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Abstract 

In this project, remote standoff laser spectroscopy systems working at 3ï15 m have been 

developed for cultural heritage research, employing Raman spectroscopy, laser induced 

breakdown spectroscopy (LIBS), and laser induced fluorescence spectroscopy (LIF). To 

address the problems encountered during in situ analysis due to environmental restrictions, 

the adoption of remote techniques offers advantages such as convenient deployment on 

the ground, allowing sensitive measurements over long integration time and there is no 

need to redeploy for different areas of interest. The research focuses on the design and 

development of remote standoff laser spectroscopy systems with special needs in heritage 

research considered, as well as their application for in situ analysis. 

A remote standoff Raman system was developed and optimised.  It is the first of its kind 

that is dedicated to cultural heritage research. It can identify most of common historic 

artist pigments. A daylight subtraction procedure enables the remote standoff Raman 

system to operate in the presence of indoor ambient light. Laser induced degradation 

effect was studied using various laser configurations on a range of common pigments. 

The remote standoff Raman system is proved to be safe for the analysis of most pigments 

tested when using typical integration time required for Raman measurements. In situ 

remote macro-Raman mapping is achieved in two field campaigns, revealing the 

pigments distribution on wall paintings and salt distribution in historical buildings in 

costal environments. 

A remote standoff LIBS system was developed. Assisted with Raman and reflectance 

spectroscopy, a multimodal approach allowing in situ standoff depth-resolved material 

identification of wall paintings was demonstrated for the first time. The combined 

elemental, molecular and reflectance information contributes to a more complete data 



interpretation. Consequently, the stratigraphy of whitewashed wall paintings was 

successfully uncovered in a unique field campaign. 
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Chapter 1 

Introduction  

1.1. Fundamentals 

1.1.1. Raman spectroscopy 

When a beam of light impinges on the molecule, most of the deflected photons remains 

unchanged in energy. This dominant process is regarded as elastic scattering, or Rayleigh 

scattering. However, the energy of a very small amount of scattered photons (only one in 

every ρπɀρπ photons) will differ from the original state due to the interaction between 

the incident light and the molecule. The energy exchange results from the inelastic 

scattering process. This weak process is discovered by the Indian physicist Sir 

Chandrasekhar Venkata Raman in 1928 [1], therefore named after him as the Raman 

effect. For this work, he was awarded the 1930 Nobel Prize in Physics. The Raman effect 

is so weak that when it was first discovered, it might take a whole day to record a spectrum 

when using filtered sunlight for excitation. It was only when the laser was invented in 

1960s and low noise and high quantum efficiency (QE) detectors emerged since 1980s 

that Raman spectroscopy became an increasingly prevalent technique. 

The Raman effect can be viewed as the inelastic scattering of electromagnetic radiation. 

During this interaction, energy transfer between the photons and the molecular vibrations 

occurs, resulting in the scattered photons possess a different energy when compared with 

the incident photons. 

In the classical description, Raman scattering results from a change in polarisability with 

the motion (vibrational or rotational) of the molecule [2,3]. When a molecule is situated 
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in an electric field E of the incident light, an electrical dipole moment p is induced and 

the scattered light is radiated. The relation between the electrical field and the induced 

dipole moment can be expressed as a power series in Equation (1.1): 

▬ Ͻ╔
ρ

ς
Ͻ╔ς

ρ

φ
Ͻ╔σ Ễ ρȢρ 

where Ŭ, ɓ, and ɔ are tensors, named as polarisability, hyperpolarisability and 2nd 

hyperpolarisability, respectively. Since each tensor is 10 orders of magnitude weaker than 

the previous one, hyperpolarisability and 2nd hyperpolarisability can be neglected, thus 

the polarisability is typically approximated by the first polarisability tensor, Ŭ.  Equation 

(1.1) can then be rewritten, due to the first order approximation of the polarisability 

function, as in Equation (1.2): 

▬ Ͻ╔ ρȢς 

where the induced dipole moment p can be therefore considered as directly proportional 

to the electrical ýeld E. Light can be regarded as an oscillating electrical ýeld, thus the 

electric field vector at time t can be expressed as in Equation (1.3): 

╔ ╔ ϽÃÏÓς“’ὸ ρȢσ 

where ’ is the vibrational frequency of the electromagnetic radiation. 

The polarisability Ŭ depends on the chemical bonds, of which the shape and dimension 

change during the vibrations of the molecule. A Taylor expansion can be performed on Ŭ, 

as in Equation (1.4): 

 


ὗ
Ͻὗ

ρ

ς



ὗὗ
Ͻ

ȟ

ὗ Ͻὗ Ễ ρȢτ 
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which describes the total polarisability along the given normal coordinates, ὗ , ὗ, etc.  

ὗ  and ὗ are related to the kth and l th normal vibrations with the vibrational frequencies 

’ and ’, respectively. 

Remembering that the electric field is assumed to be harmonic oscillator, the normal 

coordinate oscillates accordingly, as in Equation (1.5): 

ὗ ὗ ϽÃÏÓς“’ὸ • ρȢυ 

where ὗ  is the amplitude of the normal vibration, and •  a phase angle. ’ is the 

vibrational frequency of the normal coordinate of the molecule in the harmonic oscillation. 

The first approximation of the polarisability function maintains the first two terms. 

Equation (1.5) can then be substituted into Equation (1.4) and then combined with 

Equation (1.3) to yield a fully expanded expression of the simplified definition of the 

dipole moment p (Equation (1.2)) as in Equation (1.6): 

▬ Ͻ╔ ϽÃÏÓς“’ὸ Ͻ╔ Ͻὗ ϽÃÏÓς“’ὸÃÏÓς“’ὸ • ρȢφ 

where  . 

Considering that ÃÏÓϽÃÏÓ ÃÏÓ  ÃÏÓ  , Equation (1.6) can be 

transformed into Equation (1.7): 

▬ Ͻ╔ ϽÃÏÓς“’ὸ 

                                                
ρ

ς
Ͻ╔ Ͻὗ ϽÃÏÓς“’ ’ ὸ •  

                                                           
ρ

ς
Ͻ╔ Ͻὗ ϽÃÏÓς“’ ’ ὸ • ρȢχ 
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The first term corresponds to elastic scattering of the Electromagnetic radiation, or 

Rayleigh scattering. The second and third term represent the inelastic part of light 

scattering (Figure 1.1). The second term gives rise to new frequency at ’ ’ (Stokes 

scattering), which relates to a lower energy of the scattered radiation when compared with 

the incident light, while the third term leads to higher frequency at ’ ’ (anti-Stokes 

scattering). 

 

Figure 1.1. Energy level diagram of Raman and Rayleigh scattering. 

 

From Equation (1.7), it can be seen that an essential requirement for Raman effect is that 

 π so that the 2nd and 3rd terms in Equation (1.7) are non-zero. The basic selection 

rule is that Raman scattering results from a change in polarisability in the molecule during 

the normal vibration, as shown in Equation (1.8): 




ὗ
π ρȢψ 
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The position of a Raman signal (Raman shift) in the spectrum depends on the energy gap 

between the ground state and the ýrst vibrationally excited state. In a simplified approach, 

the bonding of a diatomic molecule can be considered as a vibrating spring, therefore 

Hookeôs law can be applied [4]. Using the harmonic oscillation approximation, the 

vibrational frequency is: 

’
ρ

ς“Ͻὧ

‖

‘
ρȢω 

where two factors determine the Raman band position: the force constant of the bond and 

the type of vibration (‖) and the reduced mass (‘
Ͻ

). Therefore, Raman signals 

from lighter atoms usually occur at higher frequency. The force constant is a measure of 

the bond strength and is heavily influenced by the inter- and intramolecular interactions, 

thus stronger bonds yield higher frequency. 

 

1.1.2. Laser induced breakdown spectroscopy (LIBS) 

Laser induced breakdown spectroscopy (LIBS) is an analytical technique that focuses a 

high-energy laser pulse to ablate a small piece of the sample and thus creates a plasma. 

The electrons from the atoms and ions at the excited electronic states decay when the 

plasma cools down, bringing about light emission. The fingerprint spectral feature 

consisting of multiple discrete narrowband emission lines allows qualitative elemental 

analysis. The intensity of the lines, measured at each element's characteristic wavelength, 

is proportional to the concentration of that element in the plasma, enabling quantitative 

analysis as well as elemental identification.  

The laser was invented in 1960. Shortly afterwards, Brech and Cross ýrstly demonstrated 

the formation of a laser-induced plasma [5]. This discovery resulted quickly to the 
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emergence of LIBS. In 1964, Runge developed the LIBS approach [6]. In the early stages 

of LIBS development, the scientific community's focus was largely on the underlying 

physics of plasma formation. LIBS gained traction during the 1990s as lasers, detectors 

and spectrographs used in LIBS equipment improved. LIBS has been widely applied to 

many areas, including material inspection, metal recycling, quality control, 

environmental survey, explosives detection, biomedical, pharmaceutical, and 

archaeology.  

Understanding the physics behind the plasma formed during the laser-matter interaction 

is crucial to determine the optimal experimental parameters and therefore to better process 

the data. LIBS is such a sensitive analytical technique that its signal depends strongly on 

the experimental conditions, including the laser parameters (predominantly pulse fluence 

and pulse duration), sample surface condition, and surrounding atmosphere. Here the 

focus is on plasma formation and atomic emission spectroscopy (AES), linking the 

physical phenomenon and the observed spectra. The discussion will be mainly on 

nanosecond pulsed lasers and for solids (as the main concern is for painting materials). 

The irradiance of the laser beam must be above a certain threshold before it can create 

plasma on the sample. The threshold values typically range from a few GW/cm2 to 

hundreds of GW/cm2 and differ from one material to another. They are also affected by 

laser wavelength and pulse width [7]. The threshold sets certain requirements for laser 

sources used in LIBS. A pulsed laser is typically required to achieve the requisite 

irradiance on the sample surface. To further increase the irradiance above the threshold, 

the pulsed beam is usually focused by a lens. 
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Figure 1.2. Main events in the plasma formation process on solid sample. 

 

When a laser pulse is focused on a sample, the material absorbs the energy from the beam 

and is ablated. During the period, complex laser-matter interactions including 

fragmentation, atomisation, vaporisation, sublimation, and melting all contribute to the 

formation of a crater on the laser spot. There are two steps for plasma breakdown: the 

creation of some initial free electrons and then the rapid ionisation. Thermionic emissions, 

which generate free electrons above the surface, can be induced by the high temperature 

plume. At high irradiances, significant multiphoton production of electrons can occur 

through: 

ὃ άὬ’O ὃ Ὡ ρȢρπ 

where ά is the number of photons, ὃ is the atom of interest and ὃ  is the corresponding 

ion, respectively. 

