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Chapter 10
Raman Analysis of Inorganic and Organic 
Pigments

Anastasia Rousaki and Peter Vandenabeele

Abstract  Raman spectroscopy is one of the most favorable techniques applied in 
the art analysis field. Its unique characteristics, namely the organic and inorganic 
components identification, spatial resolution down to micrometers scale, control of 
the laser power and measuring conditions and fast identification are just some of the 
remarkable features of the technique. Moreover, Raman spectroscopy can be applied 
directly on the artefact and on the field, with mobile systems, without jeopardizing 
the integrity of the work of art. Other Raman approaches can be considered namely, 
microspatially offset Raman spectroscopy (micro-SORS) and surface-enhanced 
Raman spectroscopy (SERS) when it comes to the direct non-destructive strati-
graphic analysis of art works and the characterization of organic compounds such 
as dyes.
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10.1  �Introduction

Over the years, Raman spectroscopy has grown to become a frequently applied 
technique that is available to conservation scientists. The approach has many advan-
tages, such as allowing a relatively quick identification of the artists’ pigments 
while being non-destructive. By focussing a low power laser beam on a sample or 
even directly on the artwork, it is possible to record a molecular spectrum of the 
pigments, accounting for their identification.

Almost a century ago, in 1923, based on theoretical considerations, the German 
scientist Adolf Smekal predicted the inelastic scattering of light interacting with 
molecules. It lasted until 1928, till the Raman effect was for the first time observed 
by the Indian physicist Chandrasekhara Venkata Raman and his student 
Kariamanikkam Srinivasa Krishnan. In 1930, Sir Raman was awarded the Nobel 
prize of physics for this discovery that was named after him. In the initial days of 
Raman spectroscopy, Raman spectra were recorded using filtered sunlight and 
required a large (room-size) spectrometer to record spectra of large volumes (ca. 
600 ml) of pure liquids (Gardiner and Graves 1989; Vandenabeele 2013). Soon, the 
introduction of mercury arch lamps accounted for a more stable light source and 
allowed to record spectra of smaller volumes of liquids. Often, mercury lamps were 
spiral-shaped and the sample was positioned in the center of the lamp, allowing to 
record spectra in a 90°-geometry. Photographic plates were used as detectors. 
However, setting-up and aligning the spectrometer was a complex and time-
consuming task, which hampered the broad application of Raman spectroscopy out-
side specialised laboratories. Often, scientists preferred the use of infrared 
spectroscopy as a way to identify molecules, in a more routine way.

As Raman spectroscopy requires the use of a monochromatic light source, the 
introduction of lasers – which are intense and monochromatic – to excite the mole-
cules, the time required to record a Raman spectrum was drastically reduced. Moreover, 
steadily the introduction of optical components improved the sensitivity of the instru-
mentation. This included, amongst others the introduction of charge-coupled-device 
(CCD) detectors, that are sensitive in the visual region of the electromagnetic spec-
trum. Until recently, as no sensitive detectors were available in this spectral region, 
spectrometers using infrared excitation (1064  nm) relied on the Fourier-transform 
technology to record high-quality spectra. Also, the introduction of high-quality notch 
filters allowed that for many applications the large double-monochromator spectrom-
eters could be replaced by more compact instruments. Another milestone in the devel-
opment of Raman spectroscopy was the coupling of Raman spectrometers with 
microscope optics, allowing to record Raman spectra of small solid particles, while the 
introduction of fibre-optics probes accounted for a flexible set-up. Since the first 
decade of current century, smaller and mobile spectrometers were introduced, allow-
ing the technique to move away from a strictly controlled laboratory environment, 
introducing the possibilities to perform in situ measurements.

Along with these technological evolutions, new possibilities of implementing 
Raman spectroscopy for the investigation of art objects, became increasingly more 
available. It was soon after the introduction of confocal Raman microscopy by 
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M. Delhaye and P. Dhamelincourt (1975) that they realised that this approach could 
be of great advantage for the analysis of micrometer-sized particles, like minute pig-
ment grains. Moreover, the technique was also applied for the direct Raman analysis 
of small-sized mediaeval manuscripts (Best et al. 1992; Clark 1995a, b). Laboratories 
created their reference databases with Raman spectra of artists’ materials (Table 10.1).

As the field of applications broadened, different methods of data processing were 
developed, including chemometrical approaches. As an example, when studying 

Table 10.1  Overview of some published collections of reference spectra of artists’ materials

Collection Description References

UCL- Raman 
Spectroscopic 
Library of Natural 
and Synthetic 
Pigments

Collection with downloadable Raman spectra of 
mostly inorganic pigments. Many spectra were 
recorded with an Ar+ laser, others with a HeNe laser. 
In a second paper, the database was extended with 
other laser wavelengths
(http://www.chem.ucl.ac.uk/resources/raman/)

Bell et al. 1997; 
Burgio and Clark 
2001

e-VISART database Password protected database Castro et al. 2005
ColoRaman Raman and fluorescence spectroscopy of oil, tempera 

and fresco paint pigments
Burrafato et al. 
2004

Medieval pigments Collection of spectra of mediaeval pigments Marucci et al. 
2018

Natural organic 
binding media and 
varnishes

Collection and discussion of Raman spectra of 
artists’ oils, polysaccharides, proteins and resins, 
recorded with 785 nm

Vandenabeele et 
al. 2000b; Daher 
et al. 2010

Archaeological 
resins

Collection of spectra of archaeological resins 
recorded with FT-Raman spectroscopy (1064 nm).

