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Abstract

In thisproject remote standoff laser spectroscopy systeorking at 3 15m have been
developed for cultural heritage researemploying Raman spectroscopy, laser induced
breakdown spectroscopy (LIBS), and laser induced fluorescence spectroscopYdLIF)
address thproblems encountered durimgsituanalysis 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 areasimtierest.The research focuses on the design and
development of remote standoff laser spectroscopy systems with special needs in heritage

research considered, as well as theplicationfor in situanalysis.

A remote standoff Raman system was developeldoptimised. It is the first of its kind

that is dedicated to cultural heritage resealtchan identify most of common historic

artist pigments. A daylight subtraction procedure enables the remote standoff Raman
system to operata the presencef indoor ambient lightLaser induced degradation
effect was studied using various laser configurations on a range of common pigments.
Theremote standoff Raman system is proved to be safe for the analysis of most pigments
tested when using typical integratitime required for Raman measuremeitssitu

remote macrdraman mapping is achieved in two field campaigns, revealing the
pigments distribution on wall paintings and salt distribution in historical buildimgs

costal environments.

A remotestandoff LIBS system was developesksisted with Raman and reflectance
spectroscopy, a multimodal approach allowingsitu standoff depthresolved material
identification of wall paintings was demonstrated for the first tifflee combined

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



interpretation. Consequently, hte 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, mbshe deflected photons remains
unchanged in energy. This dominant process is regarded as elastic scattering, or Rayleigh
scatteringHowever, the energy of a very smathaunt of scattered photofsnly one in
everyp 1Tz p Ttphotonswill differ from the original state due to the interaction between
the incident light and the moleculélrhe energy exchange results from the inelastic
scattering process. This weak processdiscovered by the Indian physicist Sir
Chandrasekhar Venkata Raman in 19PB therefore named after hias the Raman
effect For this work, he was awarded the 1930 Nobel Prize in Phi$ieRaman effect

is so weak that when it was first disvered, it might take a whole day to record a spectrum
when using filtered sunlight for excitation. It was only when the laser was inviented
1960sandlow noise and high quantum efficiency (QE) detectors emesoeg 1980s

that Raman spectroscopy be@am 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
occursyesulting in thescattered photornmossess different energwhen canpared with

theincidentphotons.

In the classicaflescriptionRaman scattering results from a changealarisabilitywith

themotion (vibrational or rotationabf the moleculd2,3]. When a molecule isituated
5



in anelectric fieldE of the incident lightan electricaldipole momenp is inducedand
the scattered light is radiatetihe relationbetween the electrical field and threluced

dipole momentan be expressed agpower series Equation(1.1):

- | OF %Oﬁ %rqr"ﬁ )

where U, b, and 2 are tensorsnamed as polarisability, hyperpolarisability an®f 2
hyperpolarisability, respectivelinceeach tensor i$0 orders omagnitudeveakerthan
the previousone, hyperpolarisability and'®hyperpolarisability can be neglected, thus
the polarisabilityis typically approximated by the firpblarisabilitytensor,U. Equation
(1.1) can then be rewritten, due to the first order approximation opdfaisability

function, agn Equation (1.2):

where the induced dipole momgntan be therefore considered as directly proportional
totheel ectr Edalghyelcian be regarded as han oscill a

electric field vectoat timet can be expressexsin Equation (1.3)
F FATO o P
where’ is the vibrational frequency of the electromagnetic radiation.

The polarisability U depends on thehemical bonds, of which the shape and dimension
change during the vibrations of the molecld.aylor expansion can be performedidn

asin Equation (1.4):

X
£,
mh

P8

Yol o]
—a

—n
C
<
—a
CA
—a
CA



which describes the totablarisabilityalong the given normal coordinatés,, 0 , etc.

