a challenge since
the 1970s when traditional instrumental analytical methods
were first used with this aim. Since then, molecular analyt-
ical techniques have been used in art conservation and ar-
chaeological science with a variety of purposes. The identi-
fication of the chemical composition or nature of the mate-
rial under study; the evaluation of the state of alteration of
the objects caused by the long-term exposure to the environ-
ment; and the study of the effects of restoration procedures
are some of them.

Laser spectroscopies have been widely used in order to
achieve the aims mentioned above. The interaction between
the laser radiation and the object under study can provide
compositional information on the basis of the electronic or
vibrational structure of molecular systems reflected in their
corresponding optical spectra. In addition, charged frag-
ments or molecular ions can also be desorbed from the sam-
ple surface and mass analyzed. Both the phenomena are ex-
ploited to characterize or identify a variety of materials in-
cluding stone, pigments and dyes, glasses, binding media
and varnishes.

The following sections discuss the use of laser spectro-
scopic molecular techniques in the study of art and archae-
ological objects with particular emphasis on laser-induced



Laser spectroscopies for elemental and molecular analysis in art and archaeology 347

fluorescence and laser desorption ionization mass spectrom-
etry.

3.1 Laser-induced fluorescence

Laser-induced-fluorescence (LIF) spectroscopy is a specific
class of fluorescence or luminescence spectroscopy making
use of a coherent monochromatic laser source, in pulsed or
continuous operation, as an excitation source. Luminescence
(and more often fluorescence) spectroscopy has found many
applications in the analysis of works of art, cultural her-
itage and their constituent materials. Defined as the spon-
taneous emission of radiation from an electronically excited
species, fluorescence has long been used for the examina-
tion of works of art. With advances and wider use of non-
destructive fluorescence spectroscopy for the analysis of cul-
tural heritage [147, 166], there has been an increase in ap-
plications of LIF spectroscopy and laser-based fluorescence
imaging techniques for analysis of cultural heritage [8].

The section below focuses exclusively on LIF. Distinct
advantages are provided with LIF with respect to lamp-
based fluorescence spectroscopy; lasers are more easily ma-
nipulated, they are sufficiently coherent and bright to allow
remote analysis and pulsed sources can be used for time-
resolved analysis. In addition, scattering associated with LIF
is more easily filtered, making analysis of heterogeneous
surfaces much more straightforward.

It is worth noting that various terms are used in the scien-
tific literature to indicate analyses performed with LIF spec-
troscopy, and many not explicitly; these include photolumi-
nescence [105, 142], laser-induced luminescence [15] and
laser-induced microphotoluminescence [137, 138] spectro-
scopies. A distinction is not always made in the literature
to indicate when laser sources are employed for fluores-
cence, and whether analysis yields spectrally and/or time-
resolved information, but results discussed below will in-
dicate when time-resolved fluorescence spectroscopy has
been performed, and what advantages this brings for anal-
ysis. Fluorescence lifetime imaging (FLIM) is a further ex-
tension of time-resolved LIF [30] which has had particu-
larly successful applications in the analysis of works of art
and for the assessment of variation in fluorescence lifetime,
which can be related to heterogeneities rather than the spe-
cific identification of materials which requires careful in-
terpretation of fluorescence and data from complementary
analysis. It is therefore recognized that fluorescence and LIF
spectroscopy can allow the identification of materials used
in cultural heritage only in rare cases; this is due to intrinsic
similarities in emission spectra of many materials. In addi-
tion, the complex attenuation of fluorescence emission by
absorption from other non-fluorescent materials (pigments)
is a well-recognized problem and may significantly distort
fluorescence spectra [53].

LIF spectroscopy may also be associated within the
larger class of LIDAR (light detection and ranging) anal-
yses [143], and a separate section of this work is therefore
devoted to a brief description of LIDAR applications involv-
ing LIF spectroscopy of buildings and wall paintings [30],
which includes fluorescence LIDAR hyperspectral imag-
ing [29].

3.1.1 Basic LIF spectroscopy set-ups

Different set-ups have been proposed for LIF and invariably
share common components; (1) a laser source, (2) suitable
optics for the delivery of the laser radiation to the sample,
(3) a system of lenses (telescope), fibre optics or a com-
bination of the two for the collection of emitted photons,
(4) a detector often coupled with a spectrometer or a series
of spectral filters. The greatest variability in published set-
ups is the laser source and wavelength. Indeed, the excitation
source employed in LIF is most related to the type of mate-
rial being analyzed, and a range of lasers (predominantly,
but not exclusively, UV lasers) has been employed for anal-
ysis of artists’ materials and works of art.

Laser fluences employed for LIF spectroscopy are not
rigorously reported, but are generally ~1 mJcm ™2 (for ex-
ample for a 25-ns KrF excimer laser operating at 248 nm)
[6] but may be much less (for example 200 wJcm™2 for a
0.5-ns Ny laser operating at 337 nm [129]). The choice of
fluence, or laser power in continuous illumination, should
take into account the chemical and thermal sensitivity of the
surface (either pigment or organic material) being analyzed,
and this is particularly important for sensitive pigments (for
example HgS) [66].

For the acquisition of LIF spectra, a filter is placed in
front of the detector to eliminate laser light scattered off
of the sample surface. Scattered laser radiation can distort
emission spectra due to its high intensity that overwhelms
fluorescence bringing the detector to saturation or even be-
cause of second-order diffraction on the grating used in the
spectrometer. In order to avoid collecting radiation from the
laser, fibers can be used for collecting anisotropic fluores-
cence emissions at angles ranging from 60 to 90° with re-
spect to the excitation. Generally, fluorescence emitted by
materials of interest in cultural heritage is broad, and there-
fore a range of detectors based on CCDs with detection
ranges from 200 to 1200 nm and spectral resolutions from
0.1 to 10 nm have been used for LIF. A significant advan-
tage of time-gated detectors used in LIF with pulsed laser
excitation is that analysis can be performed even in outdoor
light conditions (LIDAR) [83].