Edwards and Ali 
2011

Mexican Copal 
resins

Local Mexican copal resins Vandenabeele et 
al. 2003

RRUFF database Extensive collection of spectra of minerals Lafuente et al. 
2016

Biological molecules Raman spectral database of biomolecules De Gelder et al. 
2007

Natural silicate 
glasses

Collection of spectra of natural silicates Giordano et al. 
2019

Green minerals Raman spectra of green mineral pigments Coccato et al. 
2016; Gilbert et 
al. 2003

Black pigments Raman spectra and discussion of black pigments Coccato et al. 
2015

Synthetic Organic 
pigments

Collection of downloadable Raman spectra of 
synthetic organic pigments.
https://soprano.kikirpa.be

Fremout et al. 
2012

Azo-pigments Spectra and discussion on azo-pigments Vandenabeele et 
al. 2000a

Synthetic Organic 
pigments

Collection of synthetic organic pigments Scherrer et al. 
2009; Schulte et 
al. 2008

Cupper-
phthalocyanine

Spectra and discussion on the discrimination between 
different forms of copper phthalocyanine pigment.

Defeyt et al. 2012
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Raman spectra of glassy materials, it is possible to do a Raman band deconvolution 
and based on the polymerisation index, information on the glass composition and 
the production temperature can be obtained (Colomban 2003a; Colomban et  al. 
2006). On the other hand, the evolution towards the introduction of smaller instru-
ments and the use of flexible probeheads counted for the development of the first 
mobile Raman instrument (Vandenabeele et al. 2004), dedicated to the analysis of 
artefacts. This allowed for the first on-site investigations, where direct analysis of 
the artworks could be performed, including the analysis of wall-paintings 
(Maguregui et al. 2012; Vandenabeele et al. 2005a, b; Vandenabeele et al. 2009) and 
the direct analysis of objects in a museum environment (Vandenabeele et al. 2007a, 
b; Vandenabeele et al. 2008).

In this chapter, we will first shortly discuss some theoretical aspects of the Raman 
effect, including some information on cases where the technique can be success-
fully applied, as well as some possible interferences. To obtain interesting results 
with Raman spectroscopy, it is of the utmost importance to select an appropriate 
approach. On the one hand, one can use benchtop instrumentation to perform 
molecular analysis with a spatial resolution down to ca. 1 μm, while on the other 
hand, when using mobile Raman instrumentation, the spot size is typically larger. 
Furthermore, microspatially offset Raman spectroscopy (micro-SORS) is described 
as an innovative technique towards the direct stratigraphic analysis, without sample 
requirements. Finally, when the focus is on the analysis of organic dyes, surface-
enhanced Raman Spectroscopy (SERS) approaches can be implemented.

10.2  �Theory of the Raman Effect

To understand the working principles of Raman spectroscopy, one should think 
about scattering; one of the most basic interactions of electromagnetic radiation 
with molecules. In other words, the Raman effect elegantly describes the inelastic 
scattering of the incident radiation from molecules (Lombardi 2007; Vandenabeele 
2013). On the other hand, the elastic scattering of light is referred to as Rayleigh 
scattering (Vandenabeele 2013). The difference between the elastic and inelastic 
scattering is whether or not the vibrational energy of the system is changed or not. 
In the following paragraphs, only the basic scientific terminology will be given 
accompanied with the description of the phenomena relevant to Raman spectros-
copy. Detailed information regarding the physical and chemical background of 
Raman spectroscopy can be found in dedicated literature (Cialla-May et al. n.d.; 
Ferraro and Nakamoto 2003; Lombardi 2007; Long 2002; McCreery 2000; Smith 
and Dent 2004; Tobias 1967; Vandenabeele 2013).

In order to understand the difference between elastic and inelastic scattering we 
need to imagine the interactions of photons with molecules. If the incident and the 
scattered photon have the same energy, Rayleigh scattering (i.e. elastic scattering) 
occurs (energy difference between incident and emitted photon equals 0) (Ferraro 
and Nakamoto 2003; McCreery 2000; Smith and Dent 2004; Tobias 1967; 
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Vandenabeele 2013). However, in some cases the incident photon collides with a 
molecule and the scattered one increases or decreases its energy, as the molecule 
transfers some of its vibrational energy from or to the photons. If the scattered pho-
ton increases its energy, anti-Stokes Raman scattering occurs and if the energy 
decreases the Stokes Raman scattering takes place. The intensity of the Raman scat-
tering, plotted against the difference in energy, defined in wavenumbers (cm−1), 
gives the Raman spectrum of the molecule (Vandenabeele 2013). Raman scattering 
is a weak phenomenon compared to Rayleigh scattering and thus the latter is 
supressed by appropriate filtering, not to overwhelm the entire spectrum 
(Vandenabeele 2013). A Raman spectrum is symmetrical: on the one hand some 
photons gain energy, while on the other hand some loose energy. As the loosing of 
energy is more abundant, the latter form, which is called Stokes Raman spectros-
copy, is most frequently used in cultural heritage research. In Fig. 10.1, the most 
fundamental radiation-molecule interactions relevant to this chapter are described.

Raman scattering is occurring between vibrational/rotational states and so-called 
virtual states. The virtual state is not a solution of the time independent Schrödinger’s 
equation and thus it is an ‘imaginary’ state The Raman Effect: A Unified Treatment 
of the Theory (Long 2002). As a consequence, the Raman shift is independent of the 
wavelength of the incident radiation. However, what is changing, is fluorescence 
emission (Fig. 10.1). With sufficient energy, a molecule can transit from the ground 
to the excited energy state, relax and return to the ground state.