0 and0 arerelated tathe k" andI™ normal vibratios with the vibrationafrequencies

and’ , respectively

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

coordinate oscillates accordingly, as in Equation (1.5):
0 0 AT O o - PR
where0 is the amplitude of the normal vibratioands a phase anglé. is the

vibrational frequency of the normal coordinate of the moleauiee harmonic oscillatian

The first approximation of th@olarisability function maintains the first two terms.
Equation (1.5) can then be substituted into Equation @) then combined with
Equation (1.3)o yield a fully expande@xpression of the simplified definition of the

dipole momenp (Equation (1.2)) as in Equation (1.6):
- O ATO 0 | O D AT O 0AIT O 0 - P&

whereg —

Considering thaB T/ A T1O -AT|0  -AT|0 1 , Equation (1.6) can be

transformed intd&quation (1.7):



The first term corresponds to elastic scattering of the Electromagnetic radiation, or
Rayleigh scattering. Theecondand third term represent the inelastic part of light
scattering(Figure 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 terteads to higher frequency’at ’ (ant-Stokes

scattemg).

Virtual
energy states 3 3

Vibrational
energy states

h 4

S =W

Ground ) y
electronic state Stokes Anti-Stokes
Rayleigh
] Raman Raman
scattering . .
scattering scattering

Figure 1.1Energy level diagram of Raman and Rayleigh scattering.

From Equation (1.7), it can be seen that an essential requirton®atmaneffect is that
| mtso that the  and 3 terms in Equation (1.7) are naera The basic selection
rule is that Raman scattering results from a change in polarisability in the malecotp

the normal vibration, as shown in Equation (1.8)

—n
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The position of a Ramasignal (Raman shift) in the spectrum depends on the energy gap
bet ween the ground stat e alnalsinplties approagtt, v i b
the bonding of a diatomic molecule can be considered as a vibrating spring, therefore
Ho o k e 6 sn bk appliedptla Using the harmonic oscillation approximation, the

vibrationd frequency is:

- = p&)

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

the type of vibrationl) and the reduced mass ( —3). Therefore,Raman signals

from lighter atomsausually occur ahigherfrequency. The force constant is a measure of
the bond strengtand is heavily influenced by the irtend intramolecular interactions

thus stronger bonds yield higher frequency.

1.1.2.Laser inducedbreakdown spectroscopy (LIBS)

Laserinducedbreakdownspectroscopy (LIBS) is an analytical technique floausesa
high-energy laser pulse to ablate a small piece of the sampléhasmdreatea plasma.

The electrons from the atoms and i@ighe excited electronic states decay when the
plasma coolsdown, bringing aboutlight emission.The fingerprint spectral feature
consisting of multiple discrete narrowband emission lalésys qualitativeelemental
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 lasewas inventedn 196Q Shortly afterwards Br e c h alydemahstrates s vy r

the formation of a lasdnduced plasmd5]. This discoveryresultedquickly to the
9



emergnce olLIBS. In 1964, Runge developed the LIBS approg@hin 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 improkgiS has been widely applied to
many areas including material inspection, metalrecycling, quality control,
environnental survey, explosives detectign biomedical, pharmaceutical, and

archeeology

Understanding the physics behind the plasma formed during thenlaster interaction

is crucial to determine the optimal experimental parameters and therdfetestgprocess

the dataLIBS 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 surnogiratmosphere-ere 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 fogpaiaterials).

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 G\M#é/cm
hundreds of GW/ciand differ from one material to another. They as® affected by

laser wavelength and pulse widifj. The thresholdsetscertain requirementor laser
sources used in LIBSA pulsed laser igypically required to achieve the requisite
irradiance on the sample surface.flidherincrease the irradiance above theeshold,

the pulsed beam issuallyfocused by a lens.

10
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Figure 12. 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 lasatter interactions including
fragmentation, atomisation, vaporisation, sublimation, and melting all contribute to the
formation of a crater on the laser spbhere 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 ttesrtpghature
plume. At high irradiances, significant multiphoton production of electrons can occur

through:

6 aQod Q pB T

whered is the number of photong,is the atom of interest arid 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 distribubn will have enough energy fonise atomghrough:

Q 6°0cQ o PP p
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The process of electron multiplication continues and initialzgsma formation