As free electrons accelerate in the electric field generated by the laser pulse, collisions 

with neutral species can thermalise the electrons quickly. A small portion of electrons in 

the tail of Maxwellian distribution will have enough energy to ionise atoms through: 

Ὡ ὃᴼςὩ ὃ ρȢρρ 
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The process of electron multiplication continues and initiates plasma formation. 

Alternatively, free electrons can absorb energy from photons in the three-body collisions 

with the material, through a process known as inverse bremsstrahlung (IB), to produce 

other free electrons: 

Ὡ Ὤ’O Ὡ ρȢρς 

When the density of electrons reaches a critical level, electrical breakdown occurs, in 

which process insulating neutral gas transforms into plasma. With the creation of 

shockwaves, the plasma expands and produces emission signals of elements and chemical 

compounds. During expansion, the continuous emission decreases and characteristic 

emissions can be identified once the plasma cools and decays as its constituents release 

their energies in various ways [7,8]. Bremsstrahlung emission (free-free transitions of 

electrons, when photons are emitted from electron-ion interactions) is responsible for the 

first stage of intensive continuous emission. Recombination of ions with electrons (free-

bound electron transitions) dominates later [8]. After highly excited species with electrons 

bound in higher energy levels decay to lower energy levels through spontaneous emission, 

characteristic lines emerge (Figure 1.3). Ions and electrons recombine to generate neutral 

atoms. In some cases, molecules can be formed (detection of molecules is possible at later 

stages) [7]. 
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Figure 1.3. Energy diagram (Grotrian) for some of the transitions observed experimentally from singly 

ionised calcium (Ca II) indicating electron configurations and terms for the states related to the transitions. 

 

The time gap between laser triggering and detector acquisition is critical since LIBS is 

highly time dependent. Figure 1.4 depicts the emission process graphically. The sample 

is heated and ablated in the first nanosecond after the irradiation of a laser pulse, resulting 

in the creation of a plasma. A continuum emission is detected a short time after plasma 

formation. This "white" light has no atomic information and can cause the detector to 

become saturated. As the plasma cools, spectral line emissions become more prominent. 

For LIBS measurements, the detector can be gated in order to block out the continuum 

signal and collect only the spectral line data of interest. Increasing the gate delay not only 

decreases the continuum background as well as overall intensity, but it also affects the 
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types of emission lines being collected. Ionic lines are often stronger at the early stage in 

the plasma lifetime, while information of molecules is available only at later stages with 

longer gate delays when cooling plasma leads to the formation of molecules. Therefore, 

the time-gated measurements need to be optimised with certain delay time and suitable 

gate width. Typically, a digital delay generator (DDG) with the capability to set gate delay 

and gate width is used to control the detector. 

 

Figure 1.4. schematic overview of the evolution of a typical LIBS event. 

 

LIBS can be used for quantitative analysis. If the laser-induced plasma is assumed to be 

in a state of local thermodynamic equilibrium (LTE), the spectral line radiant intensity 

for any atomic transition can be given as a function that involves the number density of 

the species (represented by the Boltzmann distribution), relevant spectroscopic 

parameters and the plasma electron temperature: 

Ὅ
ὬὧὫὃ

τ“‗ὟὝ
ὔϽὩ ρȢρσ 



15 

 

where m and p represent the mth and pth energy level, Amp denotes the probability of the 

electron transition from the mth to pth energy level (also known as the Einstein coefficient), 

‗ is the line wavelength, ὟὝ is the partition function (usually the statistical weight of 

the ground state), Ὣ is the degeneracy of the upper energy level, E is the energy level of 

the upper level, k is the Boltzmann constant, and T is the temperature, respectively. 

 

1.1.3. Laser induced fluorescence (LIF ) 

Laser induced fluorescence (LIF) is an optical spectroscopic technique in which a sample 

is excited with a laser and the fluorescence generated by the sample is recorded by a 

photodetector. LIF is a type of fluorescence spectroscopy.  In the case of a laser 

instrument, this method employs a laser source rather than the traditional lamp for 

excitation. While lasers are now commonly utilised as excitation sources in 

photoluminescence spectrometers, LIF was first developed as an independent laser 

spectroscopy approach. Just like LIBS, LIF was developed shortly after the laser was 

invented in 1960s. Richard N. Zare published the results of the first LIF experiment in 

1968 [9], though the phenomenon of induced fluorescence was first discussed by R. W. 

Wood in 1905 [10]. 

Laser-induced fluorescence is the re-emission of absorbed electromagnetic radiation from 

atoms or molecules that have been excited by laser irradiation. A graphic illustration of 

this process is shown in Figure 1.5. The absorption of photons excites an atom or molecule 

to any of the higher vibrational states of an excited state (En) [56]. The excited molecule 

is not stable thus will decay spontaneously. It will move to the lowest vibrational state of 

the excited state (E1) by non-radiative processes, and then emit a photon to de-excite the 

atom or molecule to some vibrational level of the ground state energy level (E0). Because 
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the de-excited electron can revert to any of the ground state vibrational level, the 

fluorescence feature can be broad. 

 

Figure 1.5. Diagram of molecular energy level depicting the process of laser-induced fluorescence. 

 

Compared to absorption spectroscopy, LIF offers various advantages: 1) The 

fluorescence signal is detected against a dark background, therefore LIF has good 

detection sensitivity. 2) The detection of the emitted radiation can be at various angles 

with regard to the incident laser beam as the fluorescence emission occurs in all directions. 

3)  Spectrally resolved fluorescence can reveal information about transitions of the sample 

from the excited state to various vibrational states of lower energy levels. 4)  It is feasible 

to analyse the processes of de-excitation and potential changes of the excited molecules 

due to the time delay between excitation and detection. 

Depending on the laser and detection system employed, there are various forms of laser 

induced fluorescence spectroscopy. This technique can be commonly applied in 
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excitation or emission LIF spectroscopy. The excitation wavelength is adjusted using a 

tunable laser in excitation LIF, allowing the vibrational structure of the excited state to be 

resolved. The molecules fluoresce from the lowest vibrational level of an excited singlet 

state, returning to a series of vibrational levels in the ground state. Excitation spectra 

record fluorescent light at a fixed emission wavelength or a range of wavelengths. 

Between the sample and the photomultiplier tube (PMT) is a bandpass filter that is used 

to detect all of the emission from the sample while filtering out the scattered laser light. 

For that reason, an excitation wavelength in the UV region (normally 266 nm) is widely 

used which does not interfere with the collection of broad emission signals in the UVïvis 

spectral region (~200ï800 nm). In emission LIF, the sample is excited with a fixed pump 

wavelength. The emission spectrum is then analysed using a monochromator for the 

selected detection wavelength. Single-point detection with a PMT is commonly adopted, 

while an array detector (CCD or CMOS) can also be used to collect the entire spectrum 

in one shot. 

Laser-induced fluorescence can alternatively be performed in a continuous-wave or time-

resolved manner. Continuous-wave (CW) LIF, which employs a CW laser for excitation, 

is conducted when only the spectrum is required. As the excitation is continuous, 

information such as fluorescence lifetime cannot be acquired. On the contrary, a pulsed 

laser is used to excite the sample in time-resolved LIF, and the sample's emission (either 

a single wavelength or the entire spectrum) is monitored as a function of time. This gives 

useful time-resolved information, such as lifetimes and spectral evolution of chemical 

intermediates. With various time delays, the acquisition of the evolution of the full LIF 

spectrum can be achieved. 
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1.2.  Challenges of in situ cultural heritage research 

The study of cultural heritage objects involves questions on their origin, dating, materials, 

manufacturing techniques, attribution, authenticity, and status of damage and/or 

degradation. Traditionally, historical documents and archives contribute to the 

understanding of various aspects of the above questions. Unfortunately, in some cases the 

background information has been lost. More often, heritage objects have no records at all, 

which necessitates modern scientific analysis so that the missing information can be re-

established from the physical or chemical properties of the works of art.  The application 

of scientific methods in the field of cultural heritage leads to the emergence of an 

interdisciplinary domain called heritage science. 

Scientific investigations of cultural heritage objects are frequently confronted with a 

variety of analytical difficulties. Identification of materials such as pigments is crucial in 

the study of murals in caves, tombs, and buildings as they can disclose information about 

art history, trade, and cultural exchanges, as well as conditions of degradation. 

Technological developments in the past century give rise to a wide range of analytical 

methods which can be used for physical and chemical characterisation of the materials 

and therefore answering the cultural/historical/conservation questions.   

It is known that many analytical techniques at their early stages of development were 

difficult to perform due to technical restrictions and thus only limited to research 

laboratories for a long time. That is feasible for small-size objects that can be delivered 

to laboratories. Sample preparation might be required for inconvenient objects. However, 

for cultural heritage studies, investigations in a non-destructive manner are usually 

preferred according to conservation ethics. In practice, some objects are immovable (rock 

art, wall paintings, facades, statues, monuments) or inaccessible for conventional 
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examination, which requires in situ analysis. The availability of new equipment and 

instrumental innovations in the past few decades have contributed to the transition of 

many analytical methods from the research laboratory to the real world. Small portable 

and mobile instruments are now available and ýbre optics probe heads for spectroscopy 

techniques enable investigations from a distance.  

Material identification is one of the most important topics in heritage science. Heritage 

objects are often composed of heterogenous materials such as pigments, minerals, metals, 

stones, ceramics, glass, and jewellery. For characterisation of the above materials, 

physical and chemical analyses can provide information about a sample in various aspects, 

such as a quantitative characterisation of its constituents or a qualitative assessment of 

the materials on an elemental or molecular level. Several analytical approaches, 

particularly spectroscopy-based techniques, are available to extract the desired 

information (qualitative or quantitative, elemental or molecular). A range of spectroscopy 

approaches are becoming increasingly prevalent for in situ analysis of cultural heritage 

objects, including fibre optic reflectance spectroscopy (FORS), X-ray fluorescence 

(XRF), X-ray diffraction (XRD), Raman spectroscopy, Fourier transform infrared 

spectroscopy (FTIR), LIBS, etc. 

However, environmental conditions and technical restrictions present new challenges 

specific to in situ investigation. XRF can only be performed up close, as the fluorescent 

X-ray can be easily absorbed by air or the sample itself (emissions from light elements 

even struggle to escape from the sample without being absorbed). Being micro-

destructive, LIBS typically samples very small amounts of material (~0.1 µg to 1 mg), 

which still raises considerable concerns for its safe use in heritage science. Other 

challenges particular to wall paintings could emerge from the remoteness of the locations, 

the inaccessible height of the works of art and the problem in controlling the surrounding 
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environment. Scaffolding is a common practice that gives researchers access to areas of 

interest, such as upper parts of high walls or ceilings. It has several disadvantages: 1) can 

be relatively costly; 2) does not conveniently enable researchers to reach the desired 

position for investigation; 3) may not be steady, which is crucial for sensitive 

measurements. Hence the introduction of mobile ground-based analytical instruments that 

can work in a contactless way is highly desirable. 