With the appropriate laser and thus the appropriate energy, the molecule can be 
forced to be excited to an electronic state, instead of to a virtual one (Vandenabeele 
2013). This transition enhances considerably the Raman signal, a process that is 
called resonance enhancement. If the energy of the laser is sufficiently low (i.e. at 
longer wavelengths), the molecules cannot be excited to the electronic state, hence 

Fig. 10.1  Ideal energy diagram visualizing some of the fundamental radiation-molecule 
interactions
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no fluorescence is observed. On the other hand, with lasers with a higher energy, it 
is more likely to achieve resonance Raman spectra of pigments used in cultural heri-
tage objects (Clark and Franks 1975; Colomban 2003b). This technique is widely 
known as Resonance Raman spectrsocopy (RRS).

10.3  �Laboratory Raman Spectroscopy

Benchtop Raman systems are stable spectrometers used for laboratory applications. 
These instruments are used extensively in archaeometrical research as they can pro-
vide fast analysis and reliable data. Nowadays, multi-laser systems are commer-
cially available: these spectrometers are coupled with multiple laser sources 
covering the ultraviolet (UV) to the near-infrared (near-IR) region of the electro-
magnetic spectrum. In the Raman analysis of art objects, the most useful excitation 
wavelengths are situated from the visible to the near-IR region.

Laboratory Raman systems are securing wavenumber stability, a feature that is 
essential for the correct identification of the unknown (attributing the accurate 
wavenumber vibration to the correct substance). In many benchtop instruments, 
focusing of the laser beam is performed via a coupled Raman microscope, that 
allows to analyse directly the surface of the sample and/or artefact. Different objec-
tive lenses are attached on the microscope turret, changing the working distance (the 
larger the magnification the smaller the working distance) and the spatial resolution 
(depended on the objective lens and the laser wavelength). Indeed, micro-Raman 
spectroscopy instruments can achieve really small spatial resolutions comparable to 
the size of the pigments’ granules (micrometre scale). Moreover, high-quality labo-
ratory instruments are typically able to achieve high spectral resolutions, which can 
make it possible to discriminate between molecular vibrations that result in Raman 
signals that are just few wavenumbers (or less) apart.

A true confocal Raman microscope can achieve high lateral (XY) and depth (Z) 
resolutions by incorporating a confocal pinhole at the laser illumination path to 
detect only the signal from the focal plane. Any other Raman signal that originates 
from material that is above or below the focal plane, is removed.

The aforementioned advantageous features of benchtop Raman spectrometers 
are ideally coupled to the fact that the selection of excitation wavelength, laser 
power on the sample, measuring conditions (usually referring to the number of 
accumulations and measuring time) and the size of the confocal pinhole is con-
trolled and selected upon the needs of the analysis. Thus, the user can select all 
possible settings and take full advantage to measure the scattering properties of the 
material under study, investigate resonance effects, avoid thermally induced degra-
dation due to elevated laser power and/or measuring time etc.

A variation of solids, liquids and gasses can be characterized with micro-Raman 
spectroscopy. For art analysis research, both inorganic and organic materials found in 
works of art are successfully identified. The minimal amount of sample can be placed 
under the Raman microscope and can be measured without any sample preparation, 
while small artefacts can be positioned directly on the microscope stage. Due to the 
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high spatial resolution of the Raman technique, q-tip sampling (Vandenabeele et al. 
1999) can be an alternative approach to the scrapping or razor sampling. For this, 
q-tips (cotton tipped swabs) are gently swabbed on the coloured surface. Removing 
just few pigment grains (theoretically a single grain is sufficient) allow to perform a 
micro-Raman analysis. When stratigraphic analysis is requested, cross sections are 
required. In order to direct the sections, these are embedded in resins and after curing 
and appropriate polishing the components of each layer can be differentiated. Raman 
micro-spectroscopy is an non-destructive technique when the size of the object allows 
its placement under the Raman microscope for direct analysis.

Since the first successful examples of Raman spectroscopy studies on pigment 
identification of colourful mediaeval manuscripts (Best et al. 1992; Clark 1995b; 
Guineau 1984; Guineau et al. 1986; Vandenabeele et al. 1999; Wehling et al. 1999), 
the technique has been applied to various pigments found on works of art including 
materials on: oil paintings (Benquerença et al. 2009), wall paintings (Vandenabeele 
et al. 2005a, b), rock art paintings (Hernanz et al. 2008, 2016; Morillas et al. 2018; 
Rousaki et al. 2015), ceramics (Lucas et al. 2018; Tomasini et al. 2020), porcelains 
(Jiang et al. 2018) etc.. Micro-Raman spectroscopy produces tremendous results on 
the synthetic organic pigments analysis (Scherrer et al. 2009; Schulte et al. 2008; 
Vandenabeele et  al. 2000a) including plastics (Angelin et  al. 2021) and graffiti/
street art colours (Bosi et al. 2020; Cucci et al. 2016; La Nasa et al. 2021) with not 
only characterizing the main colorants but also allowing to discriminate between 
polymorphs (Defeyt et al. 2012, 2013).