For the measurement of time-resolved fluorescence emis-
sions, three different instrumental methods and three differ-
ent fitting procedures have been proposed. Instrumentation
has been tested for the analysis of pigments and works of
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Table 2 Laser-induced

fluorescence of stone Stone Laser wavelength/nm  Emission bands/nm  Attribution Reference(s)
(* indicates maximum)
Calcite 266 696, 618*, 591 Eut, SDg-"F, [65]
413, 437, 500-504 Structural defects [18]
690-700 Mn?+ [65]
355 452* Tm3+ [65]
Buried marble 363 610 Mn2+ [137, 138]

390*, 380-530 Humic and fulvic acids

art based on the use of pulsed laser sources (ranging from
200 ps to 5 ns) coupled with (a) a time-resolved streak
camera [15], (b) a time-resolved optical multi-channel an-
alyzer (OMA) and ns-delay generator [122, 166] providing
spectrally and temporally resolved analysis or (c) a time-
correlated single-photon counting (TCSPC) device coupled
with suitable filters for analysis of the temporal dependence
of a fluorescence emission at a specific wavelength [146].
Obtaining the emission lifetime value(s) best describing the
measured emission is done by approximating (fitting) the
fluorescence decay experimentally observed with (a) mono-
or bi-exponential functions [30, 130], (b) tri-exponential
functions [83] or (c) by use of total entropy modelling [147].

3.1.2 Applications of LIF

Both LIF and lamp-based fluorescence spectroscopy have
been applied to the study of a range of different materials
and works of art, and in many cases attributions for the ori-
gin of fluorescence have been suggested. For the purposes
of this work, it is useful to classify the different applica-
tions of LIF spectroscopy on the basis of the type of mate-
rial analyzed rather than the wavelength or specific set-up
used. Stones and minerals, pigments and colorants, glasses
and glazes, varnishes and binding media have all been ana-
lyzed in the laboratory using portable (e.g. 337-nm N3) and
research-level but not-easily-transportable (e.g. 248-nm KrF
excimer) lasers. For mechanistic studies, LIF spectroscopy
has also been applied as a monitoring tool for the assess-
ment of photo-oxidation during laser ablation of model sam-
ples (through the use of dopants or through monitoring gas
plumes with LIF) of polymers commonly used in conserva-
tion and traditional varnishes [16, 17, 133, 172].

Due to the significant research carried out in laboratory
studies, it has been possible to extend LIF spectroscopy
to measurements in situ and key examples of analysis us-
ing LIF and time-resolved spectroscopy of works of art are
given. While fluorescence spectroscopy may be unable to re-
solve complex mixtures, in situ applications highlight how
LIF can be useful in pinpointing the location of hetero-
geneities and, in specific cases, allows the identification of
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particular materials. Finally, applications of LIDAR for mi-
crobiological deterioration on historical buildings and wall
paintings are presented.

3.1.2.1 Stone and minerals The fluorescence of natural
minerals is usually due to intrinsic defects in their struc-
ture or trapped impurities. For this reason, LIF spectroscopy
has been applied in the characterization of short and long
emissions from calcite (as well as other minerals) [18, 65], a
common stone used in sculpture and for the facing of mon-
uments, and fluorescence emission are summarized in Ta-
ble 2. The analysis of calcite reveals the presence of trace
concentrations of ions from transition metals (Mn2*) which
dominate the luminescence spectrum of marble, which may
also be found with emissions from rare-earth elements (in-
cluding Tm** and Eu3*); time-resolved LIF spectroscopy
is necessary to resolve the short-lived phosphorescence
(recorded at 100 ns following laser excitation and a gate
of 0.5-1 ps) contributions from lanthanides, which are nor-
mally hidden by the longer-lived (approx. 50 ms) phospho-
rescence from Mn2* [117]. Archaeological and excavated
marble samples have been investigated using LIF spec-
troscopy to assess changes in fluorescence as a function of
burial and following excavation [137, 138]. Indeed, fluores-
cence of excavated marble has been associated with both
Mn?** and the accumulation of humic and fulvic acids which
are present in soil.

3.1.2.2 Pigments and colorants Only a few pigments used
by artists fluoresce, and impurities (including those found
in calcite) may contribute to the fluorescence observed in
historical materials. The long-lived phosphorescence re-
ported in other inorganic pigments (for example 0.1 ms
for PbCO3Pb(OH); and Pb(SbO3)2/Pb3(Sb304)2 [15]) has
not been ascribed to specific fluorophores and may be due
to impurities in the studied samples. Many modern semi-
conductor-based pigments fluoresce, as do organic materi-
als used as pigments and most binding media; these factors
make the assignment of fluorescence to specific compounds
particularly problematic.

Fluorescent pigments can be classified as natural organic
pigments (for example cochineal lakes and sappanwood)
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Table 3 LIF spectroscopy of

selected pigments Pigment Laser wavelength/nm  Emission maxima/nm  Lifetime/ns  Reference(s)
Hansa yellow 337 550 [24]
Sappanwood 337 600 [122]
Cochineal lake 337 630-640 [122]
Curcumin 248, 337 540-560 [25, 122]
Titanium white (TiO;) 248, 355 473 0.2 [15,25]
Zinc white (ZnO) 248, 337, 355 385, 530 03,44 [6, 15, 38]
Cadmium yellows 337, 355 485-528 0.05-1 [6, 123]
Cadmium reds 355,337 585-640 0.04-2 [6, 15, 24]
Chrome yellow (PbCrO4) 248, 337 540-580 [24, 25]
Barium yellow (BaCrO4) 248, 337 383,520 [24]
Vermillion (HgS) 248 607 [24, 66]

[123], synthetic organic pigments (for example di-azo pig-
ments) or synthetic inorganic pigments (including doped
glasses and semi-conductor pigments) [6, 15, 142]. A sum-
mary of the fluorescence properties of different pigments
which have been analyzed with LIF spectroscopy is given
in Table 3.

Organic pigments (both synthetic and natural) often flu-
orescence due to the presence of delocalized electrons in
molecules containing multiple aromatic rings (for example
anthraquinones), long chains of conjugated double bonds
and aromatic rings (curcumin) or di-azo bonds (for exam-
ple Hansa yellow) [123], and LIF of various organic pig-
ments and dyes has been reported with excitation at 337 nm
[121, 123-126]; generally emission bands from organic
molecules are broad, which may compromise the differen-
tiation between similar pigments with fluorescence spec-
troscopy. Measurements of fluorescence lifetime has been
proposed as a viable method for discriminating between lac-
caic acids and carminic acids [83], two anthraquinone pig-
ments which have similar fluorescence emissions but differ-
ent bi-exponential fluorescence lifetimes.

Semi-conductor pigments including ZnO [15, 24], TiO;
[15, 126], HgS [24, 66] and cadmium-based yellows and
reds [6, 24] emit intense visible photons due to the small
band gap, which is responsible for the relatively narrow and
short-lived emissions. For cadmium pigments, fluorescence
emissions increase in wavelength with increasing concentra-
tion of Se [6]. The disparity in the lifetime of fluorescence
reported for different semi-conductor pigments is ascribed
to the difference in laser pulse duration of the excitation
sources used, which ranges from 5 ns (N laser) [126] (sug-
gesting longer lifetimes) to a 300-ps laser (355 nm, third
harmonic Nd:YAG) [15] (yielding markedly shorter fluores-
cence lifetimes for the same pigments). Lead and barium
chromates have both been reported to fluoresce, but the ori-
gin of this fluorescence is unknown [24, 126].