In our research group (Imaging & Sensing for Archaeology, Art History & Conservation 

Research Centre), remote and standoff instruments have been developed in recent years. 

A visible/near infrared (VIS-NIR) remote spectral imaging system, PRISMS, is built with 

the ability to image wall paintings at sub-millimeter resolutions from a distance of tens 

of meters [11]. However, reþectance spectroscopy alone in some cases is not su cient to 

give deýnitive identiýcation of painting materials (for example, various yellow pigments 

share similar spectral features). Complementary techniques that can provide other 

information such as elemental composition or molecular structure are needed. For in situ 

analysis of wall paintings in a UNESCO site, Mogao caves in Dunhuang, China, machine 

learning (ML) methods were applied to automatically process the spectral imaging data 

acquired by PRISMS, clustering similar spectra and therefore mapping material 

distribution. A mobile Raman spectroscopy instrument was mounted on a tripod to 

investigate the pigments at ground level. The results were used to complement PRISMS 

data to ascertain the pigment mixture on the ground area and extrapolate the material 

identification results to the upper level in the same cluster, when there are areas on the 

ground level clustered with areas at the upper parts. A standoff Raman spectroscopy 

system, which can reveal molecular structure of painting materials at remote distances 

(e.g. upper parts of the wall, or the ceiling), is needed to complement PRISMS remote 

standoff reflectance spectral imaging. In addition, supporting remote and standoff 
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techniques for elemental characterisation are required in certain cases where reflectance 

spectroscopy and Raman spectroscopy might not be sufficient thus are unable to give 

definitive identification. The most common instrument for in situ elemental analysis is 

portable XRF. However, XRF cannot be performed remotely as emitted X-rays can be 

easily absorbed by air. LIBS is an ideal alternative to XRF with unique advantages. In 

particular, it can perform rapid analysis with one single laser pulse within one second and 

is sensitive to all elements.  

Sharing similar instrumental configuration, another technique, LIF, can be a useful tool 

in distinguishing highly fluorescent materials, such as semi-conductor based pigments 

and aged organic materials.  It is non-destructive. Time-resolved analysis can be achieved 

by using a pulsed laser source and time-gated detectors, which is good for measurements 

in ambient light conditions for in situ analysis. 

 

1.3.  Literature review of remote laser spectroscopy 

techniques 

1.3.1. Raman spectroscopy 

Though the Raman effect was discovered in 1928, the extensive use of Raman 

spectroscopy was not forthcoming until the invention of lasers during the 1960s. The 

application of Raman spectroscopy on works of art was not realised until the emergence 

of the so-called MOLE (molecular optics laser examiner) Raman microprobe in 1975 [12]. 

In 1979, the same group used the coupling of a microscope and a Raman spectrometer 

for applications in a range of fields including archaeology and gemmology, where a 

spectrum of a Chinese vase was presented [13]. Early studies were also focused on the 
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biodeterioration of Italian Renaissance frescoes, speciýcally the oxalates in lichen 

encrustations, in early 1990s [14,15]. Later in 1995, the molecular state of 

archaeologically unearthed biomaterials, namely the 5200-year-old skin of Ötzi the 

Alpine Iceman, has been investigated using Raman spectroscopy [16]. Materials 

identification using Raman spectroscopy is usually based on the comparison of the Raman 

signals of the unknown substance with a spectral database of reference materials. Bell et 

al. published the Raman spectroscopic library of pre-1850 pigments in 1997, which led 

to the explosive growth of the application of this technique in artworks [17]. As the spot 

size can be reduced to micron level, the use of microscopic Raman spectroscopy (or 

Raman microspectroscopy) to interrogate microgram and sub-microgram quantities of 

material is made possible. It is worth noting that the research focus for pigments later 

extended to their degradation in artworks [18,19]. Microscopic Raman spectroscopy is 

commonly considered as non-destructive, provided the laser power is kept relatively low. 

Raman spectroscopists soon realised that the Raman laser could easily degrade, damage 

or even burn the sample, which brings about the investigation of the safety of Raman 

instruments and laser-induced degradation effect on heritage materials [20]. Over the 

years, microscopic Raman spectroscopy became an established technique of choice for 

heritage/conservation researchers, because of the small spot size that allows the 

identification of individual components and minimises the contribution of fluorescence 

from the large matrix.  

As previously stated, advancements in instrumentation are directly responsible for the 

evolution of Raman spectroscopy. Thanks to the development of laser optics and the 

miniaturisation of lasers and detectors, the application of Raman spectroscopy in 

archaeology and cultural heritage has advanced rapidly, which brings the laboratory 

closer to the objects of interest. The introduction of fibre optics into the field of Raman 
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spectroscopy [21],  paved the way for the advent of mobile Raman instrumentation for in 

situ analysis of heritage objects (in museums or in the field) [22]. Soon, mobile Raman 

systems equipped with a compact detector and an optical fibre probe became 

commercially available. In recent years, due to its convenient use in fieldwork, mobile 

Raman spectroscopy has been extensively applied in the in situ studies of a variety of 

archaeological or heritage scenarios, e.g. museum items and outdoor objects such as rock 

arts and newly excavated archaeological materials. The analysed materials include 

illuminated manuscripts, paintings, minerals, gems, stones, rocks, pottery, porcelain, 

glass, enamel, and etc [23,24]. 

In atmospheric scattering investigations during the 1960s, the idea of conducting Raman 

measurements remotely arose [25,26]. Long optical fibres enabled the remote detection 

of samples at distances of several metres to dozens of metres [27]. However, this kind of 

remote Raman instruments means that only the operators are kept away while the probe 

is still required to be in close contact with the sample. It is not a good solution for objects 

at heights and it requires moving of the probe to another positions for another 

measurement. The combination of telescopes with Raman spectrometers leads to 

remote/standoff Raman spectroscopy sensu stricto, which can work in the range of 

several metres all the way up to over 1 kilometre [28ï31]. This newly emerged technique 

is best suited to investigations where targets are inaccessible or too dangerous. Explosives 

detection is one of such applications, where small quantities (a few milligrams) of  

explosives, e.g. tri-amino tri-nitrobenzene (TATB) and octogen (HMX), can be identified 

at a standoff distance [32ï34]. The most well-known field where remote Raman 

spectroscopy is adopted is planetary exploration. The remote standoff Raman systems is 

more convenient to probe a large area without moving the system. International 

collaboration has been established over the years for the development and test of such a 
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remote instrument on earth [35,36]. It was not used in real space environment until 

NASAôs Mars 2020 mission. The Perseverance Rover is equipped with SuperCam, a suite 

of remote-sensing instruments including a remote Raman spectrometer at 532 nm that can 

investigate targets up to 12 m from the rover [37]. Remote standoff Raman spectroscopy 

also demonstrates great potentials in plant stress response research [38]. 

Unfortunately, before our work, there is no remote/standoff Raman system that are 

dedicated to cultural heritage research, though the advantages and the demand for such 

technique in in situ heritage applications are becoming increasingly prominent. The 

ambiguous use of the term óremoteô in heritage science is confusing as it is often achieved 

with remote probe and optic fibres. For instance, a paper reported the non-contact remote 

Raman scanning but the claimed working distance can be merely 20 cm [39]. A clear 

definition of óremoteô in terms of working distances is lacking. The application of 

telescope-based Raman spectroscopy most closely related to cultural heritage is a series 

of studies on stones/rocks/minerals by Sharma et al [40ï42], though the purposes were 

mainly for planetary sciences. Most remote/standoff Raman systems use high-power 

pulsed laser sources with large telescopes [35]. The working distance is usually dozens 

or hundreds of metres, which is more suitable for outdoor investigations but not for indoor 

works with space limits. The spot size can be a few centimetres, resulting in poor spatial 

resolution not suitable for analysis of artworks. A truly remote/standoff Raman system 

for cultural heritage applications is much needed. It is of crucial importance that unique 

requirements for heritage objects, such as low laser intensity (to avoid laser-induced 

damage) and high spatial resolution, must be taken into consideration. 
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1.3.2. LIBS 

The past two decades has witnessed substantial growth of LIBS applications in 

archaeology and cultural heritage research [43ï45]. Offering preferable performance, 

benchtop LIBS systems are often employed for quantitative analysis of elemental 

compositions in heritage objects. Lazic et al. demonstrated different approaches for 

quantitative LIBS analysis with applications of archaeological materials including 

bronzes, marbles and ceramics [46]. 

LIBS offers unique advantages, such as being able to detect light elements and could 

reveal elemental information beyond sample surface when applying repeatedly laser 

pulses on the same spot and analysing the generated plasma emission, which makes LIBS 

a very efficient option for in situ elemental analysis, especially for depth profiles and for 

the simultaneous detection of a wide range of elements. Compared to Raman 

spectroscopy instrumentation, typical LIBS setups are relatively simple. It usually 

comprises of a pulsed laser source for generating plasma from the target, an optical fibre 

to collect the light emission, and a spectrometer that records the spectrum. Since the 

plasma emission occurs later than the laser pulse, a signal generator is normally used to 

synchronise the laser trigger and the collection of the spectrum. Nowadays it is usually 

integrated into the laser source or the spectrometer for LIBS applications. The 

technological advances, especially the miniaturisation of components, make mobile LIBS 

systems possible. Portable instruments, such as man-portable and handheld instruments, 

are now commercially available. The development of portable LIBS instruments was 

reviewed in detail and compared with XRF [47]. In situ LIBS analysis are mostly 

performed with mobile instruments. Mobile LIBS systems have been successfully 

employed for in situ analysis in various applications [48,49]. 
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The LIBS analysis of distant objects from several meters to dozens of metres from the 

instruments can be achieved using both field-deployable mobile instrumentation and 

telescopes for long-distance delivery of the laser radiation and collection of the emission 

light. Just like remote Raman spectroscopy, remote LIBS has found applications in areas 

including explosives detection and space exploration.  

The U.S. Army Research Laboratory utilised standoff LIBS spectra acquired at 20 m to 

discriminate between explosives and non-explosives [50]. Multivariate statistical analysis 

such as partial least squares discriminant analysis (PLS-DA) has been introduced for 

explosives detection [51]. Laserna et al. reported on rapid detection and classification of 

different kinds of explosives at standoff distances up to 45 m using LIBS [52,53]. 

The first demonstration of remote LIBS technique applied in space science was the 

ChemCam remote sensing suite on board the Curiosity rover, which landed on Mars in 

2012. The LIBS instrument on ChemCam can target a rock or soil sample over a 1.5ï7 m 

range, utilising pulses from a 1067 nm Nd:KGW laser with >30 mJ pulse energy, and 

then observing a spectrum between 240 nm and 800 nm [54]. The next generation remote 

sensing module, SuperCam, on board the Perseverance rover has successfully performed 

quantitative remote LIBS analysis on Mars [55].  