Regarding the analysis of polymorphs found in modern artists’ palette, indeed 
Raman spectroscopy is a very powerful tool for their non-destructive analysis and 
solid characterization. As an example the copper phthalocyanine (CuPc) blue com-
pounds, a modern synthetic group of pigments, are among the most interesting pig-
ments in art and art analysis. Not only can be found in different polymorphs 
characterized by different crystal arrangements, stability properties, shade among 
others (α form: PB15:0, PB15:1, PB15:2; β form: PB15:3, PB15:4 γ form: PB15:5 
and ε form: PB15:6) but also can be used as dating and/or authenticity markers of 
the artefact (Defeyt et al. 2012, 2013; Defeyt and Strivay 2014; Kehe 1963). It was 
only in 1935 that the α form reached the market followed by the β form at the early 
1950s and the ε form being commercially available in 1962 (Defeyt et  al. 2012, 
2013; Defeyt and Strivay 2014; Kehe 1963). Defeyt et al., in 2012 (Defeyt et al. 
2012) and 2013 (Defeyt et al. 2013) used micro-Raman spectroscopy in combina-
tion with other techniques or alone for the identification of the α- β- and ε- form of 
copper phthalocyanine (CuPc) blue pigments. Moreover, for the latter forms she 
employed linear discriminant analysis (LDA) by using twelve Raman intensity 
ratios for the discrimination (Defeyt et al. 2013).

As most of the works of art are exposed to environmental conditions that intro-
duce degradation of the pigments, Raman spectroscopy has proven a valuable tool 
on the study of alteration mechanisms. Many examples can be given, such as the 
study of the degradation of lead and copper (Costantini et al. 2020; Smith and Clark 
2002), and iron based pigments (Costantini et al. 2020), experiments on the darken-
ing of haematite and formation of coquimbite (Fe2(SO4)3·9H2O) on paintings from 
Pompei – a multi stepped procedure (Maguregui et al. 2014), degradation of the 
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blue colour found on Pompeian wall paintings (Prieto-Taboada et al. 2021), forma-
tion of copper oxalates on Cypriot wall painting (Nevin et al. 2008) etc.

Except from identifying the artist’s palette and discovering the degradation pro-
cesses, both having a great impact on conservation treatments, Raman spectroscopy 
is ideal for tracking possible forgeries and can contribute against the illegal traffick-
ing of works of art. Titanium dioxide is a widely known white pigment used on art 
objects. Its most debated polymorphs are anatase and rutile whilst brookite seems 
less relevant to cultural heritage studies. Anatase and rutile seem to have a well-
defined occurrence in the art world which coincides with its commercial availability 
(Edwards et al. 2006; Laver 1997) especially its use on easel paintings (Saverwyns 
2010), on modern graffiti colours (or on modern and contemporary art) etc. Anatase, 
being a rare mineral, is expected not to be a major pigment in ancient art objects but 
rather an impurity, indicating when found as a pigment, a possible forgery (Edwards 
et al. 2006). However, this is debated as anatase has been found to be a pigment in 
antiquity artefacts (Edwards et al. 2006).

Tracking the manufacture and commercial availability dates of pigments through-
out the centuries (Brown and Clark 2013; Eastaugh et al. 2008; Laver 1997) is of 
utmost importance when conducting research in order to identify copied work. 
Micro-Raman spectroscopy is a very useful technique for authentication studies as 
it proved very successful in the case of Russian avant-garde paintings characteriza-
tion (Saverwyns 2010).

For Raman spectroscopy retrieving spectra with good signal-to-noise ratios is 
partially depending on the laser power and measuring time applied. But the retrieval 
of a Raman signal in general can be based also on resonance phenomena or fluores-
cence emission. Fluorescence emission can be avoided by selecting a laser in the 
near-IR region, typically with a 1064 nm wavelength. Fourier transformations (FT-) 
were incorporated to Raman spectroscopy and FT-Raman spectroscopy was used 
for the identification of various organic and inorganic pigments (Baran et al. 2010; 
Edwards et al. 2004). Recording spectra with near-infrared excitation requires typi-
cally liquid-nitrogen-cooled solid state semiconductors as detector, and as a conse-
quence it has to rely on the FT-principle. When using excitation with visible lasers, 
dispersive Raman spectrometers can be used, with thermoelectrically cooled (TEC) 
charge-coupled device (CCD) detectors. Moving towards lower excitation energies 
helps to avoid fluorescence, but as the energy decreases the Raman scattering is 
decreasing. Indeed, the Raman signal is proportional to the 4th power of the excita-
tion frequency. Thus for achieving a good quality signal elevated laser power should 
be introduced. (Bersani et al. 2016; Bersani and Lottici 2016; Conti et al. 2016a; 
Rousaki et al. 2018a). Besides the 1064 nm excitation usually coupled to semicon-
ductor detectors, recently multi-channel detector chips became available, that are 
able to deal with this long-wavelength excitation, allowing to introduce the near-
infrared dispersive Raman instrumentation.

Associating the chemical information with the spatial distribution of the unknown 
is an approach called mapping. Micro-Raman spectrometers, because of their stabil-
ity, confocality and high spatial resolution, can retrieve quality mappings producing 
high quality molecular images. Most of the micro-Raman systems are using cali-
brated stages for positioning and focusing in the x,y and z axis, respectively. By 
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arranging a number of point measurements in the x,y space, these can be stored, 
combined and manipulated (with the appropriate chemometrical methods) to pro-
duce chemical images. Flat objects are always preferable when conducting Raman 
mappings, as otherwise correction for focusing needs to be incorporated.