Alternatively, free electrons can absorb energy from photons in thelibdsecollisions
with the mderial, through a process known as inverse bremsstrahlungt¢lByoduce

other free electrons

Q  oqQ OB ¢

When the density of electrons reaches a critical lalettricalbreakdown occuran
which process insulating neutral gas transfoimts plasma. With the creation of
shockwaves, the plasma expands and prodiroession signalsf elements and chemical
compounds During expansion, the continuous emission decreases and characteristic
emissions can be identified once the plasioals and decays as its constituents release
their energies in various wayg,8]. Bremsstrahlung emissioffiree-free transitions of
electrons, when photons are emitted from eleetooninteractions)s responsible for the
first stageof intensivecontinuousemission Recombination of iongvith electrongfree
bound electron transitions) dominates I§@¢rAfter highly excited species with electr®
bound in higher eneygevelsdecay to lower energy levelsroughspontaneous emission,
characteristic lineemerggFigure 13). lons and electrons recombine to generate neutral
atoms In some cases, molecules can be forfdetectiorof molecules ipossibleatlater

stage¥[7].

12
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Figure 13. Energy diagram (Grotrian) for some of the transitions observed experimentally from singly

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

The time gapbetween laser triggering and detector acquisition is critical since LIBS is
highly time dependent. Figuredldepicts 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 continu@mission is detecteal short time after plasma
formation. This "wiite" light has no atomic information and can cause the detector to
become saturated. As the plasma cools, spdicteedmissions become more prominent.

For LIBS measurements, the detector can be gated in order to block out the continuum
signal and colleabnly the spectrdine data of interesincreasing the gate delay not only

decreases the continuum background as well as overall intensity, but it also affects the

13



types of emission lines being collectéshic lines are often strongat theearly stagein
the plasma lifetimewhile information ofmolecuksis available only afater stages with
longergate delaysvhen cooling plasma s to the formation of molecule¥herefore,
the timegatal measurementseed to be optimised wittertaindelay time ad suitable
gate widthTypically, adigital delay generator (DD®ith the capability to set gate delay

and gate widtlis used taontrolthe detector.

Continuum emission
=
R=! Ions
=] >
el
= Neutrals
~— |
f
= Molecules
o le sl
o I >|
—
R=
=
o)
.8
[75]
g Gate: ty
by e
o \
| T

1 ns 10ns 100 ns 1 us 10pus 100 ps
Elapsed time after the pulse impact

Figure 14. schematic overview of the evolution of a typical LIBS event

LIBS can be used faquantitative analysidf the lasefrinduced plasma iassumedo be

in a state ofocal thermodynamic equilibrium (LTE)he spectral line radiant intensity
for any atomic transition can lggven as a function thatvolvesthe number density of
the species(represented by the Boltzmann distributiomelevant spectroscopic

parameters and the plasma electron temperature:

. Bm®
T =7'WU P® o
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wherem andp represent then" andp™ energy level Amp denoteshe probability of the
electron transition from thet" to p!" energy level (also known as the Einstein coefficient),
_is the line wavelengtfiy Y is the partition functionysuallythe statistical weight of
the ground state)Qls the degeneracy of the upper energy lelzes the energy level of

the upper legl, k is the Boltzmann constant, amds the temperature, respectively.

1.1.3.Laser inducedfluorescence I(IF )

Laserinducedfluorescence (LIFs an optical spectroscopic technique in which a sample

is excited with a laser and the fluorescegemerated by the sample is recorded by a
photodetector. LIF is a type of fluorescence spectroscopy the case of a laser
instrument, this method employs laser sourceather thanthe traditional lampfor
excitation. While lasers are now commonly uétis as excitation sources in
photoluminescence spectrometers, LIF was first developed as an independent laser
spectroscopy approachust like LIBS, LIFwas developed shortly after the laser was
invented in 1960s. Richard N. Zare published the resultseofi$t LIF experiment in
1968[9], though the phenomenon of induced fluorescence was first discussed by R. W.

Woodin 1905[10].

Laserinducedfluorescence is the4amission of absorbed electromagnetic radiation from
atoms or molecules that havedn excitedy laser irradiationA graphic illustration of
this process is shown in Figuké. The absorption of photons excitesatom omolecule

to any of the higher vibrational states afexcited statéE,) [56]. The excited molecule

is not stable thus will decay spontaneouslwilt move to thelowestvibrational state of
the excited statee() by nonradiativeprocessesandthen emit a photon to eexcite the

atom ormolecule to some vibrational level of theognd state energy levetd). Because

15



the deexcited electron can revert to awy the ground state vibrational level, the

fluorescencdeaturecan bebroad.