For industrial applications, Anglos et al. demonstrated the in situ examination of types 

and ageing conditions of composite polymeric insulators in overhead high voltage 

electricity pylons by a remote LIBS system [56]. Lang et al. performed standoff LIBS 

depth profiles in an argon environment for Sr and Cs contaminated nuclear plant steel 

with different laser  pulse energy [57].  

For cultural heritage applications, remote LIBS provides long-range elemental analysis 

capability which XRF could not offer. However, the adoption of this micro-destructive 
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technique is always treated with caution. The concern is not only for the safety of the 

objects, but also for the health and safety of people as long-range open-path laser pulses 

could pose a threat to anyone nearby. There are not many archaeological or cultural 

heritage studies involving remote or standoff LIBS. Several remote or standoff LIBS 

systems have been developed for in situ characterisation of stones and metals. Grönlund 

et al. demonstrated a mobile lidar system mounted on a truck, where remote LIBS analysis 

of several metal and mineral samples were successfully carried out at a distance of 60 m 

[58]. With rich experience in developing remote LIBS technique for explosives detection, 

Lasernaôs research group at the University of Malaga deployed a remote mobile LIBS 

system for the analysis of the façade of the Cathedral of Málaga (Spain) at 35 m [59]. 

Lazic et al. proposed a laboratory prototype LIBS system with oblique design that could 

work from 8ï30 m, for analysis of multi-layered ceramic materials [60]. 

The ability to virtually analyse any kind of substance (solid, liquid, gaseous) in various 

environments, including air, vacuum, fluids, and even under harsh conditions such as high 

temperature, high pressure, and toxic environments contributes to the widespread use of 

LIBS. It soon draws attention of underwater archaeologists, since a large number of 

archaeological artifacts are discovered submerged in maritime environments, which 

demands a unique technique for elemental analysis in their research. Recently, Laserna et 

al. has contributed a lot to this field, with several publications presenting fibre-optics 

based and telescope based standoff remote submarine LIBS analysis [61ï63]. In standoff 

mode, samples can be analysed at distances up to 80 cm from the instrument at the solidï

water interface. 

As mentioned earlier, one of the unique applications of LIBS is precisely being micro-

destructive. When delivering repetitive laser pulses on the same spot, depth profiles of a 

wide range of elements can be obtained. This kind of work is mostly done with benchtop 
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LIBS systems. Recently, some studies demonstrated the potential of remote in situ depth-

profiling analysis. For archaeological and cultural heritage research, depth-resolved LIBS 

analyses have been carried out both at close ranges [64,65] and in a remote/standoff 

manner. When surveying the Cathedral of Málaga, Laserna et al. traced the depth profile 

of a Cu line at 406.3 nm from 500 laser pulses delivered to a metallic seal [59]. Depth 

profiles of a range of elements (Al, Ti, Si, Fe, Ba, Mn, Pb) from 500 laser pulses on ócleanô 

and ócrust-coatedô sections within the Solomonic column were presented as well. 

However, they had limited success because of the wandering beam caused by the wind. 

Two papers mentioned earlier on close-range depth-profiling LIBS also utilised 

complementary techniques (XRF and OCT, respectively) which provided additional 

information corresponding to each layer [64,65]. Remote Raman spectroscopy seems to 

be an ideal choice, as the instrumentation shares similar designs. Detalle et al. proposed 

an experiment where LIBS is used to ablate the surface of wall painting pigments, and 

then Raman spectroscopy reveals the molecular information underneath [66]. When 

performed repeatedly, this enables a layer-by-layer analysis using LIBS and Raman 

spectroscopy. This idea can be practiced remotely. The SuperCam on Perseverance rover 

has the potential for such application but so far depth profiles has been conducted by 

LIBS aided by acoustic monitoring [67]. Raman spectroscopy was only used to acquire 

mineral information in the LIBS crater. In addition, the integrated use of LIBS and SWIR 

reflectance spectroscopy for depth profiles was proposed in China's first Mars exploration 

[68].  
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1.3.3. LIF  

LIF applications in cultural heritage and archaeology has been critically reviewed by 

Nevin et al, summarising studies in a variety of materials including stones, minerals, 

pigments, varnishes, and binding media [69]. As a versatile, non-destructive analytical 

technique, LIF has great potential as a tool of painted artwork diagnostics. Semiconductor 

pigments can yield characteristic fluorescence features under excitation due to the small 

band gap, which is responsible for the relatively narrow emissions. Miyoshi et al. reported 

the LIF analysis of 40 pigment samples using a pulsed N2 laser (ɚ = 337.1 nm) for 

excitation, and found that several pigments are highly fluorescent, e.g. zinc white (ZnO) 

and cadmium-based pigments [70]. Anglos et al. demonstrated an LIF application in 

pigment analysis, focusing on the differentiation of a range of cadmium-based pigments 

by their fluorescence emission using three laser wavelengths at 248, 355, and 532 nm, 

respectively [71]. It was found that fluorescence emission increases in the wavelength 

with higher concentration of Se. LIF was utilised by Pantani et al. for the study of stone 

monuments in the aspects of biodeteriogen monitoring (green algae and cyanobacteria on 

the marble substrate), stone fluorescence signatures, and surface treatments [72,73]. 

Spizzichino et al. reported the application of LIF for the characterisation of treatments 

with ancient and modern materials on the surface of marble artworks, with methods of 

rapid identification and mapping developed and tested using discriminant fluorescence 

features [74]. Lazic et al. presented LIF signals from the glaze and lustre of different 

colours and discussed the surface plasmon resonance (SPR) peaks of copper and silver 

nanoparticles which might be responsible for the optical properties and colours of 

Renaissance Italian lustre pottery [75].  

Wall paintings are ideal objects of study for mobile LIF instruments. Fantoni et al. 

demonstrated a mobile LIF system which is capable of large-area scanning of cultural 
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heritage surfaces. Reference materials of binders and pigments were tested in the 

laboratory before the field campaign conducted on medieval frescoes by Giusto deô 

Menabuoi in the Padua Baptistery [76]. Capobianco et al. reported a case study of 

Vincenzo Pasqualoni's wall paintings in S. Nicola in Carcere (Rome) [77]. Time-gated 

LIF helped identify the sporadic use of egg binder and detect of synthetic compounds and 

ZnO in different part of the fresco, used in past restoration treatments.  

Sharing almost identical instrumentation design, remote LIF is often achieved along with 

remote LIBS technique. The combined use will be discussed in the next section. It is 

noteworthy that remote and standoff LIF has found extensive applications in biochemistry. 

Chappelle et al. published several papers on remote LIF applications of green plants, 

which thoroughly discussed the use of remote LIF technique in plant stress detection, 

species differentiation, nutrient deficiencies detection, and photosynthesis rate estimation 

[78ï81]. For cultural heritage, this might be related to potential applications of remote 

LIF in biodeterioration studies.  

Grönlund et al. published a series of papers during the 2000s [82], demonstrating a mobile 

lidar system mounted on a truck that could perform remote LIBS and LIF analysis in 

heritage sites. The system was firstly tested with remote measurement campaign on six 

brick samples using five different excitation wavelengths in a laboratory setting [83]. In 

situ LIF analysis was conducted on an ornamental urn on the roof of the main building at 

Övedskloster castle, presenting distinct emission features at different areas [84]. LIF 

mapping was performed on the main façade of the Övedskloster castle at Ḑ40 m distance, 

showing the distribution of chlorophyll, which has strong fluorescence characteristics at 

~690 nm [58]. The same mobile lidar system was successfully deployed in a joint Italian-

Swedish field campaign at the Colosseum in Rome. Determination of different types of 

biodeteriogens and chlorophyll content assessment on several areas were achieved. 
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Monitoring of soiling was illustrated by thematic mapping to reveal the cleaning effect of 

a contaminated area by fluorescence imaging [85]. Discrimination of masonry materials, 

reinforcement structures, and protective coatings applied in previous conservation 

interventions by their fluorescence signatures were implemented [86]. 

 

1.3.4. Multimodal analysis 

Multimodal analysis using various analytical methods with separate instruments is 

common for archaeology and cultural heritage studies. Having discussed the principles 

and instrumentation of the three laser spectroscopy techniques, namely Raman 

spectroscopy, LIBS and LIF, we have demonstrated that the integration of two or three 

techniques are feasible. It enables different analyses to be performed on the same spot. In 

addition, the combination could provide complementary information using a versatile 

compact setup, which is important for mobile instruments that are suitable for in situ 

analysis. There are numerous research papers on combined instrumentation but most of 

them presented two laser spectroscopies: LIBS-Raman, LIBS-LIF, or Raman-LIF. The 

integrated systems are mostly benchtop setups for laboratory use. Mobile or remote 

instruments are rather few. 

LIBS-Raman hybrid: 

Laserna et al. published a series of papers on the development of combined standoff 

Raman and LIBS systems for explosives detection [87ï89]. Though one of their LIBS 

systems was employed for the investigation of the façade of the Cathedral of Málaga, it 

seems that remote Raman spectroscopy was not used in this field campaign. The 

SuperCam remote sensing suite on Perseverance rover is equipped with a compact 

integrated system capable of performing standoff LIBS and Raman analysis [37].  
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Sharma and co-workers at the University of Hawaii are one of the most active groups in 

this field that designed a series of combined remote Raman and LIBS instruments for 

planetary sciences, ranging from compact-sized instruments as modules on space rovers 

and large mobile systems mounted on trollies with the ability to detect minerals from 

distances of hundreds of metres [90ï93]. The optical setups share a single pulsed laser as 

excitation source for both LIBS and Raman, while telescopes and spectrometers could be 

separate for the two techniques or a single collection system can be used. The problem of 

using a single spectrometer for LIBS and Raman lies in the required spectral range for 

both techniques. Raman spectra usually covers a wavelength range of ~200ï300 nm 

starting from the Rayleigh line, while typical LIBS signals span 200ï850 nm, much 

broader than Raman spectra. It is a trade-off between spectral range and spectral 

resolution when using a single grating. There are other issues such as spectral sensitivity 

(sensor response) at different wavelength regions. To overcome such issues, Echelle 

spectrograph with the ability to cover broad wavelength range with good spectral 

resolution is used for combined LIBS-Raman systems [94,95]. Recently a two-component 

approach was proposed to focus the laser beam and significantly improve remote Raman 

and LIBS capabilities for chemical detection using remote controlled car or unmanned 

aerial vehicle (UAV) carrying a small remote lens near the target [93]. 