Raman mappings can be performed on embedded samples, by using a (confocal) 
Raman microscope. Among others, a cross section from the cork model of the 
Pantheon in Rome made by Antonio Chichi was collected from the dome of the 
maquette and stratigraphically characterized to reveal the consequent layers and 
prior conservation treatments (Rousaki et al. 2019). Also, cross sections from the 
sixteenth century ‘Portrait of a Youth’ painting were characterized to map the mate-
rials used by the painter (Lau et al. 2008). High quality molecular mappings of areas 
of few cm2 were performed in the case of a nineteenth century porcelain card in 
order for the spatial distribution of the pigments to be revealed (Deneckere et al. 
2012). In Fig. 10.2 the optical microscope image with the measuring area is indi-
cated against its molecular images.
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Fig. 10.2  (a) Optical microscope image of the area under study together with its molecular images 
constructed by intergrading the most prominent Raman band of (b) lead white (2PbCO3·Pb(OH)2); 
(c) vermillion (HgS) and (d) ultramarine (Na8−10Al6Si6O24S2−4). (Reproduced from ref. (Deneckere 
et al. 2012) with permission from Springer Nature, Copyright 2011)
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10.4  �Direct and Mobile Raman Spectroscopy

It is undeniable that one of the most advantageous characteristics of Raman spec-
troscopy, is its mobility. Over the years, the spectrometers scaled down in size and 
became compact and/or autonomous in order to enhance the experience of non-
destructive analysis. This was a milestone of the technique that was quickly 
embraced by the archaeometrical community. Indeed, nowadays one can say that 
there is a clear turn on the direct, non-invasive and/or on field analysis as extensive 
sampling on artefacts is faced with scepticism.

Review papers, dedicated partially or entirely on Raman spectroscopy mobile 
applications (Bersani et  al. 2016; Colomban 2012; Vandenabeele et  al. 2014; 
Vandenabeele and Donais 2016) underline not only the importance and the instru-
mental improvements of the technique itself but also reveal the huge amount of 
applications on works of art from prehistory until today. Thus, it is safe to say that 
a hundred years’ technique or even almost two decades of Raman mobility success-
fully reflects on masterpieces of thousands of years old.

The nomenclature concerning the Raman spectrometers, for non-invasive analy-
sis or direct analysis, is separating the systems in transportable, mobile, portable, 
handheld and palm sized (Lauwers et al. 2014b; Rousaki et al. 2018a; Vandenabeele 
et al. 2014; Vandenabeele and Donais 2016). Mobile spectrometers, compared to 
their benchtop counterparts, are suffering more from wavenumber instability and 
are more prompt to wavenumber fluctuations due to unstable environmental condi-
tions etc., especially when they are brought on field. The correct and frequent cali-
bration of the systems can compensate for the wavenumber instability. Calibration 
can be achieved by measuring a single product and verify the wavenumber position 
of the most prominent band against the theoretical value. This is not an exact cali-
bration but rather a fast calibration check of the validity of the output of the spec-
trometer. Accurate calibration can be performed by measuring products with Raman 
signals covering a wide spectral region (Hutsebaut et al. 2005). Corrections, recal-
culations and final calibration of the x-axis can be performed by comparison with 
the theoretical positions (reference band positions) of the products used (Hutsebaut 
et al. 2005). Moreover, absolute calibration (to obtain the calibration in nm) can also 
be performed by using a light source, e.g. neon light calibration.

Mobile Raman spectrometers are usually single laser systems, although dual 
laser mobile systems exist on the market. They are dispersive instruments coupled 
to TEC CCD or TEC solid state (semiconductor) detectors, depending on the laser 
excitation used. Generally, they have lower spatial and spectral resolution than 
benchtop systems. The most common mobile instruments used in cultural heritage 
research are the ones attached to long fibre optics cables, thus enabling the charac-
terization of surfaces that are situated away from the main unit. These systems are 
usually relatively compact and allow the full control of the measuring conditions by 
the operator. Without cameras or objective lenses and when the probehead is 
mounted on positioning accessories (e.g. tripods), the focusing of the beam is 
achieved by evaluating the signal-to-noise ratio in distinct positions. When focusing 
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by hand and positioning the probehead in close contact with the object, special caps 
can be slided over the probe’s lens (Lauwers et al. 2014b; Rousaki et al. 2017b). 
Using these caps serves a twofold reason: they are introducing a known focal dis-
tance, thus enabling stable focusing and are simultaneously blocking the sunlight. 
For extra protection of the artefact, a thin layer of semi hard foam can be placed on 
top of the cap. The thickness of the foam must not interfere with the focal length of 
the lenses cap. If the caps are not used, blocking the ambient light can be achieved 
by using black non transparent thick cloths or measuring during the night. One 
should note, in Raman spectroscopy, blocking the environmental signal is very 
important as this can interfere seriously with the actual Raman signal, hampering 
the identification of the unknown.

Mobile Raman instruments can perform the analysis on field or in the laboratory 
directly on the artefact or even on samples and cross sections. Although their spot 
size is in the mm scale, when the fibre optics probehead is combined with magnifi-
cation objectives, high magnifications can be reached. Handheld Raman spectrom-
eters are less frequently mentioned in cultural heritage studies. These have fixed 
optical heads and the users have less freedom to change some measuring parameters 
(according to the model or the software mode).

In art analysis, the beginning of the 2000s signified the need of conducting direct 
analysis straight on the artefact. One solution explored the possibility of connecting 
fibre optics to an FT-Raman spectrometer (Vandenabeele et al. 2001). Among the 
paintings examined with this method were the Baby Elephant by Lucebert, La 
Toilette by Degas, La Mort d’un Esprit by Giorgio de Chirico, and La Promenade 
du Monstre by Rene Magritte. Three years later, in 2004, an in-house developed 
mobile Raman spectrometer dedicated to cultural heritage studies was realized 
(Vandenabeele et al. 2004).