N Vibrational states

Absorbed
laser light

Emitted
fluorescence
(broad)

A
NN\

E,

Figure 15. Diagram of molecular energy level depicting the process of-ladeced 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. 2JThe detection othe emitted radiatiosan beat various angles

with regad to the incident laser beaamsthe fluorescence emission occurs in all directions

3) Spectrally resolvetluorescence can revaaformation aboutransitionsof the sample

from the excited state to varioubrational states dbwerenergylevels 4) It is feasible

to analysethe processesf de-excitationand potential changes tife excitednolecules

due to the time delay between excitation and detection

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

induced fluorescence spectroscopyhis technique can be commonly applied in

16



excitation or emission LIF spectroscaphhe excitation wavelength is adjusted using a
tunable laser in excitation LIF, allowing the vibrational structure of the excitedctage
resolved. The moleculdkiorescefrom the lowest vibrational level of an excited singlet
state,returningto a series of vibrational levels in the ground stBbecitation spectra
record fluorescent light at a fixed emission wavelength or a range of wavelengths.
Between the sample and tpkotomultiplier tube (PMTi}s a bandpass filter that is used
to detect all of the emission from the sample while filteringtbetscattered laser light.
For that reason, an excitation wavelength in the UV reffiormally 266 nm)is widely
used which does natterferewith the collection obroad emission signals the UVi vis
spectral regioii~200 800 nm) In emission LIF, thesample is excited with a fixed pump
wavelength The emission spectrum then analysed using a monochromator for the
selected detection waveleng8ingle-point detection with a PM commonly adopted
while an array detector (CCD or CMOS) can also baluseollectthe entire spectrum

in one shot.

Laserinducedluorescence can alternatively be performed in a continwawre or time
resolved mannefontinuouswave (CW) LIF which employs a CW laser for excitation,
is conducted wheronly the spectrum is requiredAs the excitation is continuous,
information such as fluorescence lifetime cannot be acquired. On the contpalged
laser is used to excite the sample in tiragolved LIF, and the sample's emission (either
a single wavelength dhe entire spectrum) is monitored as a function of tifhés gives
useful timeresolved information, such as lifetimes aspkctralevolution of chemical
intermediatesWith various time delayghe acquisition of the evolution of the full LIF

spectrum an be achieved.

17



1.2. Challenges ofin situ cultural heritage research

The study of cultural heritage objects involves questions on their origin, datieyjals,
manufacturing techniquesattribution, authenticity,and status of damage and/or
degradation. Traditionally, historical documents and archives contribute to the
understanding ofariousaspects of the above questiodsfortunately, irsomecases the
background information has been lddbre often, heritage objedisveno recordstall,
which necessitates modern scientific analysis so that the missing informationrean be
establishedrom the physical or chemical properties of the works of @nie application

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

interdisciplinary domain callelderitage 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 studyof 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
methodswhich canbe used fophysical and chemical characterisation of the materials

and therefore answering the cultural/historical/conservation questions.

It is known that many analytical techniquatsther early stage®f developmentvere
difficult to perform due to technicalestrictions and thusnly limited to research
laboratoriedor a long time.That is feasible for sma#lize objects that can lgelivered
to laboratoriesSample preparatiomight be requird for inconvenient object$iowever,
for cultural heritage studiesnpvestigations in a noedestructive manneare usually
preferred according to conservation ethingractice someobjects are immovable (rock

art, wall paintings facades, statues, monuménts inaccessiblefor conventionh
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examination which requiresin situ analysis.The availability of new equipmerand
instrumental innovations the past few decaddsve contributed to the transition of

many analytical methods from the research laboratory to the real \Bonkal portéle

and mobile instrumensr e now avail abl e a fordspegtioscopy opt i

techniquenable investigationfsom a distance.

Material identification is one of the most important topics in heritage science. Heritage
objects are often composednaterogenousaterials such as pigments, minerals, metals,
stones, ceramics, glass, and jewelldfgr characterisation of the above gréls,
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 analgpmoaches,
particularly spectroscoplgased techniques, are available to extract the desired
information (qualitative or quantitative, elemental or molecukarange of spectroscopy
approaches are becoming increasingly prevalennfsitu analysis ofcultural heritage
objects, including fibre optic reflectance spectroscopy (FORS)ay fluorescence
(XRF), X-ray diffraction XRD), Raman spectroscopyourier transform infrared

spectroscopyRTIR), LIBS, etc.