LIBS-LIF hybrid: 

Anglos et al. [96] reported a simultaneous application of LIBS and LIF using a single 

optical setup on a model sample comprising of a cadmium yellow (CdS·ZnS·BaSO4) 

paint layer on top of a white paint made of gypsum (CaSO4 2H2O) containing small 

amounts of zinc white (ZnO). The work was a demonstration of the LIBS technique with 

abilities of conducting depth profiles and elemental analysis, which is then complemented 

by the time-integrated LIF analysis of the sample. Both techniques shared the same 
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excitation wavelength at 355 nm. High energy pulses were used for LIBS, while pulses 

with energy below the ablation threshold followed for LIF analysis. Pouli et al. 

investigated the depth profile of protective coatings on historic metal objects using LIBS, 

which was aided by LIF with lower laser pulse energy (below the ablation threshold) at 

the same wavelength (at 193 nm for excitation) and geometry [97]. During the depth 

profiling, in between each LIBS measurement, the pulse energy was attenuated so that 

the time-integrated LIF spectrum was collected after irradiation of the sample with 100 

probe pulses. 

As stated above, a research group at Lund University developed a mobile lidar system 

mounted on a truck with the ability to record remote LIBS and LIF spectra at 60 m. The 

system was successfully deployed in field campaigns in heritage sites both in Sweden 

(Övedskloster castle) and Italy (the well-known Colosseum). Details of their LIF analyses 

are described in the previous section. However, it seems that LIBS analysis was only 

performed on several metal samples in tests conducted on the university campus but not 

at heritage sites [98]. 

Raman-LIF hybrid: 

In recent years, the Raman-LIF hybrid draws attention of planetary scientists due to the 

extensive use of LIF in biochemistry. Combining Raman spectroscopy with LIF for the 

analysis on the same target could enhance the confidence of a potential biosignature 

detection. 

Sharma et al. proposed a combined inelastic (Raman) and elastic (Mie-Rayleigh) 

scattering and LIF active remote sensing (RLIF) system for Mars Science Laboratory 

(MSL) mission [99]. In laboratory tests, Raman spectra of a collection of minerals, 

organic and molecular gases could be acquired at 100 m at any time of day or night. LIF 
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spectra of biogenic materials and minerals could complement the Raman data. Sharma et 

al. also modified a remote Raman spectroscopy system in oblique geometry for composite 

Raman and LIF measurements of minerals at 10 m [100]. Raman spectra of cyclohexane, 

ice and gypsum, as well as fluorescence spectra of chlorophyll-a and ruby were presented 

respectively. The combined LIF and Raman spectra of chalk (CaCO3) indicated a photo-

quenching effect with increased time, as well as a corresponding signal-to-noise ratio 

(SNR) enhancement for Raman.  

LIBS-Raman-LIF hybrid: 

Several research groups are working on the development of a single apparatus that 

combines Raman, LIBS, and LIF, and to address the corresponding instrumental issues 

of selecting laser sources, collection optics, and experimental configurations that provide 

the optimum compromise for the three techniques. 

Osticioli et al. proposed a compact and potentially transportable prototype instrument 

capable of performing Raman, LIBS and LIF using a single pulsed laser source for the 

analysis of cultural heritage objects [101]. A pulsed laser at the second harmonic (532 

nm) was used for both Raman and LIBS. Frequency doubling was achieved with a 

potassium titanyl phosphate (KTP) crystal so that the fourth harmonic at 266 nm was used 

for LIF. A time-gated intensified CCD (ICCD) detector sensitive at 180ï900 nm allowed 

for the collection of LIBS spectra and can also be employed for both LIF and time-

resolved Raman spectroscopy. Natural and synthetic ultramarine pigments were analysed 

with LIBS and Raman. Raman provided molecular confirmation of both materials as 

ultramarine, while elemental differences were clearly revealed by LIBS. For organic 

materials, LIF successfully distinguished egg white from rabbit skin glue, while LIBS 

showed lines of CN and Ca for both. 
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Similarly, Martínez -Hernández et al. developed a compact laboratory hybrid Raman, LIF 

and LIBS system using a single Q-switched Nd:YAG laser at its second (532 nm), third 

(355 nm) and fourth (266 nm) harmonics and a spectrograph coupled to a time-gated 

ICCD detector [102]. It is noteworthy that the spectrograph utilised two interchangeable 

diffraction gratings and entrance slit widths, respectively, providing varying spectral 

range and resolution for different techniques. Raman and LIF spectra of a range of 

heritage stone samples excited at 355 nm and 532 nm were compared, while irradiation 

at 355 nm was used for LIBS. Several model wall painting samples were analysed with 

all three methods, presenting complementary information for material identification. 

A research group at the Centre de recherche et de restauration des musées de France 

(C2RMF) reported the development of a single LIBS-LIF-Raman hybrid system for 

cultural heritage analysis [103,104]. Nd:YAG lasers working with 4 different 

wavelengths of 1064, 532, 355 and 266 nm were employed. Several detection systems 

such as Czerny-Turner spectrometer coupled with ICCD detector, Echelle spectrometer, 

and small commercial spectrometer were utilised to collect different signals. This 

benchtop setup later evolved into a single multi-spectroscopic mobile device for in situ 

analysis of cultural heritage [105]. 
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Chapter 2 

Instrumentation 

2.1. Remote standoff Raman spectroscopy 

2.1.1. Introduction  

The identification of painting materials is crucial to the study of wall paintings in caves, 

tombs, and historical buildings as it can provide related information regarding art history, 

historical trade and cultural exchanges. However, it can be difficult to perform in situ 

close contact measurements. The remoteness of the locations, the paintings' unattainable 

height, and the difficulty in controlling the environment they are in are some of the 

difficulties unique to wall paintings studies. Scaffolding is typically required for the 

investigation of the upper parts of a wall or ceiling. It can be expensive, difficult to deploy, 

and, most importantly for scientific analysis, unstable for sensitive measurements where 

a long acquisition time is needed [106]. 

 

Figure 2.1. Scaffolds for the examination of wall paintings in the Royal Pavilion, Brighton. 
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In NTU ISAAC lab, our solution is an in-house developed VIS-NIR remote spectral 

imaging system, PRISMS, which can image wall paintings at sub-millimeter resolutions 

from a distance of 3ï30 m [11]. However, spectral reflectance information acquired by 

PRISMS alone is not able to differentiate pigments in certain cases (e.g. some yellow 

pigments share similar reflectance patterns). To address this issue, we need to adopt other 

analytical methods to complement spectral imaging. Remote standoff Raman 

spectroscopy seems a good choice. 

Raman spectroscopy is a powerful analytical technique which precisely identifies 

materials by their fingerprints in molecular vibrations. The emergence of lasers in 1960s 

and the technological advances in sensitive detectors since the 1980s enable Raman 

spectroscopy to become a useful tool in many application fields. In cultural heritage 

research, it has been utilised for non-invasive material identification (such as pigments), 

investigations of degradation products, provenance determination, etc. [107ï111].  

There are controversies in the community of remote sensing and cultural heritage with 

regard to the accurate use of the term óremoteô. To avoid any confusion, here we define 

remote standoff Raman systems as instruments that can work at a distance of 3ï50 m 

between the instrument and the object. The idea of performing Raman measurements 

remotely was first reported during the 1960s [25,26]. Nowadays, the majority of remote 

and standoff Raman systems have been developed for planetary sciences and explosive 

detection, mostly using high-power pulsed lasers for excitation [35]. However, the Raman 

efficiency and potential laser induced damage should be considered when designing 

Raman instruments for cultural heritage research. Both aspects need to be balanced to 

achieve material identification in acceptable acquisition time while ensuring the safety of 

heritage objects. 
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2.1.2. Original experimental setup 

The design of a remote standoff Raman spectroscopy for wall paintings should take the 

following requirements into consideration: 1) for sensitivity, it should be able to detect 

and identify the majority of common historic artist pigments at a distance of  3ï15 m 

(suitable for most indoor investigations) with an comparable spectral resolution to 

commercial mobile Raman system (~8 cm-1) in 30 min; 2) The intensity and fluence 

(accumulated in typical time required for detection) of the excitation laser should be safe 

for all pigments; 3) it should be mobile to enable in situ measurements; 4) it should be 

able to operate in normal indoor light conditions (with daylight from windows) as it is 

not always feasible to perform Raman measurements at night; 5) a co-axial geometry of 

the laser beam and the collection optics is preferred for the alignment of the excitation 

and collection beams to be independent of distance; 6) the size of the laser spot on target 

should be < 10 mm in diameter at a distance of 10 m to achieve an acceptable spatial 

resolution; 7) Positions of the measured spot should be recorded online. 

Figure 2.2 shows the original design of a remote standoff Raman spectroscopy system for 

working at distances of 3ï15 m. The instrument consists of a CW laser source (Newport 

TLB-7113-01) for excitation at 780 nm with a maximum output power of 90 mW, a 

Maksutov-Cassegrain reflector telescope (Meade ETX-90) with 90 mm clear aperture and 

1250 mm focal length, and a Czerny-Turner spectrograph (Andor Shamrock SR-193i) 

coupled with a high sensitivity CCD detector (Andor iDus 416), which is 

thermoelectrically cooled to -75°C for normal Raman measurements. Two mirrors 

positioned at a 45° angle reflect the laser beam, making it coaxial with the telescope. The 

output laser beam is collimated, with a tiny divergence that leads to a spot size of ~4 mm 

at 3 m and ~8 mm at 8 m. A narrowband laser clean-up filter centred at 780 nm with a 

FWHM bandwidth of ~3 nm is used to eliminate optical noise from unwanted laser 
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background, non-lasing (plasma) lines and spontaneous emission. The telescope collects 

the reflected light, which passes through a 780 nm longpass filter with a sharp cut-off to 

block the Rayleigh scattered line and into a collection fibre (Thorlabs M75L02) with a 

core size of 200 ɛm in diameter. A PC-controlled motor adjusts the primary mirror of the 

telescope for focusing. A dichroic beamsplitter at 770 nm is directly coupled to the rear 

port of the telescope to send the reflected light <770 nm to a guiding camera for imaging, 

which can be used to evaluate the focusing of the telescope and inspect the measured area. 

A pair of plano-convex lenses are employed to better couple the received signals >780 

nm into the fibre. The received signals then pass through an entrance slit of 50 ɛm into 

the spectrograph. The entire system is mounted on rails atop an altitude-azimuth telescope 

stage, which is controlled by a hand controller (Meade Autostar). The cut-off 

wavenumber, dictated by the dichroic beamsplitter and the longpass filter, is ~130 cm-1. 

The spectral resolution is ~4 cm-1 over a spectral range of 140ï1300 cm-1 when recorded 

with a 1200 l/mm grating, or ~8.5 cm-1 over 140ï3300 cm-1 using a 500 l/mm grating.1 

 

 

Figure 2.2. Schematic of the original remote standoff Raman system employing a CW laser at 780 nm co-

axial with the collection optics. Adapted with permission from [112] © Optica Publishing Group. 