3.1.2.3 Synthetic fluorescent silicates The strong near-
infrared fluorescence emission (centered at approximately
900-950 nm) from Cu-doped silicates (including Egyp-
tian blue and Han blue, materials also used as pigments)
has been studied using LIF spectroscopy and has been as-
cribed to the symmetry-forbidden Bog—Big transition of
Cu* in a square-planar ligand field, hence the unusually
long lifetime [142]. Remarkable quantum yields account for
the strong signals found with Egyptian blues, which have
been documented in Roman wall paintings using LED-based
imaging in situ [122]. Other glasses have been analyzed with
LIF spectroscopy: lusters from Renaissance Italian ceram-
ics emit visible broadband luminescence originating most
likely from Cu (maximum emission at around 620 nm) and
Ag (maximum emission at around 530 nm) nanoclosters;
peak shifts observed for different samples studied were at-
tributed to the different metal nanocrystals present in the
lustre [106].

3.1.2.4 Varnishes Analysis of varnishes using LIF spec-
troscopy has been proposed by many (see Table 4) using
near-UV laser excitation (337-364.8 nm), and in one case
457.9 nm. Among commonly found varnishes, only shellac
has a distinctly different orange-red fluorescence emission
from the other varnishes, which allows the rapid discrimi-
nation of shellac-based varnishes. The emission maxima of
the other varnishes studied occurs between 410 and 490 nm:
subtle differences between varnish-based binding media can
be appreciated [15, 130] and may depend on the origin (di-
or tri-terpenoid), ageing and preparation of the varnishes.
The separation of the fluorescence of mixtures of binding
media is not possible as detected fluorescence represents a
combination of emissions from different media [130]. An
effort has been made only in some cases to interpret the
fluorescence emissions of varnishes: residual laccaic acids
(also used as pigments) are responsible for the strong red-
orange emission in shellacs [122, 130] but the identity of
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Table 4 Laser-induced

fluorescence of varnishes Varnish Laser wavelength/nm Emission maximum/nm Lifetime/ns
Amber 337 475 [124]
Colophony 337 420-530 2-8 [130]
480 [124]
355 435 17 [15]
Copal 337 405-430 2-9 [130]
450 [124]
355 456 6 [15]
Dammar 337 430 [124]
355 437 7 [15]
Elemi 337 410-480 2-9 [130]
Mastic 337 430-440 2-8 [130]
450 [124]
363.8 450 [105]
Sandarac 337 410-460 2-8 [130]
480 [124]
Shellac 337 430-580 2-9 [130]
600-640 2-9 [130]
580, 630 3-5 [124]
457.9 606, 632, 680 [105]
Turpentine resin 337 410-480 2-9 [130]
355 450 16 [15]

the fluorophores in other media is not known. Indeed, mul-
tiple fluorophores are present in the different media and this
is attested to by the wavelength dependence of the fluores-
cence lifetime of varnishes which has been calculated us-
ing a streak camera [15], and the modelling of time-resolved
fluorescence spectra using a bi-exponential decay [130]. As
for pigments, the difference in the ns-fluorescence lifetimes
reported is likely due to the method used for the calcula-
tion of the lifetime and the detection of fluorescent pho-
tons.

While fluorescence spectroscopy of complex materials
like varnishes may not provide satisfying means for the dif-
ferentiation between varnishes, another important use of the
spectra data obtained in LIF is the monitoring of the con-
dition of varnishes as a function of ageing [105]. Further,
modelling has demonstrated that detected fluorescence may
be influenced by the absorption and reflectance of radiation
from underlying layers [53].

3.1.2.5 Binding media Analysis of binding media used as
paint has been performed with LIF spectroscopy on a va-
riety of model samples, films and mock-ups of oil- and
protein-based binding media and results of various applica-
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tions of LIF for binding media analysis are summarized in
Table 5.

In contrast to the fluorescence of resins used for var-
nishes, the fluorescence of proteins is better understood,
and the identity of different fluorophores has been sug-
gested [128]; protein-based binding media contain many flu-
orophores, and hence the emission spectra of proteins are
strongly dependent on the excitation wavelength. Spectro-
scopic discrimination between pure protein-based binding
media (egg white and casein, egg yolk and animal glues)
requires the use of excitation below 300 nm [129, 132],
which is sufficiently energetic to excite emissions from aro-
matic amino acids. When wavelengths greater than 337 nm
are employed, spectra recorded of protein-based media are
similar in shape, but may differ slightly in fluorescence life-
time [129]. While egg yolk films emit at 425 nm, addition
of a drying oil causes a shift to 450 nm [25, 129]. Films
of linseed oil exhibit broad fluorescence emissions which
shift from 492 to 683 nm [105] with prolonged natural age-
ing.

In some cases, the addition of pigment to protein-based
and oil-based films does not obscure the fluorescence from
the binder [24, 66, 105], but the low concentration of binder
and the weak signal of amino acid fluorescence limit the ap-
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Table 5 LIF spectroscopy of

binding media where tryptophan Binding Laser Emission Lifetime/ns  Attribution Ref.
(Trp) and tyrosine (Tyr) medium wavelength/nm  wavelength/nm
attributions are given only when
reported Animal glues 248 305, 385 Tyr, pentosodine [128]
337 415 4.7 Di-tyrosine [129]
430-440 [123]
355 440, 415, ~480 Pyridinoline, di-tyrosine, [128]
dihydroxyphenylalanine
and related products
Calcium 337 460 6.0 [30]
caseinate
Casein 248 340, 420 Trp, di-tyrosine [128]
266 310, 330 Tyr, Trp [132]
355 435 Oxidation products [128]
363.8 456 [105]
Egg white 248 340, 420 Trp, di-tyrosine [128]
266 310, 330 Tyr, Trp [132]
337 415 53 Di-tyrosine [129]
363.8 588 [105]
355 435 Oxidation products [128]
Egg yolk 248 515-440 Phospholipids [66]
266 310, 330 Tyr, Trp [132]
337 425 4.0 [129]
Egg 248 450 [24]
yolk-linseed
oil-tempera
Linseed 363.8 492 [105]
oil-aged
1 year
Linseed 363.8 685 [105]
oil-aged
50 years
Wax 337 500-550 6.0 [30]

plication of LIF for the detection of protein-based binders in
paint.