However, environmental conditions and technical restrictipnesentnew challenges
specific toin situinvestigation XRF can only be performeap 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 absorBsif)g micre
destructive LIBS typically samples very small amounts of material (4@ 10 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 controllingrtioeisding
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environment. Scaffolding is a common practicat gives researchers access to areas of
interest, suclasupper parts of high walls or ceilings has several disadvantagé¥can

be relatively costly, 2) does notconvenientlyenableresearchis to reach the desired
position for investigdion; 3) may not besteady, which is crucial fosensitive
measurements. Hence th&roductionof mobilegroundbasedinalyticalinstrumentghat

can work in a contactless way is highly desirable.

In ourresearch group (Imaging & Sensing for Archaeology, Art History & Conservation
Research Centre), remote and standoff instruments have been developed in recent years.
A visible/near infrared (VISNIR) remote spectral imaging system, PRISMS, is built with

the ability to image wall paintings at strillimeter resolutions from a distance of tens

of meterd11]. Howe ver , repect ance spectroscopy al one i
gi ve deyni t i vpantingdmaterial§foy exartple, eaniougellow pigments

share similar spectral features). Complementary techniques that can provide other
information suchas elemental composition or molecular structure are needeith $itar

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

learning ML) methods were applied to automatly procesghe 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 thgpigments at ground level. The results were used to complement PRISMS
datato ascertain the pigment mixture on the ground area and extrapolate the material
identification results to the upper level in the same cluster, \Wiere are areas on the
ground leel clustered with areas at the uparts. A standoff Raman spectroscopy
system,which can reveal molecular structure of painting materialerabte distances

(e.g. upper parts of the wall, or the ceiling) neededo complement PRISMS remote
standoff reflectance spectral imagindn addition, supporting.emote and standoff
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techniques for elemental characterisatine requiredn certain cases where reflectance
spectroscopy and Raman spectroscopght not besufficient thus are unablé give
definitive identification.The most common instrument for situ elemental analysis is
portable XRF. However, XRF cannot be performed reimas emittedX-rays can be

easily absorbed by aitIBS is an ideal alternative to XRF with unique advantages.
particular, it can perform rapid analysis with one single laser pulse within one second and

is sensitive to all elements.

Sharing similar instrumentabnfiguration another technique, LIF, can be a useful tool
in distinguishing highly fluorescent matdsasuch as sengonductorbasedpigments
and aged organic materialsis nontdestructive. Timgesolved analysis can be achieved
by using a pulsed laser source and toaéed detectors, vichis good formeasurements

in ambient light conditions fdn situ analysis.

1.3. Literature review of remote laser spectroscopy

techniques

1.3.1.Raman spectroscopy

Though the Ramareffect was discovered in 1928, the extensive use of Raman
spectroscopy was not forthcoming until the invention of kdaring the 1960s. The
application of Raman spectroscopy on works of art was not realised until the emergence
of the secalled MOLE (molecular optics laser examiner) Raman microprobe in[19F5

In 1979, the same group used the coupling of a microscope and a Raman spectrometer
for applications ina range offields including archaeology and gemmology, where a
spectrum of a Chinese vase was presefitgfl Early studiesverealsofocusedon the
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biodeterioration ofltalian Renaissance frescoes,p e ¢ i yhe axalatgs in lichen
encristations in early 1990s[14,15] Later in 1995, the molecular state of
archaeologically unearthed biomateriatgmely the 520§earold skin of Otzi the