 

 
1 The spectral resolution, as reported in one of our papers [112], of ~15 cm-1 with a 500 l/mm grating and 

~9 cm-1 with a 1200 l/mm grating for the entire spectral spectrum, resulted from an issue of the grating 

turret that made the gratings tilted. It was fixed and the spectral resolution improved consequently. 
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2.1.3. Sources of noise 

Noise is an important issue to all spectroscopy techniques. It is crucial to understand the 

sources of different types of noises in order to optimise the collection of Raman signals 

thus improve the signal-to-noise ratio (SNR). 

In the case of photon detection, there is an inherent statistical variation in the arrival rate 

of incoming photons incident on the detector (CCD in our case) called shot noise (or 

photon noise in optics). It is a quantum noise effect related to the discreteness of the 

energy in the electromagnetic field of photons. 

The counts of electric signals ὔ converted from photons incident on the detector can be 

given by: 

ὔ ὖϽ–Ͻὸ ςȢρ 

where ὖ is the photon flux (photons/pixel/second), – is the quantum efficiency (QE) of 

the device, and ὸ is the integration time (seconds). 

Shot noise obeys the Poisson distribution, so that it is equal to the square root of the 

average counts of events ὔ: 

„ Ѝὔ ὖϽ–Ͻὸ ςȢς 

It is noteworthy that in Raman measurements the total shot noise is related to all the 

signals recorded, including Raman signals of the material of interest, Raman signals of 

other components in the sample (matrix), þuorescence generated by laser irradiation and 

then collected by the detector, stray light and cosmic rays entering in the detector, etc. 

Some of the irrelevant signals can be removed by data processing, such as the subtraction 

of the broad þuorescence signals or the subtraction of the background spectrum to correct 

for ambient light contributions. However, shot noise generated by these components 

cannot be eliminated. 
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There are sources of noises from the detectors. The dark noise comes from the statistical 

variation in the number of charges thermally generated in the silicon structure of the CCD. 

Silicon at temperature above zero kelvin can eject valence electrons into the conduction 

band in response to internal temperature, even in the absence of photons. The resulting 

small electric current that flows through the CCD at a given temperature is referred to as 

dark current. The dark noise follows a Poisson relationship to dark current as square root 

of the amount of thermal electrons generated within the integration time: 

„ ὍϽὸ ςȢσ 

Dark noise is highly dependent on device temperature, thus can be reduced by cooling 

the detector. Technical advances in CCD allow modern high-performance devices to be 

deep cooled to a temperature at which dark current is reduced to negligible levels over a 

typical integration time. 

The contribution of dark noise is the main reason why normal spectrometers that are 

thermoelectrically cooled to -25°C are unable to perform long-time Raman analysis 

lasting >5 min for materials with low Raman scattering cross-section. The accumulation 

of dark noise can be significantly greater than weak Raman signals of interest. Therefore, 

a high-performance deep-cooled detector is necessary for Raman measurements. 

Another source of noise from the detectors is the readout noise, which is a combination 

of noises inherent to the readout process of amplifying and converting the photoelectrons 

into a change in analogue voltage signal for quantification, as well as the subsequent 

analogue-to-digital (A/D) conversion. The main source of readout noise is the on-chip 

amplifier. For the same device, readout noise increases with read-out rate or frame rate, 

as the speed of charge transfer (current) can affect the temperature of the devices. 

Improvements in CCD design enable high-performance detectors to significantly reduce 

the level of readout noise. Readout noise is directly related to the numbers of readouts. 
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For Raman measurements, the accumulation or average mode should be used with caution 

to minimise the contribution of multiple readouts. 

The total noise is the quadrature sum of different types of noise sources discussed above, 

therefore the SNR can be calculated as: 

ὛὔὙ
ὔ

„

ὔ

„ „ „

ὖϽ–Ͻὸ

ὖϽ–Ͻὸ ὍϽὸ „
ςȢτ 

In Raman analysis, if the dark current is stronger than Raman signals, the dark current 

will dominate over other noise components (dark noise limited). If the dark current is 

minimal and Raman signals are stronger, the detection is photon noise limited so that 

ὛὔὙͯ ὖϽ–Ͻὸ. If both the dark current and Raman signals are weak, then at short 

integration time ὸ, the noise could be dominated by readout. Photon noise can eventually 

take over with increasing integration time ὸ.   

In addition, long time laser irradiation could increase the risks of potential laser induced 

degradation. Therefore, the integration time needs to be carefully determined for each 

sample. A deep cooled detector operating in modes with minimum readouts, is preferred 

for Raman measurements.  

 

2.1.4. Choice of excitation wavelength 

A CW laser at 780 nm was chosen for the remote standoff Raman system with several 

factors taken into consideration, including the Raman detection efficiency, overall 

reduction in þuorescence in most materials of interest, the cost of optical components and 

detectors for the corresponding wavelength range and the laser induced damage threshold 

for various materials. 
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The Raman scattering strength is proportional to the incident light intensity and inversely 

proportional to the wavelength to the fourth power. Consequently, a shorter excitation 

wavelength can yield a stronger Raman signal from a given sample.  

Fluorescence is often the practical limitation to the effective use of Raman spectroscopy. 

When illuminated by a laser, many materials can generate strong photoluminescence to 

overwhelm the Raman signal, since photoluminescence has a much higher probability of 

occurring than does Raman scattering. One may argue that the background subtraction of 

the photoluminescent background would be sufficient to reveal the Raman spectrum from 

the superimposed Raman and photoluminescent signals. In this case, the shot noise can 

be separated into contributions of Raman signals of interest and the fluorescence. If the 

photoluminescence is so strong that its signal is much greater than Raman signal, in which 

case the signal noise will also dominate over instrument noise, the SNR for Raman 

detection given by: 

ὛὔὙͯ
ὔ

„
ͯ

ὔ

„ͺ

ὖ

ὖ
Ͻ–Ͻὸ ςȢυ 

will be rather small, and therefore, it can be difficult to distinguish the Raman signal from 

the shot noise due to fluorescence.  

Fluorescence typically occurs in the ultraviolet-visible (UV/VIS) region at wavelengths 

above ~300 nm, independent of excitation wavelength. To avoid that, excitation 

wavelength for Raman spectroscopy in the near-infrared (NIR) region, such as 785 nm or 

1064 nm where fluorescence is weaker has an advantage. However, Raman efficiency is 

much lower in the NIR and at the longer wavelength of 1064 nm, normal Si based CCD 

does not have much response and the more expensive InGaAs or MCT (mercury-

cadmium-telluride) detectors that also need deep cooling to reduce the noise are required. 



44 

 

Excitation wavelength in the UV region, such as 266 nm (quadrupled, diode-pumped 

Nd:YAG lasers) and 248.6 nm (NeCu hollow-cathode metal-ion lasers) can also have an 

advantage, since a typical Raman spectrum with 4000 cm-1 wavenumber range would not 

reach 300 nm and the Raman efficiency is much higher owing to the much shorter 

wavelength. On the other hand, the narrow spectral range in terms of wavelength at UV 

region requires a high spectral resolution (e.g. a 4 cm-1 difference in wavenumber equals 

~0.03 nm in wavelength for 266 nm excitation, compared to ~0.25 nm for 785 nm 

excitation), therefore excitation lasers with narrower linewidth, filters with steeper cut-

off edge, and high-resolution gratings are needed. In addition, UV-enhanced CCD 

cameras are required for acceptable response. All the above optical components for UV 

region are technically demanding, thus more expensive. Another challenge with UV 

illumination is that the higher energy of UV photons can be more destructive to the sample. 

For the above reasons, UV Raman is so far not widely used in the heritage field. 

All things considered, 785 nm seems a balanced choice which offers sufficient Raman 

scattering strength, has cheaply available optical components and good detector response, 

and suppresses intense fluorescence.  

 

2.1.5. Raman efficiency comparison between CW and pulsed laser 

Most remote Raman systems employ pulsed lasers for excitation, as high peak power 

laser pulses allow for gated collection of Raman signals, which also minimises the 

collection of daylight during the Raman measurements. Such remote systems are mostly 

adopted in fields such as planetary sciences (e.g. remote detection of rocks and minerals 

on planets), and explosives detection (e.g. identification of trace amounts of explosives 

and their residues from standoff distances) [113,114]. For these kinds of work, laser 
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induced degradation effects are not the main concern of the studies as long as the materials 

are not completely altered to lose their original spectral features. 

Higher laser intensity leads to higher Raman efficiency (since Raman intensity is 

proportional to laser intensity) and also greater risks of laser induced degradation when 

the laser intensity exceeds the damage threshold of the material. For practical Raman 

analysis, this is a trade-off that needs to be carefully considered, especially in the field of 

cultural heritage research where the conservation of heritage objects is of paramount 

importance. For pulsed lasers and CW lasers, the damage threshold in intensity may differ 

as the corresponding degradation mechanisms can be different due to thermal effects, e.g. 

heat dissipation between pulses may result in a higher damage threshold for pulsed lasers 

than for CW lasers. 

Here we will discuss the Raman efficiency between CW and pulsed lasers at the same 

wavelength. The calculations are based on assumptions that damage threshold for CW 

and pulsed lasers are equal. Raman intensity Ὓ  is proportional to laser intensity, the 

irradiated area (assume that the laser spot ὃ  equals the detected area ὃ  so that all 

Raman signals can be detected), and the measurement time ὸ . For a CW laser: 

Ὓ ᶿὍ ὃὸ ςȢφ 

where Ὅ  denotes the intensity of the CW laser, ὃ is the area of the laser spot on the 

sample, and ὸ  is the measurement time.  

Similarly, for a pulsed laser, the Raman signal Ὓ is expressed as: 

ὛᶿὍὃὔ† ςȢχ 

where Ὅ is the peak intensity of a laser pulse, ὔ is the number of pulses in the 

measurement, and † is the pulse width.  
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The total measurement time required in the measurement is then given by 

ὸ
ὔ

Ὢ
ςȢψ 

where Ὢ  is the repetition rate.  

Assume that the area of the laser spot on the sample, ὃ, is the same for both cases, to 

achieve the same level of Raman signals, the ratio of the effective measurement times 

between using a CW laser and a pulse laser is given by: 

ὸ

ὸ

ὍὪ †

Ὅ
ςȢω 

For Raman analysis of materials that are not sensitive to high-intensity laser irradiation, 

a pulsed laser can take full advantage of its high peak intensity, which is several orders 

of magnitude higher than the intensity of a CW laser (ὍḻὍ ). However, this advantage 

can be eclipsed by the short pulse duration in nanoseconds and the low repetition rate.  