3.1.2.6 Applications in situ: paintings, manuscripts and
stone sculptures Despite the numerous studies employing
LIF spectroscopy for the analysis of binding media, var-
nishes and pigments, there are only a few published appli-
cations of LIF for the analysis of works of art in situ and
this is due to the challenges associated with transporting
lasers for analysis; this has been overcome with the intro-
duction of more compact lasers and detectors which can be
easily carried in a suitcase for in situ analysis. Easel and wall
paintings have been analyzed using portable LIF instrumen-
tation based on a N laser; for example, such a study has
revealed anachronistic pigments (ZnO) ascribed to retouch-
ing on a painting by Andrea Mantegna [38]. Applications
of portable instrumentation for the analysis of fluorescence
lifetime have included analysis of fluorescent pigments from

the Book of Kells; following analysis of fluorescence of blue
and purple pigments using a portable lamp-based system,
fluorescence lifetime analysis using a pulsed diode laser
confirmed the presence of indigo (r = 2.5 ns) and orcein
(r = 2.4 ns) [146].

3.1.2.7 Time-resolved fluorescence imaging Fluorescence
lifetime imaging (FLIM) is based on the detection of the flu-
orescence intensity as a function of time with respect to a ns-
laser pulse through the use of a time-gated intensified CCD,
followed by the application of a mono-exponential fit for the
fluorescence decay recorded in each pixel of the image; the
calculated fluorescence lifetime is therefore independent of
the intensity of the initial fluorescence signal [30]. While
FLIM has been used in the study of various binding media
[129] and can be used to distinguish pure media on the basis
of differences in the lifetime of the fluorescence emission,
its most compelling applications are those which have been
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Fig. 2 False color images of
results from fluorescence
lifetime imaging (FLIM)
analysis of Michelangelo’s
David, demonstrating the
presence of residues of organic
materials with a fluorescence
lifetime which was
approximately 6 ns (red)
compared with the marble
substrate with 3 ns (blue)

© Politecnico di Milano

Table 6 Fluorescence detection using fluorescence-LIDAR

Laser wavelength/nm

Emission wavelength/nm

Attribution

Buildings and wall paintings 308, 480, 355, 488 570, 660, 6380
355 440, 520-530
690-740
355 680

Phycoerethin, phycocyanin, chlorophyll [10, 83, 110, 174]
Cells and ferulic acid [83]

Plants [83]

Chlorophyll [10, 29]

carried out in situ for the imaging of works of art [38]. For
example, first applications of FLIM highlighted the presence
of drips of beeswax on Michelangelo’s David (characterized
in parallel using other equipment by a maximum LIF emis-
sion at 520 nm) which were mapped with a fluorescence
lifetime of approx. 6 ns [30], and details of false color im-
ages generated by combining information from calculated
fluorescence lifetime and fluorescence intensity are shown
in Fig. 2.

Other recent applications of FLIM include the mapping
of the distribution of organic materials related to the prepa-
ration of gilding in wall paintings [31]; analysis has also re-
vealed the fluorescence from almost invisible decorations on
wall paintings by Masolino di Panicale [32].

3.1.2.8 Applications of LIDAR LIF analysis: historical
buildings and wall paintings LIDAR analysis using LIF
spectroscopy and imaging has included significant studies
of external stone and brick buildings from distances between
30 and 300 m [30]; analysis has been performed of areas of
the Coliseum [122], the Cathedral in Lund [174] and the
Baptistery and Cathedral of Parma [110]. Research has fo-
cused on the use of a range of laser wavelengths to detect
typical fluorescence from plants (chlorophyll A) and bac-
teria, and a key aspect of the technique is the detection of
points (using a spectrometer) or areas (using a CCD) con-
taining living organisms (summarized in Table 6).

In other applications of LIDAR with LIF, crypt wall
paintings have been scanned, and images have been gener-
ated using multi-spectral imaging for the mapping of micro-
biological growth [10, 29]. LIDAR indeed provides major
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advantages in the assessment of the condition of a mon-
ument and wall paintings and, when combined with hy-
perspectral imaging and statistical analysis, can be particu-
larly useful for the monitoring of microbiological and plant
growth with time [30].

3.2 Laser desorption ionization mass spectrometry

Spatially resolved mass spectrometry (MS) analysis of artis-
tic or archaeological objects can be carried out by desorb-
ing charged species from the sample surface with a laser
beam. The separation of the desorbed species according to
their mass-to-charge ratio is obtained by using a mass an-
alyzer. The lateral resolution of the analysis, typically in
the range of dozens of microns (Table 1), is lower than that
achieved by using primary ion beams [157]. However, dif-
ferent advantages are associated with the use of laser des-
orption ionization (LDI) MS, including the softness of the
analytical approach and the compatibility with protocols for
direct analysis of large objects.

The use of far-UV or IR laser sources with pulse duration
in the ns range is important for the direct laser desorption
of charged organic species with molecular weights of about
1-2 kDa [140]. For this reason, LDI-MS is often applied
as a complementary analytical tool for use in the conserva-
tion laboratory alongside techniques such as Fourier trans-
form infrared (FTIR) spectroscopy and micro-Raman spec-
troscopy [98] for the study of organic components of works
of art.
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3.2.1 LDI-based techniques

Mass spectrometry methods relying on the LDI process
find their origin in 1963 when a pulsed ruby laser (150-
um beam diameter, 50-pus pulse duration) in conjunction
with a double-focusing mass spectrometer was used to ana-
lyze a variety of solid inorganic compounds [88]. The laser
beam interaction with the solid surface caused the vaporiza-
tion of about 2 x 10!7 atoms and created craters 125-um
deep. The subsequent introduction of lasers operating with
shorter pulse lengths and reduced spot diameters and flu-
ences increased the mass resolving power of the acquired
spectra [85]. Today, the analytical possibilities offered by
direct LDI mass spectrometry for the study of non-volatile
compounds maintained under vacuum are well known [61]
and limitations in investigating large molecules are estab-
lished.