Alpine Iceman, has beemvestigatedusing Raman spectroscodi6]. Materials
identification using Raman spectroscopy is usually based on the comparison of the Raman
signals of the unknown substance with a spectral database of referecalsBell et

al. published the Raman spectroscopic library of}@80 pigments in 1997, which led

to the explosive growth of the application of this techniquariworks[17]. As the spot

size can be reduced to micron levéle tuse of microscopic Raman spectroscopy (or
Raman microspectroscopy) to interrogate microgram anevsctogram quantities of
material is made possibl#.is worth noting that theesearch focufor pigmentslater
extended to their degradation in artwefk8,19] Microscopic Raman spectroscopy is
commonly onsidered ason-destructiveprovided 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 lasénduced degradation effect on heritage matefi2a§. Over the

years microscopic Raman spectroscopy dee an established technique of choice for
heritage/conservatiomesearchersbecause of the small spot size that allows the
identification of individual components amtinimises the contribution of fluorescence

from the large matrix

As previously stated, advancements in instrumentation are directly responsible for the
evolution of Raman spectroscopihanks to the development of laser optics and the
miniaturisation of lasers and detectothe application of Raman spectroscopy in
archaeology and cultural heritage has advanced rapidly, which brings the laboratory
closer to theobjects of interestTheintroduction of filse optics into the field of Raman
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spectroscopy2l], pavedthe wayfor the advent omobile Raman instrumeationfor in

situ analysisof heritage objectin museumr in the field [22]. Soon, mobile Raman
systems equipped with a compact detector and an optical fibre probe became
commercially availableln recent yearsjue to its convenient use in fieldwork, mobile
Raman spectroscopy has been extensively applied im thieu studes of a variety of
archaeological or heritageenariose.g.museurnitems andutdoor objects such asck

arts and newly excavated archaeological material$ie analysed materials include
illuminated manuscripts, paintings, minerals, gems, stones, rocks, pottery, porcelain,

glass, enamel, and &3,24]

In atmospheric scattering investigations during the 1960s, the fideaducting Raman
measurements remotely ard26,26] Long optical fibres enabled the remote detection
of samples at distances of several metres to dozens of f@ffedowever, this kind of
remoteRamaninstrumentaneans thabnly the operators are kept away while the probe
is still required to be in close contact with the samipls.not a good solution for objects
at heights and it requires moving tiie probe to another positions for another
measurementThe combination oftelescopes with Raman spectrometers leads to
remote/standoff Raman spectroscaggnsu strictp which can work in the range of
several metres all the way up to over 1 kilomf8& 31]. This newly emergetéchnique

is best suiedto investigations where targets amaccessibler too dangeroug&xplosives
detection is one of suchpplications where small quantities (a few milligrams) of
explosives, e.g. tamino trinitrobenzene (TATB) and octogen (HMX), can be identified
at a standoff distanc§32i 34]. The most welknown field where remote Raman
spectroscopy is adopted is planetary explorafitve. emote standoff Raman systergas
more convenient to probe a large area without moving the sydtgarnational
collaboration has been established over the years for the developmé¢estahduch a
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remote instrument on ear{35,36] It was notused in real space environmaeunritil
NASAOGs Mar s TheRefsevenancefRover is equipped BitperCam, a suite
of remotesensing instrumentscluding aremoteRaman spectrometer at 532 timat can
investigate targets up to 12 m from tleer[37]. RemotestandoffRaman spectroscopy

alsodemonstrates great potentials in plant stress response rg8&rch

Unfortunately, lefore our work, theres noremotestandoff Raman system that are
dedicated to cultural heritage researitfough the advantages and the demanduoh
technique inin situ heritage applications are becoming increasingly prominEme
ambi guous us e arfheritabesscienas conmfusing ad is ofteneachieved
with remote probe and optic fibrésor instance, paper reported the narontact remote
Raman scanning buihe claimed working distance can be merely 20[88). A clear
definition of 6remoted i n tEwe applicaioh ofwor ki ng
telescop-basedRraman spectroscopy most closetlated to cultural heritage is a series
of studies on stonéscks/mineraldy Sharma et gU0i 42], though thgurposesvere
mainly for planetary sciencedMost remotestandoff Raman systems use higbwer
pulsed laser sources with large telescd&% The working distance is usually dozens

or hundreds of metres, whichnsre suitable for outdoor investigations but not for indoor
workswith space limitsThe spot size can be a few centimetres, resulting in poor spatial
resolutionnot suitable for analysis of artwork& truly remote/standoff Raman system
for cultural heritage applications is much needet of crucialimportarce thatunique
requirements for heritage objects, such as low laser intensity (to avoidnidigeed

damage) and high spatial resolution, mestaken 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 resedetdi 45]. Offering preferable performance,
benchtop LIBS systems are often employed for quantitative analysis of elemental
compositions in heritage objectsazic et al. demonstrated different approaches for
quantitative LIBS analysisvith applications of archaeological masts including

bronzes, marbles and cerami4§].