Among others (Deneckere et al. 2010, 2011), this mobile art analyser (MArtA) 
was used for the identification of the pigments in Mad Meg (“Dulle Griet”) by Pieter 
Bruegel the Elder (1561) (Van de Voorde et al. 2014) (Fig. 10.3). The Raman analy-
sis which was conducted in the Museum Mayer van den Bergh in Antwerp, Belgium 
was accompanied by a handheld X-Ray fluorescence (XRF) spectrometer and a 
portable X-ray fluorescence/X-ray diffraction (XRF/XRD) instrument in order for 
the outcome of the direct and on field analysis to be complemented.

Since the first attempts for direct analysis with in-house or adapted solutions, 
mobile Raman spectrometers are now widely commercially available and research-
ers can opt for using a combination of systems according to the art project or inves-
tigation (Rousaki et  al. 2020; Vandenabeele et  al. 2007a, b). Mobile Raman 
spectroscopy is responsible for high-quality data retrieved from a numerous of mas-
terpieces including pigments and degradation products of Pompeian wall paintings 
(Conti et  al. 2015; Maguregui et  al. 2012) and preserved Pompeian pigments 
(Marcaida et al. 2018), illuminated mediaeval manuscripts (Lauwers et al. 2014a), 
materials and weathering products of decorated plasterwork in the Alhambra 
(Dominguez-Vidal et al. 2012, 2014). Concerning three-dimensional (3D) objects, 
direct Raman analysis was able to identify materials used as original pigments and 
overpainting components of the interior and exterior of the cork maquette of the 
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Pantheon in Rome made by Antonio Chichi (Rousaki et al. 2019). The long fibre 
optics probehead of the portable Raman instrument used was mounted on a articu-
lating arm for positioning and focusing. The direct Raman study was accompanied 
with handheld X-ray fluorescence (hXRF), ultraviolet-induced visible fluorescence 
photography (UIVFP), digital microscopy (Hirox), micro-XRF and benchtop 
Raman spectroscopy. The results of this project, that also included computer tomog-
raphy (CT)-scanning and 3D-scanning, assisted towards the restoration campaign 
of the cork model now exposed to the Ghent University Museum (GUM).

Remarkable results were produced from the direct Raman analysis of rock art 
paintings (Rousaki etal. 2017b; Tournié et al. 2011; Lahlil et al. 2012; Pitarch et al. 
2014; Rousaki et al. 2018b). In particular, the pigments of the ancient population 
inhabited rock shelters in Patagonia (Argentina) were thoroughly investigated 
together with the conservation sate of the magnificent works of rock art (Rousaki 
et al. 2017b, 2018b). Portable Raman spectroscopy was able to identify the exis-
tence of a green earth pigment, a challenging task due to its poor Raman scattering 
capabilities (Fig. 10.4) (Rousaki et al. 2018b).

Concerning the Raman mapping of works of art performed with mobile Raman 
spectrometers, this still remains a challenging task. In 2016, the proof-of-concept of 
an in situ Raman mapping of a nineteenth century porcelain card, was published 
(Lauwers et  al. 2016), suggesting possible hardware connections and process-
ing tools.

Fluorescence emission is a valid problem in mobile Raman spectroscopy and 
new approaches have been suggested for overcoming such a disadvantage. 1064 nm 

Fig. 10.3  (Left) Mad Meg (“Dulle Griet”) by Pieter Bruegel the Elder with points of interest 
indicted on the painting (Right) (a) XRF sum-spectrum of the 4 and 5 points of interest (sleeves) 
and of the point of interest 6 (creature on the bridge) and (b) Raman spectrum confirming vermil-
lion confirming as a red pigment on the surface of the painting (point of interest 7, (beak of the 
bird). (Adapted from ref. (Van de Voorde et al. 2014) with permission from Elsevier, Copyright 2014)
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dispersive mobile Raman spectrometers can be used by the scientists profiting from 
the long wavelength excitation characteristics. As the 1064 nm excitation was asso-
ciated with FT-spectrometers (required optics and interferometers), the entire unit 
was able to be scaled down by swapping from FT- to dispersive systems and from 
cooling with liquid nitrogen to TEC-solid state detectors. The loss of scattering 
capabilities is compensated with increased laser powers and measuring times (Conti 
et al. 2016a; Rousaki et al. 2020).

For advancing the analysis and processing experience, it was introduced on the 
market a handheld Raman spectrometer using the sequentially shifted excitation 
technology (SSE™) (patent number: US8570507B1) (Rousaki et al. 2020) [Bravo 
by Bruker]. This is a compact spectrometer with a fixed optical head and a fixed 
operational power at 100 mW, in-built calibration and a software that autonomously 
collects the Raman spectra (except when it is positioned on its docking stage where 
the user can decide for the measuring time of the data). It is a dual laser system, 
projecting its results in a wide spectral region. The shifted excitation procedure 

Fig. 10.4  Raman spectra collected with (a) with the 785 nm and (b) with the 532 nm laser of the 
Nr. 10 green rock art painting from the shelter Angostura Blanca, Chubut province. Portable 
Raman spectroscopy point out the likely presence of glauconite (gl), (K,Na)
(Fe3+,Al,Mg)2(Si,Al)4O10(OH)2. (Reproduced from ref. [Rousaki et al. 2018b] with permission 
from Elsevier, Copyright 2018)
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corrects for fluorescence emission allowing the actual Raman signal, from the mea-
sured object, to be revealed (Cooper et al. 2013; Rousaki et al. 2020). The system is 
tested on cultural heritage objects and materials such as mosaics (Rousaki et  al. 
2020), a series of laboratory samples and colourful sculptures (Conti et al. 2016a), 
works of art from some of the New York City museums (Pozzi et al. 2019), organic 
components found in modern art (Vagnini et al. 2017), etc.