Limitations suffered by LDI-MS were circumvented in
1987 when matrix-assisted (MA) LDI-MS [95] was intro-
duced by demonstrating that laser desorption ionization can
be obtained by mixing the analyte compounds with a sur-
plus of an organic compound (matrix) that is co-desorbed
upon laser excitation. The matrix is chosen according to the
analyte properties and the laser energy [92] and provides a
number of different functions including: (a) isolation of the
analyte molecules and preventing their aggregation; (b) ab-
sorption of the laser energy via electronic or vibrational ex-
citation (depending on the laser energy); (c) evaporation of
un-altered analyte molecules and (d) efficient ionization of
analyte molecules [47, 48]. Derivatives of benzoic acid, cin-
namic acid and related aromatic compounds are some of the
most widely used organic matrices in combination with UV
lasers. In particular, the 2,5-dihydroxybenzoic acid and the
«-cyano-4-hydroxycinnamic acid act as good UV matrix-
assisted laser desorption ionization (MALDI) matrices for a
variety of different organic and biomolecular analytes [75].
The interaction of the matrix/analyte mixture with the laser
causes a phase transition from solid to gas. The explosive
expansion of the gaseous plume mostly disperses neutral
species and a reduced amount of ions (few percent) with
initial velocity of about 400-800 ms~!. Very little increase
in the internal energy of the analyte occurs as there is lit-
tle or no fragmentation of the analyte and, thus, MALDI is
frequently referred to as a soft ionization technique.

In a typical MALDI analysis, bursts of laser radiation at
10 Hz are focused on the sample through appropriate optics.
The Ny UV laser (337 nm) is the most commonly used one
in MALDI; however, infrared lasers offer a good alternative
for some applications [26].

MALDI sources are usually coupled with time-of-flight
(ToF) mass analyzers because of the inherent pulsed nature
of the short temporal (ns) laser sources. The small spatial
distribution of desorbed ions further favors the use of ToF

analyzers, giving high mass resolution (M/AM =~ 10,000),
high mass accuracy (few ppm) and low detection limits [52].
However, recently, similar performances have also been ob-
tained by using ion trap mass analyzers [162], providing eas-
ier access to MS/MS analyses.

LDI and MALDI analyses are typically conducted at the
low pressures found in most ion sources (10~7-10"2 torr).
This environment is useful for ion transfer to the mass
analyzer and influences the mechanism by which ions
are formed. However, MALDI spectra are also obtained
at higher pressures, including atmospheric pressure (AP)
[103], by using nitrogen lasers operating at a repetition rate
of 10-20 Hz and an average power density of hundreds of
mW cm~2. AP/MALDI analysis using IR sources has also
been demonstrated [104].

AP/MALDI analyses are carried out in a manner simi-
lar to that for conventional MALDI, with a solid matrix co-
crystallized with the analyte. AP/MALDI spectra from solid
samples can also be obtained simply following the deposi-
tion of a matrix layer on the surface of a sample [73]. Re-
cently, external AP/MALDI sources have been implemented
with a number of mass analyzers including ToF [103], ion
trap [74] and Fourier transform ion cyclotron resonance (FT
ICR) [97]. The external configuration is particularly suitable
for the analysis of artistic and archaeological material as it
facilitates the analysis of 3D objects [70].

Ions generated by AP/MALDI have been shown to be
less energetic than those produced by MALDI and are thus
subject to significantly less metastable decay due to fast ther-
malization of the ion internal energy at atmospheric condi-
tions. However, the reduced ion transmission from the atmo-
sphere into the low vacuum of the mass analyzer produces
lower ion current values with respect to MALDI. The ion
transmission efficiency depends on both the laser spot dis-
placement relative to the mass analyzer inlet capillary cen-
tral axis and the voltage applied between the target plate and
the inlet capillary. A significant increase in the ion transmis-
sion was obtained by adopting an approach called pulsed
dynamic focusing (PDF) that involves switching the electric
field to zero for a time interval during which ions approach
the capillary inlet [165].

The proposed model of AP/MALDI includes ejection of
a plume of positive and negative ions after a laser pulse. The
ion ejection is followed by ion drifting under the influence
of the electric field and gas flow near the inlet to the mass an-
alyzer. Positive ions can also recombine with negative ions
during the initial stages of plume expansion. An initial con-
centration of ions produced by the laser interaction with the
sample surface of about 3 x 10'! cm™3 (corresponding to
about 107 ions formed per laser shot) has been estimated on
the basis of experiments carried out using a 10-Hz Nj laser
with a focused spot diameter of about 400 pm [12]. An ion
transmission efficiency, defined as the ratio of the number
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Table 7 LDI-based analyses of art and archaeological materials

Type of material Technique Sample Main signals (m/z) Ref.
Pigments, dyes LDI Phthalocyanine blue (PB15) 575 [MH]* [14]
Phthalocyanine green (PG7) 1126 [MH]*
Azo pigment PY3 395/397 [MH]*™
Prussian blue 134 [Fe(CN)3]~ [79]
Green pigment G13 247 [PbK]*
Carmine lake 104 [AlLO3H 1T
Carminic acid 491 [M-H]~
Vermilion (HgS) 426 [HgS7]~, 363[HgSs]~ [80]
Orpiment (AsS3) 256.6 [As3S]t
Crystal violet 372 (M1
Pigment PR254 357 [MH]* [98]
PY65/PY74 386 [MH]*
MALDI Carminic acid 491 [M-H]~ [112]
Picric acid 228.4 [M-H]~ [156]*
AP/MALDI Iron-gall ink 939.1 [M-H]~ [40]
(1,2,3,4,6-pentagalloyl- O-D-glucopyranose)
Crystal violet 372.3 [M]T [70]
Acid blue 1 544.5 [M]™
Basic blue 7 478.3 [M]™
Pigment red 2 434.1 [M]*
Acid red 74 372.1 [M]*
Binding media MALDI Linseed oil Peaks in the region 860-980 [170]
PEGs in acrylic emulsions [89]
Egg Peptide mass fingerprint [167]
Egg white and yolk Peptide mass fingerprint [101]
Carmine dye from Peptide mass fingerprint [100]
Coccus cacti
Varnishes MALDI Dammar, mastic 465, 481, 497 [44, 178]
Archaeological samples MALDI Oetzi’s clothing Peptide mass fingerprint [87]

4Ref. [156]: results from MALDI analysis of another 58 dyes and pigments are also reported

of ions passing inside the mass analyzer inlet capillary, of
about 0.9 was obtained with a laser spot displacement rela-
tive to the capillary central axis of 0.2 mm by switching off
the extraction voltage 10 ps after the laser pulse.

3.2.2 Applications of LDI-based techniques

Spatially resolved MS techniques based on LDI have been
employed in the study of art and archaeological materials
since the end of 1990s (Tables 1 and 7) [178].