LIBS offers unique advantages, sua$ 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 fom situ elemental analysis, especially for depth profiles and for
the simultaneous detection of a wide range of eleme@tsnpared to Raman
spectroscopy instrumentatiotypical 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 re¢bed spectrum. Since the
plasma emission occulater than the laser pulses@nal generator isormally usedo
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 advams,especially theniniaturisation of componentsiake mobile LIBS
systems possible. Portable instruments, such aspordable and handheld instruments,

are now commercially availabl&@he development ofgstable LIBS instrumentsvas
reviewed in detail ath compared with XRH47]. In situ LIBS analysis are mostly
performed with mobile instrumentdJobile LIBS systemshave been successfully

employed foiin situanalysisn various applicationg}8,49]
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The LIBS analysis of distant objects from seVenaters to dozens of metres from the
instruments can be achieved using both fadgloyable mobile instrumentation and
telescopes for longistance delivery of the laser radiation and collection of the emission
light. Just like remote Raman spectroscopy, remote LIBS has found applications in areas

including explosivesletectionand space exploration.

The U.S. Army Research Laboratarilised standoff LIBS spectracquired at 20 nto
discriminate between explosives amatexplosiveg50]. Multivariate statistical analysis
such aspartial least squares discriminant bseés (PLSDA) has been introducefbr
explosives detectiofbl]. Laserna et akreported on rapid detection and classification of

different kinds of explosiveat standoff distancagp to 45 nusing LIBS[52,53]

The first demonstration ofemde LIBS technique applied in space science was the
ChemCam remote sensing suite on boarddneosity rover which landedon Mars in

2012 The LIBS instrument on ChemCam can target a rock or soil savete 1.57 m

range utilising pulsesifrom a 1067 nnmiNd:KGW laserwith >30 mJpulseenergy,and

then obsemng aspectrunbetween 240 nm ar@D0 nm[54]. The next generation remote
sensing module, SuperCaon board the Perseverance rover has successfully performed

quantitative remote LIBS analysis on M§5$].

For industral applications, Anglos et atlemonstratedhe in situ examination of types
and ageing conditions of composite polymeric insulators in overhead high voltage
electricity pylons by a remote LIBS systdB6]. Lang et al. performed standoff LIBS
depth profils in an argon environment for Sr and Cs contaminated nuclear plant steel

with different laser pulse energfy7].

For cultural heritag@pplicationsremote LIBS provides longange elemental analysis

capabilitywhich XRF could not offer. Howeverthe adoption of this micrdestructive
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technique is always treated with cautidme concern is not only for the safety of the
objects, but also for the health and safety of people asrborge opetpath laser pulses

could pose a threat to anyone nearbgere are not manyrehaeologcal or cultural
heritage studies involvingemote or gandoff LIBS. Several remote or standoff LIBS
systems have been developedifositu characterisation of stones and met@sinlund

et al.demonstrated mobile lidar system mougdon a truckwhereremote 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,
Lasernads resear ch galagadgployada rehoteenobidenLiBS e r s i
system for the analysis of the fa@de of tBathedral of Mdaga(Spain)at 35 m[59].

Lazic et alproposed a laboratory prototype LIBS system with oblique design that could

work from 8 30 m,for analysis ofmulti-layeredceramicmaterialg60].

The ability to virtually analyse any kind of substance (solid, liquid, gaseowsYiwus
environmentsincludingair, vacuum, fluids, and even under harsh conditions such as high
temperature, high pressure, and toxic environmensributego thewidegread usef

LIBS. It soon draws attention of underwater archaeologists, sifaega numbeof
archeeological artifacts are discovered submerged in maritime environmehish
demand auniquetechnique foelenmental analysig their researctRecently Laserna et

al. hascontributal a lot tothis field, with severalpublicationspresenting fibreoptics
basedandtelescope basestandoff remote submarine LIBS analyj§$i 63]. In standoff
mode, amplescan beanalysed at distances up to 80 cm from th&trumentat the solidi

water interface.