10.5  �Non-invasive Stratigraphic Analysis: SORS

Art and Raman spectroscopy is a combination of fields and disciplines that is proven 
to give fruitful results. Until recently, the concept of stratigraphic analysis of com-
plex layered structures found on works of art was exclusively accomplished by the 
use of benchtop Raman instruments. For carrying out the analysis, the painting, 
sculpture or object should be sampled in a specific manner (cross sections) in order 
for the stratigraphy to be revealed. The sample should then be embedded and pol-
ished. As direct research is gaining steam in the art analysis world, new techniques 
are immerging. Raman spectroscopy is one of the first techniques to embrace the 
‘new trends’ in archaeometry and propose new concepts of non-invasive and non-
destructive, direct stratigraphic analysis.

P. Matousek et al. (Eliasson et al. 2014; Matousek et al. 2005) in 2005, proposed 
the concept of spatially offset Raman spectroscopy (SORS) as a method for deeper-
than-the-surface analysis. In SORS the laser beam and the collection zone are spa-
tially separated. The larger the separation and/or the spatial offset the greater the 
subsurface information. And although, the technique can be applied when the thick-
ness for the layers are at the millimetres or centimetres range (Eliasson and Matousek 
2007; Rousaki et al. 2018a; Stone et al. 2007), its application on cultural heritage 
object was questionable.

The typical thicknesses of the layers of work of art objects are at the micrometre 
scale. One simple drawback; when applying SORS without any modification on 
micrometre thick layers, could have been the altered retrieval of signal; a rough sum 
of subsequent layers. Moreover, as many pigments are sensitive under the laser, 
restrictions should be made in both the laser frequency, laser power and measuring 
time. To overcome possible obstacles, microspatially offset Raman spectroscopy 
(micro-SORS) was proposed as an alternative for work of art analysis, when the 
sublayers are situated under turbid/opaque one (Bersani et al. 2016; Botteon et al. 
2020a, b; Conti et al. 2015; Conti et al. 2015c; Conti et al. 2020; Matousek et al. 
2016; Rousaki et al. 2018a). Micro-SORS is using the same basic idea of SORS, the 
spatial separation of the illumination and signal retrieval zone adapted to the needs 
of archaeometric research (micrometres spatial offsets, lower laser powers etc.) 
(Rousaki et al. 2018a). Furthermore, focusing through objectives reduces the vol-
ume size of the collection zones significantly. The most straightforward approach/
variant of micro-SORS is when this is applied via conventional unmodified micro-
Raman spectrometers. Defocusing micro-SORS can be achieved by distancing in 
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steps, the objective lens from the focusing position of the microscope (Bersani et al. 
2016; Conti et al. 2015b; Conti et al. 2020; Matousek et al. 2016). On the other 
hand, full micro-SORS demands the modification of the apparatus, to separate the 
beam delivery from the signal collection areas by using different lenses (Bersani 
et al. 2016; C. Conti et al. 2015; Conti et al. 2020). In the miniaturized variant of 
micro-SORS, namely fibre-optics micro-SORS (Vandenabeele et  al. 2017), two 
glass fibres are spatially separated; one to deliver and one to collect the Raman sig-
nal. The delivery fibre is unmovable while the collection glass fibre is mounted on a 
translation stage. The spot size is roughly equal with the diameter of the fibres used. 
As micro-SORS is still under investigation and research other approaches have been 
proposed in the literature (Buckley et al. 2016; Khan et al. 2016; Liao et al. 2016; 
Matthiae and Kristensen 2019).

Micro-SORS methods, with applications on cultural heritage research, have been 
tested on artificial samples (Conti et al. 2014, 2016c, 2017) and art works including 
sculptures (Conti et al. 2015a) and street murals (Botteon et al. 2018). Extensive 
research has been done for studying the possibilities and abilities of micro-SORS 
for subsurface analysis of painted structures (Conti et  al. 2016b, d, e; Matousek 
et al. 2015), for combining confocal XRF with micro-SORS (Conti et al. 2018), for 
exploring the diffusion profile, of products used in conservation, into a matrix 
(Botteon et al. 2020a, b) etc.

In respect to subsurface mapping this has been tested on artificial samples using 
the full micro-SORS variant (Botteon et al. 2017) or on real samples using the defo-
cusing variant (Rousaki et al. 2017a). For the latter a nineteenth century porcelain 
card was used as an ideal object for such research. The experiments were separated 
in two stages: one to retrieve and evaluate the defocusing Raman signal from subse-
quent layers from differently coloured zones and two to perform the defocusing 
Raman mapping and construct the sublayers images. In Fig. 10.5 the distribution of 
vermillion (normalized to lead white) is given is the focused position and in two 
different defocusing ones.