3.2.2.1 Pigments The use of LDI for pigment analysis

started in 2002 when phthalocyanine blue (PB15), phthalo-
cyanine green (PG7) and pigment yellow (PY3) pigments
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were identified by analyzing a modern acrylic paint applied
on a cellulose surface [14, 159]. The analysis was carried out
by operating under vacuum conditions with a N» laser. Pos-
sibilities offered by LDI-MS operating under vacuum con-
ditions in identifying inorganic pigments were also demon-
strated by analyzing Prussian blue, lead-containing G13 and
carmine lake pigments [79]. Direct LDI-MS analysis of pig-
ments used to paint an illuminated page of the Qur’an (17th
century C.E.) and a decorated page of a Hebrew manuscript
(19th century C.E.) was performed by introducing the sam-
ples into the main source chamber of a ToF spectrometer.
The vacuum environment allowed the identification of a va-
riety of pigments including vermilion (HgS) and crystal vio-
let [80]. Unfortunately, the adopted analytical approach can-
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not be considered when large samples are analyzed. In fact,
the LDI-MS identification of pigments used to paint a group
of paintings attributed to Jackson Pollock (1912-1956) was
instead carried out by analyzing small samples scraped from
the painting surface [98].

MALDI has expanded LDI-based MS methods to studies
of organic components in works of art. The use of MALDI-
MS for the analysis of organic pigments has often produced
results similar to those obtained by LDI-MS. For example,
the negative ion MALDI spectrum of carminic acid obtained
by using the o-cyano-4-hydroxycinnamic acid matrix shows
the same signal at m/z 491 [112] detected with LDI-MS
[79] and attributed to the [M—H]—pseudo-molecular ion. Se-
lections of dyes from the Schweppe dye collection and pig-
ments from the Tate Gallery collection were also analyzed
by using MALDI-MS [156].

3.2.2.2 Drying oils and terpenoid varnishes The matrix
assistance has instead offered new opportunities for the anal-
ysis of complex organic systems, widely used in traditional
and modern art. Drying oils, also known as siccative oils, are
among the oldest binders used in paints. They are mixtures
of triesters of glycerol (also called triacylglycerols) with a
high content of double and triple unsaturated fatty acids.
Prior to their use as binding media for painting, drying oils
were often subjected to processes including washing or set-
tling and heating with driers, which caused changes in their
original composition [158]. MALDI-MS has been applied
to study the changes induced in linseed oil by the above-
mentioned processes [170]. In particular, it was found that
linseed oil processing may lead to the formation of cross-
linked and/or oxidized products and produce triacylglycerol
oligomers consisting of up to hexamers.

Naturally occurring triterpenoid resins have been widely
used as varnishes in traditional painting. The varnish layer
serves as a protective coating for the paint surface and
contributes to the final appearance of the painting. Var-
nish layers are subject to degradation processes that cause
their yellowing and alter their mechanical and chemical
properties. Aged varnishes become brittle and form cracks.
MALDI-MS is a powerful tool to investigate the chemi-
cal alterations suffered by aged natural resins. In particular,
it has been shown that the principal components of photo-
aged dammar and mastic resins can be identified by using
graphite-assisted (GA) LDI-MS [44, 178].

3.2.2.3 Modern paints Modern paintings are character-
ized by the use of various materials including acrylic poly-
mers. The basic formulation of acrylic emulsion paint in-
cludes a water emulsion of acrylic polymers. The emul-
sion contains surfactants added in order to keep the acrylic
droplets dispersed in the water during polymerization and
storage. Poly(ethylene glycol) (PEG) compounds are the

most widely used surfactant in acrylic emulsion paint.
MALDI-MS analysis of water extracts of microsamples
from a palette by David Hockney (dating from 1970) and
sample paintings by Patrick Caulfield (1936-2005) and John
Hoyland (born in 1934) were performed in order to charac-
terize the different PEGs used in paint formulation [89]. Sur-
factants were classified according to their nominal residue
mass, weight average molar mass, number average molar
mass, polydispersity and relative abundance.

3.2.2.4 Proteins—from paint to archaeological samples
The advent of MALDI-MS has provided a significant boost
to proteomics research. Peptide mass fingerprint represents
the most widely adopted protocol for protein identification.
The method takes advantage of the proteolytic activity of
selected enzymes to produce a mixture of different pep-
tides as a consequence of the enzymatic digestion of the un-
known protein. The MALDI-MS identification of the pep-
tide masses and their comparison to a database containing
the known protein sequences allow the precise identifica-
tion of specific proteins. Peptide mass fingerprint has been
used to identify proteinaceous binders used to paint Renais-
sance paintings [167] and Edward Munch’s painting ‘Sitting
nude and grotesque masque’ (dated to 1893) [101]. Small
fragments were excised from the paintings’ surfaces and an-
alyzed with MALDI-MS after tryptic digestion. Egg was
identified as the binder used to paint the selected paintings.
The proteomic approach was also tested for the identifica-
tion of the specific protein present in the Coccus cacti insect-
derived carmine red dye [100].

The peptide mass fingerprint data were also used to iden-
tify biological samples more than 5300 years old, taken from
the accoutrement of the Tyrolean mummy (also called Ice-
man or Oetzi) [87]. In particular, samples from the man’s
coat and leggings were assigned to sheep while the upper
leather of his moccasins was made from cattle. A major
drawback for the above-discussed LDI-based analyses of an-
cient objects is the requirement for medium-high vacuum
environment. The vacuum conditions significantly limit the
potential for in situ analysis of works of art and archaeolog-
ical objects.

3.2.2.5 Movable works of art Recently, possibilities of-
fered by AP/MALDI for analyzing portable objects di-
rectly in air have been demonstrated by studying tradi-
tional materials, iron-gall ink [40] and organic dyes and
pigments used to print books dated between 1911 and
1920 [70]. The latter study definitely demonstrated the ap-
plicability of AP/MALDI to the study of historical objects
as analyses were carried out in situ with a spatial resolu-
tion of about 400 um (Fig. 3). This was achieved by plac-
ing books in a modified AP/MALDI source on an XY Z
translation table. The microdestructivity of the analysis was
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Fig.3 AP/MALDIMS apparatus used for the direct spatially resolved
study of printed books

achieved by spraying about 0.2 pg mm~2 of the 2-[(2E)-3-
(4-tert-butylphenyl)-2-methylprop-2-enylidene] malononi-

trile (DCTB) matrix (corresponding to about 0.8 nmole mm—2)

on a 2-3 mm? area of the sample.

4 Combined techniques

In the analysis of works of art, there is often a need to ob-
tain compositional information during object analysis which
is as complete as possible; this has led to the use of more
than one technique that can supply complementary informa-
tion. Many examples of multi-technique analysis of cultural
heritage materials have been published, but in the majority
of cases different analytical instruments and/or experimental
set-ups have been employed. Interest among research groups
has focused on the exploitation of different techniques in
the context of hybrid instruments, which may share common
parts and, with minimal adjustments, enable the application
of complementary analysis. It is therefore possible to con-
sider the combinations of various spectroscopic techniques,
already discussed in this paper, in hybrid instruments. It is
emphasized however that while several such combinations
have been demonstrated in proof of principle, the commer-
cialization of the multitechniques hybrid instruments would
certainly necessitate further development.