From another perspective, consider that to generate sufficient Raman signals detectable 

(signals above the instrument noise) using a single pulse so that ὸ † and ὔ ρ, the 

ratio of the effective measurement times between using a CW laser and a pulse laser can 

be given by: 

ὸ

†

Ὅ

Ὅ
ςȢρπ 

In the case of using a single laser pulse for Raman analysis, as long as the Raman signals 

generated by the single pulse is strong enough to be detected and the degradation 

threshold for the pulsed laser is the same or greater than that for the CW laser, the pulsed 

laser is always more efficient. If more pulses are required to detect the Raman signal, then 

the pulsed laser becomes inefficient due to the low duty cycle. 
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Consequently, the adoption of a CW laser as the excitation source of the remote standoff 

Raman system is recommended for the safe measurement of light-sensitive pigments on 

historical wall paintings. For scenarios where low laser intensity is necessary, pulsed 

lasers cannot take advantage of their high peak intensity.  

 

2.1.6. Experimental updates 

There are options for the laser beam configuration. The collimated beam allows for easy 

operation in situ since ideally focusing is not required when measuring spots at different 

distances. However, it was found that in the original remote standoff Raman setup, the 

collimated laser beam was still slightly diverging, which results in a ~4 mm spot at 3 m 

and a ~8 mm spot at 8 mm. To achieve higher spatial resolution, the mobile remote 

standoff Raman system has been redesigned and upgraded to fit in a 5X beam expander 

(Thorlabs BE05M) which could be used to focus the beam at different distances. A higher 

laser intensity means that less acquisition time is required for detection. The spot diameter 

of the focused beam at sample is ~1 mm, regardless of the distance in the range of 3ï15 

m. The maximum laser power at sample is 43 mW, corresponding to an irradiance of 5.5 

W/cm2.  

 

 

Figure 2.3. Schematic of the standoff Raman instrument setup. 
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To improve the collection efficiency, a SMA fibre (Ocean Optics QP1000-2-VIS-NIR) 

with a core size of 1000 ɛm was adopted to replace the original 200 ɛm FC/PC one. With 

much larger core size, the pair of plano-convex lenses used to couple the received signals 

into the fibre were not needed, which makes the whole design more compact and setting 

up in situ much easier, saving a lot of time for alignments. 

The remote standoff Raman system has recently been redesigned for miniaturisation and 

cost reduction. Although the original 780 nm CW laser source offers narrow linewidth, a 

compact laser source is preferred for field work. In addition, 780 nm is not a common 

wavelength for Raman analysis, which means the bandpass and longpass filters and the 

dichroic beamsplitter are hard to acquire and more expensive. More options are available 

for components such as filters and lasers at 785 nm, one of the most common wavelengths 

for Raman spectroscopy. Therefore, a matchbox-size ultra-compact 785 nm CW laser 

(Integrated Optics 0785L-21A-NI-NT-CF) is employed as the excitation source for the 

new system. It comes with a pre-installed bandpass filter for eliminating unwanted 

allowed longitudinal modes and spontaneous emission from the laser output. The 

maximum output power is increased to 130 mW. The traditional laser controller was not 

required as all the functions are integrated thus can be controlled by the computer. New 

dichroic beamsplitter and longpass filter for 785 nm are fitted accordingly to achieve a 

cut-off wavenumber of ~120 cm-1.  

 

2.1.7. Signal processing 

2.1.7.1. Wavelength/wavenumber calibration 

In order to ensure the accuracy of the collected Raman spectra, and therefore the correct 

interpretation of the Raman spectra, for any Raman applications, it is of paramount 



49 

 

importance to calibrate the instrument. It is necessary to come up with an accurate 

calibration procedure before collecting the data, and it is necessary to repeat this 

calibration process routinely. Over time, even a well-calibrated system will deviate from 

its optimal working state. Laser wavelength stability could change with operation time 

and temperature. Optical components such as grating, mirrors, lenses may move slightly 

over time due to thermal expansion of materials, leading to miscalibration. 

Two approaches were widely adopted in wavelength/wavenumber calibration: 1) using a 

known spectrum from a calibration lamp for wavelength calibration of the spectrometer 

and the laser line, followed by subsequent wavenumber calibration; 2) direct wavenumber 

calibration using a range of known standard materials, regardless of the calibration of the 

excitation wavelength. These standards (e.g. naphthalene and cyclohexane) contain 

multiple sharp peaks (normally >10) in their Raman spectra with well-known 

wavenumber information regarding the peak positions. A polynomial fitting can be 

performed to these peak positions to calibrate the entire wavenumber range. The second 

method is straightforward and commonly used in commercial Raman systems, while the 

first method is more orthodox. 

To better understand the factors affecting the calibration process, the conversion between 

wavelength and wavenumber needs to be discussed. Raman shifts are usually reported in 

wavenumbers, with the typical unit of cm-1. To convert wavelength to wavenumbers of 

shift in the Raman spectrum, the following formula can be used: 

ɝ’
ρ

‗

ρ

‗
ςȢρρ 

where ȹɜ̼ is the Raman shift expressed in wavenumber, ‗  is the excitation wavelength, 

and ‗ is the Raman spectrum wavelength.  
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According to the formula, to obtain an accurate Raman spectrum, both the excitation 

wavelength (‗ ) and the Raman spectrum wavelength (‗) need to be calibrated.  

In most cases, the wavelength range in a Raman spectrum starts above the excitation 

wavelength to avoid the very intense Rayleigh scattering and collect Stokes scattering 

information. Therefore the Rayleigh line is not collected in the Raman spectrum so that 

the excitation wavelength (‗ ) cannot be acquired directly. In addition, the excitation 

source for Raman spectroscopy is typically a single-frequency laser (sometimes called a 

single-wavelength laser), which operates on a single resonator mode that emits quasi-

monochromatic radiation with a very narrow linewidth. However, the excitation 

wavelength stability may vary depending on environmental factors such as temperature 

and humidity. From the above reasons, a calibration process for ascertaining the 

excitation wavelength (‗ ) is required. 

The Andor Shamrock 193i spectrograph employed in our remote Raman setup features a 

motorised dual grating turret, achieving variable wavelength range that is recorded on the 

CCD camera. This is realised by using a stepper motor. However, no motor can provide 

exactly the same steps therefore precise repeatability with respect to the rotation angle. 

In addition, the gratings in the spectrograph automatically reset to zero position when 

powered off. Therefore, a daily calibration for Raman spectrum wavelength (‗) is 

required, which would not be a problem for conventional compact spectrometers that use 

fixed grating configuration. 

The calibration process can be described as follows: 

1) Move the grating to make the wavelength range start at 770 nm, thus covering the 

Rayleigh line (noted that it is heavily attenuated by the dichroic beamsplitter and 

longpass filter). Collect a spectrum of the laser line. 
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2) At the same spectral range, collect a spectrum of the Argon/Mercury calibration lamp. 

A second order polynomial fitting is performed to 13 known spectral lines between 

790 and 970 nm. The calibrated laser wavelength can be established.  

3) Move the grating to make the wavelength start at 780 nm, thus avoiding the Rayleigh 

line and covering the actual spectral range for Raman measurements. Collect a 

spectrum of the Argon/Mercury calibration lamp again. A second order polynomial 

fitting is performed to 13 known spectral lines between 790 and 970 nm. The 

calibrated wavelength for Raman signals can be established. 

4) Convert the wavelength to wavenumber using the above formula with calibrated 

wavelengths of the laser line and the Raman signals. 

Since 780 nm was the excitation wavelength for our remote Raman setup, a calibration 

lamp that has multiple lines covering the wavelength range of 700ï1000 nm is preferred. 

An Ocean Optics HG-1 Mercury Argon Calibration Light Source was selected for the 

wavelength calibration. The rms residual of the polynomial fitting is ~0.03 nm, which 

translates to an uncertainty of ~0.3ï0.5 cm-1 in Raman shift for a range of 0ï3000 cm-1 

using 785 nm excitation (Figure 2.4). The calibration program is written within the 

MATL AB software package. 

  

Figure 2.4. Representative 2nd order polynomial fitting and rms residuals of 2nd, 3rd, 5th order 

polynomial fittings for Raman calibration. 
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2.1.7.2. Background subtraction and spectral response correction 

Background subtraction is performed to remove the contribution from ambient light using 

the same integration time as the target spectrum but with the laser off. In daylight 

conditions, the daylight subtraction procedure collects cycles of spectra with the same 

short integration time, e.g. 1 s. Therefore the problem of varying daylight intensity can 

be addressed. 

The background subtracted spectra were then corrected for the system spectral response. 

A standard Spectralon white target is mounted at the same distance of the real sample. 

Then a spectrum of the reflected light on the white standard, illuminated by a Tungsten 

light source (Ocean Optics DH-2000, with a known continuous smooth spectrum) is 

acquired.  

The baseline subtraction is conducted by smoothing this spectrum using a moving median 

window, which is then subtracted from the spectral response corrected spectrum. The size 

of the moving median window can be adjusted depending on the shape of the spectrum. 

A large window will be efficient in removing the contribution from broad or blended 

Raman peaks with closely spaced lines, while also removing instrument related broad 

spectral features which we would want to retain to subtract from the original Raman 

spectrum such that only Raman peaks remain. For complicated situations, manual 

subtraction can be performed by a linear or second order polynomial fitting in user-

defined regions of interest. 

 

2.1.8. Daylight subtraction 

The existence of fluctuating ambient daylight during working hours presents a significant 

challenge for in situ Raman measurements in cultural heritage research. Though the 
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remote standoff Raman system is designed mainly for indoor work, it is sometimes 

difficult to prevent daylight in architecture such as cathedrals and palaces that have 

enormous windows without curtains, and it is usually not easy to gain access for scientific 

analysis at night. High-power pulsed lasers and time-gated detectors synchronised to the 

laser pulse duration are normally employed to collect Raman spectra in a short period, 

which makes daylight contribution insignificant [115]. As discussed earlier, the use of 

high-power pulsed lasers is not suitable in cultural heritage studies as the potential laser 

induced degradation poses a threat to heritage objects. The high peak intensity due to a 

pulse duration of several nanoseconds could easily exceed the damage threshold. The 

detailed work on laser induced degradation effect will be presented in the following 

chapter. CW lasers have also been used for long-range outdoor remote Raman 

measurements, however the experiment was carried out during the night to avoid daylight  

[116]. An automated online daylight subtraction program was developed in MATLAB 

software package to address the issue. It can quickly respond to the dramatic change of 

daylight intensity within seconds using laser modulation (Figure 2.5). 

 

Figure 2.5. Daylight subtraction Raman spectra of an orpiment in animal glue sample. (a) comparison 

between the Raman spectrum of orpiment at 3.3 m distance placed in front of the window using the remote 

standoff  Raman system with 780 nm CW laser on and off; the absorption band around 675 cm-1 corresponds 

to H2O absorption lines at  ~823 nm from the atmosphere; (b) comparison of daylight subtracted Raman 

spectrum with that taken in dark environment. Adapted with permission from [112] © Optica Publishing 

Group. 
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2.1.9. Pigment survey 

A total of 58 reference paint samples made of typical historical artist pigments in linseed 

oil, egg tempera, or animal glue were used in this survey [117,118]. The pigment 

compositions were confirmed by other analytical techniques prior to this study. Details 

of the pigment composition are given in  [117]. The reference paint samples in different 

binding media were examined by the 780 nm remote standoff Raman system at 4 m 

employing the collimated beam, resulting in a spot size of ~4 mm at sample. The detailed 

results are given in Table A1 in Appendix 1. 