In the imaged position (Fig. 10.5a), vermillion is situated on the correct zone, 
while by increasing defocusing its signal is losing intensity (Fig. 10.5b, c). Indeed, 
lead white is situated below all the couloured zones of the porcelain card (Rousaki 
et al. 2017a). In terms of portability towards the in situ investigations the defocusing 

Fig. 10.5  Spatial distribution of vermillion normalized to lead white on an area of a nineteenth 
century porcelain at (a) zero offset or focusing position; (b) 150 μm and (c) 300 μm. (Adapted 
from ref. (Rousaki et al. 2017a) with permission from the Royal Society of Chemistry, 
Copyright 2017)
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and the full micro-SORS variants have successfully demonstrated (Botteon et al. 
2020a, b; Realini et al. 2016, 2017).

In order to achieve subsurface contrast between layers, frequency offset Raman 
spectroscopy (FORS) has been proposed (Sekar et al. 2017). This approach is based 
on the idea that the optical properties of the medium are changing upon shifting the 
laser frequency thus achieving sublayer information (Sekar et al. 2017). Moreover, 
it was reported that a FORS-SORS method is producing increased enhancement 
(Sekar et al. 2017).

10.6  �Surface-Enhanced Raman Spectroscopy (SERS)

Raman spectroscopy is an ideal first choice technique for the identification of 
inorganic and organic materials in cultural heritage objects. However, especially 
for the analysis of organic components often fluorescence occurs. Therefore, for 
this analysis, one can simply benefit from changing the laser wavelength to supress 
fluorescence phenomena and retrieve the actual Raman signal. Although this is 
valid for some classes of organics or synthetic organic molecules, ‘traditional’ 
Raman spectroscopy seems to lack sensitivity to identify several organic colorants 
such as the natural dyes. Complications especially arise when the concentration of 
the colorant is low or if this colorant is largely dispersed inside the artwork’s lay-
ers. Moreover, often these colorants don’t have very good Raman scattering capa-
bilities. The development of surface–enhanced Raman spectroscopy (SERS) 
produced successful results on materials like dyes, by enhancing considerably 
their Raman signal.

Fleischmann et al. (Fleischmann et al. 1974), in 1974, observed the enhancement 
of the Raman signal of pyridine on silver, creating the base of SERS experiments. A 
bit over a decade later, B. Guineau and V. Guichard (1987) reported its application 
on cultural heritage objects, characterizing madder. Nowadays, SERS is widely 
applied and extensively researched for the characterization of organic colorants. 
Even though, separation techniques seems to produce better discrimination between 
dyestuffs, SERS is considered more cost efficient, less invasive or less destructive 
and faster (Casadio et al. 2016; Pozzi and Leona 2016).

In SERS, both chemical and field enhancement are effectively occurring, for 
describing the analyte-metal interaction and the increase of the power of the electro-
magnetic field (wavelength depended), respectively (Vandenabeele 2013). 
Parameters of outmost importance are the preparation and application of the metal-
lic substrate on which the analyte is to be absorbed (Agarwal et al. 2014; Cañamares 
et  al. 2009; Leona 2009; Leona et  al. 2006; Pozzi and Leona 2016; Retko et  al. 
2014; Sessa et al. 2018; Zalaffi et al. 2020) and the meticulous, sometimes aggres-
sive, sample treatment and sophisticated methodologies (Bruni et al. 2011; Chen 
et al. 2006; Jurasekova et al. 2010; Pozzi et al. 2012; Pozzi and Leona 2016). The 
technique has been demonstrated and applied widely on samples and real works of 
art identifying dyes and lakes (Campanella et  al. 2020; Cañamares et  al. 2006; 
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Casadio et al. 2010; Gui et al. 2013; Leona et al. 2011; Newman et al. 2007; Pozzi 
et al. 2013, 2014; Sessa et al. 2018; Zoleo et al. 2020).

Several methodological approaches and techniques for upgrading the SERS 
experience have been proposed in literature, including laser-ablation surface-
enhanced Raman spectroscopy (Cesaratto et al. 2014; Londero et al. 2013) and the 
implementation of the appropriate laser excitation for surface-enhanced resonance 
Raman spectroscopy (SERRS) (Leona 2009).

Towards the direct analysis of art objects by using SERS, some approaches 
include mobile, removable film (Doherty et al. 2011), inkjet colloidal application 
(Benedetti et al. 2014) and application of tip-enhanced Raman spectroscopy (TERS) 
with even a combination of TERS and atomic force microscopy (AFM) (Kurouski 
et al. 2014).

10.7  �Conclusions

Almost a century after the discovery of the Raman effect, Raman spectroscopy has 
grown to be one of the core stone techniques applied in cultural heritage studies. Its 
undeniable that advantages together with the variation of the Raman approaches 
developed, bring the technique in the front line of analytical studies. Moreover, the 
hardware advantages of the last two decades detach the method from its traditional 
immobile approach and brought it on the field, allowing measuring directly on the 
artefact and breaking out from the laboratory. Furthermore, the implementation of 
SERS for the identification of dyes, a very important class of organic colorants and 
the development of novel techniques such as micro-SORS proves the versatility of 
Raman spectroscopy.

Although, Raman spectroscopy shares some undeniably powerful character-
istics, the users should be very cautious before starting a Raman analysis. In 
general, the laser power should be kept under control and sufficiently low in 
order not to invoke alterations on the measuring sample or object. Moreover, the 
Raman data should be meticulously treated not only against a spectral library of 
pure substances but considering also the literature. Lastly, one should be aware 
of spectral interferences, such as noise, fluorescence background and fluores-
cence bands, cosmic rays, ambient light etc when interpreting the Raman 
spectra.

Conclusively, Raman spectroscopy is able to answer contemporary conservation 
questions and create pathways for the identification of inorganic and organic pig-
ments and colorants found on artistic masterpieces.
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