4.1 LIF-Raman

An example of such an instrument, actually known for a
long time, but not perceived as a hybrid one, is the Ra-
man spectrometer. Using fluorescence emission, which are
often observed and actually considered problematic during
Raman measurements, may be viewed as a form of hybrid
analysis yielding fluorescence spectra along with or instead
of Raman spectra on the very same instrument. It has been
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shown, for example, that Raman scattering and photolumi-
nescence emission, present simultaneously in the same spec-
trum, could be used for dating artistic glasses from periods
corresponding to 1750-1940 A.D. [13]. While no specific
Raman resonances or spectral shifts were identified for the
dating of the glass, the fluorescence emitted from the glass
(excitation: 488 nm) showed a clear increase with age. The
origin of this fluorescence was not ascribed but it was noted
that the intensity ratio of the Raman band at 1080 cm™!
(symmetric stretch of O—Si—O bonds) and the fluorescence
signal decreases with time (the logarithm of the ratio was
found to have a linear dependence on the age of the glass).

4.2 LIF-LIBS

The similarity of the LIF and LIBS experimental instrumen-
tation is quite obvious and this has allowed the combination,
in a single experimental set-up, of these two techniques. As
a demonstration, a depth profiling of a model three-layer
paint sample was achieved on the basis of both the elemental
composition obtained by LIBS and the fluorescence (photo-
luminescence) of each pigment measured in the successive
paint layers [5]. The main requirements for the successful
combined implementation of LIF and LIBS is to use a UV
laser on the one hand appropriate for exciting organic ma-
terials having typically strong absorptions in the UV and on
the other hand having adequate pulse energy to produce a
proper laser ablation plasma for LIBS analysis.

4.3 LIBS-Raman

This combination may sound awkward on the basis of the
differences in LIBS and Raman instrumentation. However,
by considering the use of a pulsed instead of cw excitation
source for Raman, the instrument similarities become obvi-
ous. In fact, instrument development combining LIBS and
Raman capabilities has been reported in relation to plane-
tary missions [177]. In the context of cultural heritage stud-
ies, a hybrid LIBS—Raman unit has been proposed and tested
for pigment analysis, that makes use of a ns pulsed laser at
532 nm for obtaining both Raman and LIBS spectra [68].
The system comprises a relatively simple arrangement of
components including the laser source, beam guiding and
signal collection optics and a spectrograph—ICCD detection
system. By operating the laser at low power levels (pulse
energy <0.1 mJ) a Raman spectrum is collected from the
sample surface. Increasing the pulse energy above the ab-
lation threshold enables LIBS analysis, which is achieved
by a single pulse. This sequence can be repeated if depth
profile information is required. A similar system enabling
additionally LIBS and Raman, LIF analysis has also been
described [132].

A main technical constraint that affects optimization of
a LIBS-Raman hybrid concerns the fundamental choice of
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laser wavelength. UV or visible excitation (for example,
at 355 or 532 nm; Nd:YAG harmonics) could lead to en-
hanced if not excessive fluorescence that would hamper Ra-
man measurements. Considering NIR excitation at 1064 nm
for Raman spectroscopy would result first in significantly
reduced scattering cross section compared to visible excita-
tion, but, more importantly, would require a different type
of detector sensitive in the 1-2 micron range. To this end,
and taking into account the increasing availability of versa-
tile compact spectrometers, it is possible to use two different
spectrometers, separately optimized, in a LIBS—Raman hy-
brid.

4.4 LIBS-XRF

X-ray fluorescence spectroscopy has been among the best
choices for obtaining elemental composition information
when art and archaeological objects are investigated and re-
cent advances with micro-XRF [91, 93] and portable instru-
mentation [96] have enhanced such applications consider-
ably.

In a recent study [94], the combined use of micro-XRF
and LIBS was investigated. In addition to the use of the
techniques independently, special attention was paid to the
dynamic combination, involving overlapping the laser beam
from a portable LIBS instrument with the X-ray beam from
the micro-XRF spectrometer, so as to probe the same point
on the object surface. This analysis took place in the context
of archaeological metal objects’ investigation. LIBS was
used first to ablate by successive pulses the corroded metal
surface of the artifact and corresponding emission spectra
were recorded showing the evolution of LIBS elemental in-
tensities versus depth. In between sets of laser pulses, micro-
XRF mapping of the LIBS ablated area was also conducted
providing independently the gradient of elemental intensi-
ties from the surface towards the bottom of the crater. The
elemental mapping of the area ablated by LIBS allowed the
evaluation and assessment of the morphological characteris-
tics of the LIBS crater, aiding interpretation of the elemental
stratigraphy of the corrosion layer.

4.5 Raman—XRF

XRF analysis has, in several cases, been combined with Ra-
man analysis in an effort by researchers to obtain complete
information on material composition [148].

Unlike LIBS or LIF, which are both optical spectro-
scopies (in the UV and visible or near-IR part of the spec-
trum), XRF shares no common instrumentation with Ra-
man spectroscopy and as such a hybrid instrument is not
feasible. However, both techniques share the general micro-
probe approach and their combination in a dual unit has been
quite an attractive option. Indeed the result of recent devel-
opment work has led to the construction of a new portable

instrument that takes advantage of the simultaneous utiliza-
tion of both micro-XRF and micro-Raman spectrometry [4].
Initial tests on an overpainted model Byzantine icon have
been very encouraging and have demonstrated the instru-
ment’s capabilities for in situ and non-invasive identification
of pigments. Combining complementary spectral data from
the two techniques enables a complete analysis of almost all
the pigments present in the painting. Furthermore, in certain
cases, in which the overpaint permits adequate penetration
of radiation, the XRF analysis is shown to provide valuable
information on the underpaint as well. Examination of cross
sections is also feasible and then maximum information on
the stratigraphy of the paint is obtained.

4.6 LIBS-MS

The species ejected from a solid surface upon laser abla-
tion can be probed by means of either optical emission,
namely LIBS, or mass spectrometry, the latter requiring
vacuum. However, a dual analytical approach can be fol-
lowed logically for exploiting both the spectroscopic and
the mass analysis of the laser ablation species. Measure-
ments can be carried out within the vacuum chamber of a
laser ablation mass spectrometer permitting optical contact
with the plume, directly or through an optical fiber. This is
straightforward but not necessarily convenient when whole
objects are analyzed. Alternatively, it is particularly attrac-
tive to consider the combination of LIBS with AP-MALDI,
in which case the sample or object is not enclosed within a
vacuum chamber.