The remote standoff Raman system is able to identify the majority of the pigments in 1 

min and nearly all of them in 30 min, with the exception of most of organic pigments in 

yellow and red, some copper pigments, (e.g. most of the green pigments), and cadmium 

pigments. Representative Raman spectra of pigments with different Raman scattering 

efficiencies are given in Figure 2.6.  

Most of yellow pigments are typically hard to distinguish using reflectance spectroscopy 

alone [118]. For comparison, the remote standoff Raman system can identify almost all 

inorganic yellow pigments as well as the yellow organic pigment gamboge. Vermilion, 

realgar, red lead, and chrome red are among the red pigments that are easily identified 

since they are known to have strong Raman signals [119]. Cadmium red is the only 

inorganic red pigment that is not detected, due to strong laser-induced fluorescence from 

cadmium sulfoselenide at this wavelength [71] that saturates the detector within seconds. 

As discussed in Section 2.1.4, fluorescence has an impact on their spectra, which lowers 

the signal to noise ratio by increasing shot noise [17,119]. Copper pigments are difficult 

to detect due to their low intrinsic Raman scattering efficiency and significant absorption 

at 780 nm [119]. 
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Red lead (10 s) 

Binder: animal glue 

Substrate: glass slide 

 

 
Orpiment (10 s) 

Binder: animal glue 

Substrate: glass slide 

 

 
Gamboge (60 s) 

Binder: animal glue 

Substrate: glass slide 

 

 
Ultramarine (60 s) 

Binder: animal glue 

Substrate: canvas 

 
Prussian blue (300 s) 

Binder: animal glue 

Substrate: glass slide 

 
Azurite (600 s) 

Binder: animal glue 

Substrate: glass slide 

 

Figure 2.6. Representative Raman spectra of pigments. 
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2.2. LIBS 

2.2.1. Introduction  

As stated in the Introduction chapter, remote spectroscopic techniques are required to 

address the challenges of in situ analysis of cultural heritage objects, such as wall 

paintings, monuments and architectural interiors. Remote Raman spectroscopy has been 

developed [112] to complement our remote spectral imaging system, PRISMS, for 

cultural heritage studies, especially for wall paintings. In addition, elemental analysis is 

often required to confirm the chemical composition of the pigments. However, in rare 

cases reþectance spectroscopy and Raman spectroscopy combined are still not su cient 

to determine deýnitively the painting materials. For example, Osticioli et al. demonstrated 

that the Raman spectroscopy managed to detect the blue pigment ultramarine but this 

technique is not capable of discriminating between the natural and synthetic materials 

since both have almost the same molecular formula [101]. Elemental analysis by LIBS 

highlighted calcium impurities in the natural ultramarine, which are absent in the 

synthetic form [120]. It is known that the differentiation is also difficult for reflectance 

spectroscopy, as both natural and synthetic ultramarine give similar spectral 

characteristics. 

In a field campaign in a UNESCO site, Mogao caves in Dunhuang, China, machine 

learning (ML) algorithms were used to automatically interpret the spectral imaging data 

acquired on wall paintings by PRISMS, identifying the pigments based on their spectral 

features [121]. Mobile Raman spectroscopy and XRF instruments were used at ground 

level so that the acquired molecular and elemental information could be used to confirm 

the pigment classification results based on the spectral reflectance data. XRF is currently 

the most widely used elemental analysis technique in cultural heritage research, given its 
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great advantage as being non-destructive. However, emitted X-rays can be easily 

absorbed by air, which makes it difficult to perform XRF remotely. Worse yet, emissions 

from light elements are too feeble to escape from the sample without being absorbed. 

Though being micro-destructive, LIBS can be a suitable alternative to XRF that has its 

own set of benefits. It is sensitive to all elements and collects elemental information only 

from the thin ablated layer unlike XRF which gives the bulk signal thus is not depth 

resolved. No sample preparation is needed. It is possible to conduct LIBS in extreme 

conditions, such as in vacuum or beneath water. Most important of all, it can be performed 

remotely by delivering laser pulses at distances and collecting the emissions using 

telescopes. 

The majority of pigments used in paintings, from ancient times to the present, are 

inorganic compounds that are either naturally occurring coloured minerals or synthetised 

chemicals. Therefore, pigment identification can be assisted by LIBS analysis if the 

elements detected in the colorants correspond to chemical compounds of known pigments, 

as shown in earlier instances.  

Significant effort has been paid to the development of stratigraphic analytical methods 

capable of investigating numerous interfaces across the sample. For instance, paintings 

are normally heterogeneous systems with a multi-layered structure. One of the most 

important topics in scientific studies of cultural heritage is to understand the stratigraphy 

of the paintings in order to evaluate the separate layers, which is technically challenging. 

Being micro-destructive, one of the unique advantage of LIBS is the ability to conduct 

depth-profiling analysis of a sample by delivering multiple laser pulses on the same spot 

and collecting the generated emission signals. Depth profiles can be acquired rapidly, as 

collection for each spectrum could be done within one second. Depth profiles by LIBS 

could also be accomplished remotely by using telescopes.  
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2.2.2. Instrumental design 

Raman spectroscopy usually covers a wavelength range of ~200ï300 nm starting from 

the Rayleigh line, which requires high-resolution gratings at appropriate blaze 

wavelengths. For example, a spectral resolution of 4 cm-1 in wavenumber for 532 nm 

laser excitation translates to 0.1 nm in wavelength. Typical LIBS signals emerge at a 

wavelength range of ~200ï900 nm, much broader than Raman spectra, while the spectral 

resolution is required to be at a comparable level of 0.1ï0.2 nm to distinguish sharp 

emission lines. It is a trade-off between spectral range and spectral resolution when using 

a single grating. Other related issues include different spectral sensitivity (sensor response) 

at different wavelength regions. The conventional solution can be a multi-channel 

detection system where a fibre bundle is used to distribute the emitted lights to several 

spectrometers with each configured to cover a narrow spectral range. Alternatively, 

Echelle spectrograph with the ability to cover broad wavelength range with high spectral 

resolution can be used for LIBS systems [94,95]. In multi-channel spectrometer 

configuration or Echelle spectrograph designs, there are no moving parts, allowing a 

robust design lending itself to incorporation into portable mobile LIBS systems suitable 

for in situ analysis. 

Two temporal acquisition modes, namely time-integrated and time-resolved, are feasible 

for LIBS (Figure 2.7). In the time-integrated mode, the gate width can be long enough to 

accommodate the entire process of the plasma emission, so that all the emitted photons 

during the plasma evolution are captured. Non-gated detectors, such as normal CCD, 

which have a minimum integration time in the order of milliseconds (much longer than 

the plasma persistence time) can be used for such analysis. In the time-resolved mode, a 

narrow gate width is used to collect only a portion of the plasma emission, which requires 
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precise synchronisation of the laser trigger and the fast-gating detector, such as ICCD 

with a shutter time down to hundreds of picoseconds. 

 

 

Figure 2.7. Schematics of the temporal evolution of LIBS and the two modes of LIBS measurements. 

 

Designed in an oblique geometry, the overall instrumental design of our standoff LIBS is 

relatively simpler than that of the standoff Raman spectroscopy system, which adopted a 

co-axial design. In the oblique mode the laser is directly focused at the distant target and 

the adjacent telescope collects the emitted lights at an oblique angle, which is mainly 

determined by the distance between the target and the standoff LIBS system (typically 

smaller than 1°). The scheme of the standoff LIBS system developed for working at 

distances > 6 m is shown in Figure 2.8. The Continuum Minilite Nd:YAG laser source 

can provide 50 mJ pulses (5-7 ns pulse width) centred at 1064 nm, at the repetition rate 

of 15 Hz. The excitation wavelength of 1064 nm is chosen for not interfering with the 

LIBS signals (because it is outside of the spectrometer range). A 15X beam expander 

(Thorlabs BE15M) is used to focus the laser beam to ~1 mm in diameter on a distant 

surface. With the maximum pulse energy of 50 mJ, the peak intensity of the laser pulse 
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at sample could reach 1.27 GW/cm2. A Meade ETX-90 telescope (a Maksutov-

Cassegrain reflector with 90 mm clear aperture and 1250 mm focal length) is used for 

collecting the return light. A 600 ɛm optical fibre is attached to the rear port of the 

telescope to send the signals to an Avantes AvaSpec-ULS2048CL spectrometer, 

configured for 364-925 nm, with a spectral resolution of ~0.5 nm over the spectral range 

recorded with a 600 lines/mm grating. The detector is a CMOS with 2048 linear pixels 

having dimensions of 14 ɛm Ĭ 200 ɛm. Since the main application of this system is to do 

depth profiles, time-integrated measurement is performed in order to capture the entire 

emission process. For each spectrum, the detector collected the emission over a period of 

1 s, during which a single laser pulse is shot. It is worth noting that wavelengths below 

~380 nm are cut off due to UV absorption by the glass correction plate at the aperture of 

the telescope. The entire system is mounted atop motorised altitude-azimuth stage, which 

are controlled by handsets. Another telescope equipped with a guide camera is employed 

to help remotely align the laser beam and the telescope for collection, and record the 

position where the LIBS measurement is performed.  

 

 

Figure 2.8. Schematic diagram of the standoff LIBS setup. 
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2.2.3. Signal processing 

For LIBS, an in-house written program has been developed in MATLAB software 

package to batch process the spectra for automated line assignments (Figure 2.9). The 

peak assignment process can be described as follows: 

1) First of all, the reference LIBS spectral line database is constructed from lines of 

common elements extracted from NIST atomic spectral database [122], combined 

with a table of major analytical emission lines of elements by D. Anglos et al. [123].  

2) For the experimental spectra, background subtraction is performed using a moving 

median filter so that net counts for each peak could be calculated. The size of the 

moving median window can be adjusted depending on the shape of the spectrum. It 

is found that a large moving median window is suitable for the subtraction of the 

broad continuum emission (Bremsstrahlung emission). 

3) Emission lines are identified using the built-in findpeaks function within MATLAB 

package, with the positions recorded. Then the noted positions are compared with the 

reference data so that the element identification is achieved with the most likely match. 

For lines that do not precisely match the reference data, criteria such as a narrow 

spectral wavelength window can be applied to list possible assignments within the 

range. Parameters such as threshold of line intensity can be defined to filter out weak 

signals to accelerate the batch processing. 

4) All the identified lines are numbered, and the overall results are combined into a table 

for output. 
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Figure 2.9. The automated LIBS line assignment program. 