The combined use of LIBS with laser ablation mass
spectrometry has been demonstrated for the analysis of da-
guerreotypes (photographs on silver-plated copper) that was
carried out in two different experimental set-ups [7, 86].

5 Novel laser-based spectroscopic techniques

Various recent advances in laser-based spectroscopy tech-
niques including THz spectroscopy, multi-photon micro-
scopy and time-resolved absorption spectroscopy have trig-
gered new investigations concerning the applications of
these new tools in the analysis of artists’ materials.

5.1 THz spectroscopy

The terahertz (THz) spectral region lies between approxi-
mately 1 and 330 cm~! (0.03-10 THz) and is also known as
the far-infrared region. Terahertz radiation is non-ionizing.
Recent advances in THz technology concerning both source
intensity and detection sensitivity have led to significant sig-
nal enhancements. As a result, a number of investigations
have focused on new applications of THz spectroscopy in
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biophysics and chemistry, and for the analysis of artists’
materials [64]. Powerful sources of THz radiation are also
available through fs lasers in a broad spectral range, 1-
15 THz, and applications have included THz time-domain
spectroscopy (TDS) in transmission to probe delocalized
(low-frequency) vibrational modes of model samples in-
cluding binding media and pigments [113]. In another appli-
cation, reflectance THz spectroscopy has been applied to the
analysis of papyrus texts in a limited range of 0.1-1.5 THz
[102]. A FT-THz system has been used for the analysis of
model artwork in the THz region [62] and a database of
FT-THz spectra for pigments and binding media has been
published recently [63]. The intense spectral features ob-
served in spectra of artists’ materials indicate that THz spec-
troscopy can be a powerful technique for both qualitative
and quantitative analysis of works of art, although interpre-
tation of results can be challenging. The high dynamic range
measurements are fundamental as they can allow the analy-
sis of highly absorbing media, and simultaneously enable
observations beyond thick varnish layers [63, 64] yielding
tomographic images for different materials using the phase
information naturally included in the THz electric field mea-
surements.

5.2 Non-linear techniques: multi-photon microscopy

One of the most compelling applications of ultra-fast lasers
is the generation of non-linear effects for the analysis of
materials made possible by the high power of focused
beams. Promising analytical techniques for the analysis of
multi-layered works of art include: two- or three-photon
excited fluorescence (TPEF), coherent anti-Stokes Raman
spectroscopy (CARS) and the non-linear, coherent schemes,
such as second- and third-harmonic generation (SHG and
THG, respectively). While fs lasers deliver pulses of very
high intensities, these pulses are of sufficiently low energies
(1 nJ) so that damage and side effects may be minimal. Non-
linear techniques are exploited by using microscope objec-
tives for focusing that yields superb localization of excita-
tion (~0.5 wm) because of the non-linear absorption process
involved. Results of analysis using fs pulses at 1028 nm for
the generation of TPEF and THG of multi-layered polymer-
based materials used in works of art have been reported [56],
as has the analysis of canvas linings [57]. An important ad-
vantage of these techniques derives from the fact that no en-
ergy is absorbed; thus, sample disturbance (e.g. thermal and
mechanical side effects) is minimal. SHG can provide infor-
mation about non-centrosymmetric molecules; THG is gen-
erated directly if the axial symmetry along the laser propa-
gation direction is interrupted by a change in material prop-
erties, such as by interfaces between materials or layers with
different refractive indices.

In multi-photon excited fluorescence analysis, fluoro-
phores with absorption maxima in the visible or in the UV
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are excited by means of simultaneous absorption of two or
three photons in the near IR, and this has been assessed
and mapped in multi-layer samples and in oil-varnish sys-
tems [131]. Since absorption by most materials employed
in artworks in this spectral region is low, the use of NIR
light enables deeper optical penetration of the beam and
thus makes examination of underlayers feasible. The res-
olution of multi-photon microscopy is comparable to that
provided by confocal microscopy but without the need of
using a confocal aperture. By rastering the focused beam in
the z-axis (perpendicularly to the artwork surface), highly
resolved cross sections and 3D imaging can be obtained.

In another application, a titanium sapphire laser emitting
200-fs pulses at 830 nm which was coupled to a microscope
has been used to collect two-photon-excited fluorescence
images in the laboratory that allowed the non-invasive detec-
tion of paint on an amphora (at the Roman village of Iesso
(Guissona), in Catalonia) [34]; analysis provided sufficient
signal from barely legible writing, to allow the dating of the
amphora.

5.3 Time-resolved absorption spectroscopy

Time-resolved absorption spectroscopy (TRS) has recently
been suggested for the analysis of the condition and wa-
ter content of wood, and current projects focus on exten-
sions of the technique. The measurement of the absorption
of photons is particularly complex in diffuse media due to
the strong scattering of radiation [164]. TRS has been pro-
posed for the analyses of the absorption and scattering in
wood, which are related to the species, moisture content and
deterioration of wood [3, 41]. Through the use of a mode-
locked ps Ti:sapphire laser emitting pulses between 700 and
1040 nm, diffused photons have been analyzed using a pho-
tomultiplier coupled to a TCSPC unit and the system has
been applied for the analysis of waterlogged wood [41]. Ap-
plications of TRS have also highlighted the change in ab-
sorption of wood following dynamic changes in moisture
content [42].

6 Conclusions

Laser-based spectroscopic techniques have been applied to
the analysis of a range of materials, objects and works of
art. Through the careful choice of technique, suitable ana-
Iytical strategy and set of carefully defined questions, con-
servators and scientists have been able to better understand
specific phenomena on methods for microscopic, molecular
and atomic analysis. However, laser-based techniques, like
all analytical methods, have specific advantages and intrin-
sic limitations which have been described in this work, and
it is important to carefully choose analytical methods for the
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analysis of cultural heritage, which becomes critical in mi-
crodestructive and destructive analysis due to limited sam-
ple availability. Laser-based methods need to be considered
within the wider range of techniques which are available for
conservation and archaeological research. One of the major
advantages of laser-based techniques is their portability, and
examples of applications have been highlighted in this work.
With the wider availability of small and (trans)portable pow-
erful laser-based sources spectrometers and detectors for
analysis, it is likely that new and exciting applications for
the study of cultural heritage materials will be demonstrated
and become increasingly accessible to users in the future.
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