As mentioned earlier, one of the unicaplicationsof LIBS is precisely being micro
destructive. Wendeliveringrepetitivelaser pulses on the same spui#Epth profilesof a

wide range of elementan be obtained. This kind of work is mostly done with benchtop
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LIBS systems. Recently, some studies demonstrated the potential of nresiaieepth

profiling analysisFor archaeological and cultural heritage researchhdegblved LIBS

analyses have beararried out bothat close rangef64,65] and in a remote/standoff

mannerWhen surveying the Cathedral of Mdaga, Laserna et al. traced the depth profile

of a Cu line at 406.3 nm from 500 laser pulses delivered to a metallif59gaDepth

profiles ofarange ofelemens( , Ti , Si, Fe, Ba, Mn, Pb) from
and «wrauxetdd sections within the Solomonic

However they had limited succesecause othe wandering beam causedthgwind.

Two papers mentioned earli@n closerange deptiprofiling LIBS also utilised
complementary technigues (XRF and OCT, respectively) which prbadeitional
information corresponding to each layé#,65] Remote Raman spectroscagsems to

be an ideal choice, dke instrumentatiosharessimilar designsDetalle et al. proposed
an experimentwhere LIBS is used tablate the surface of wall painting pigments, and
then Raman spectroscopy reveals the molecular informatioierneath66]. When
performed repeatedly, this enabla layeby-layer analysis using LIBS and Raman
spectroscopy. This idea can be practiced remotélg.SuperCam on Perseverance rover
has the potential for such application but so far depth profiles has been conducted by
LIBS aided by acoustic monitorin{7]. Raman spectroscopy was only used to acquire
mineral information in the LIBS cratdn addition, he integrated use of LIBS ag&WIR
reflectancespectroscopfor 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, summarisingtudies in a variety of materials including stones, minerals,
pigments, varnishesnd bnding media]69]. As a versatile, nowestructive analytical
technique, LIF has great potential as@l of painted artwork diagnosticSemiconductor
pigments can yield characteristic fluorescence features under excitation due to the small
band gap, which is responsible for the relatively narrow emisswtipeshi et al. reported

the LIF analysis o#40 pigmentsampls using a pulsed NI a s e=r337(1am) for
excitation and found that several pigments are highly fluorescent, e.g. zinc white (ZnO)
and cadmiurrbased pigmentf70]. Anglos et al. demonstrated an LIF application in
pigment analysidocusing orthe differentiation of range of cadmiurbasedpigments

by their fluorescence emission usitigee laser wavelengths at 248, 355, and 532 nm,
respectively[71]. It was found that fluorescence emission increaseke wavelength

with higher concentration of SeIF was utilised byPantani et alfor the study of stone
monumentsn the aspects of biodeteriogen monitoring (green agdeyanobacterian

the marble substrgtestone fluorescence signatures, andase treatment$72,73]
Spizzichino et al. reported the applicationLdf for the characterisation of treaénts

with ancient and modern materias the surface of marble artworks, with methods of
rapid identificationand mapping developed and testesihg discriminantfluorescence
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

Renaissanckalian lustre pottery75].

Wall paintingsare ideal objects of study for mobile LIF instrumerfantoni et al.

demonstrated anobile LIF system which is capable of largeea scanning of cultural
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heritage surfaces. Reference materials of binders and pigments were tested in the

| aboratory before the field campaign conduct
Menabuoi in the Padua Baptistefy6]. Capobianco et al. reported a case study of

Vincenzo Pasqualoni's wall paintings in S. Nicola in Carcere (Rpri¢) Time-gated

LIF helped identify the sporadic use of egg binderdetdctof synthetic compounds and

ZnOin differentpart of the fresco, used ipastrestoration treatments.

Sharing almosidenticalinstrumentatiordesign remote LIFs often achieved along with
remote LIBS technique. The combined use will be discussele 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 tieglnin plant stress detection,
species differentiation, nutrient deficiencies detection, and photosynthesis rate estimation
[78i 81]. For cultural heritage, this might be related to potential applications of remote

LIF in biodeterioration studies.

Grdnlund et al. published a series of papers during the 2[82)sdemonstrating a mobile

lidar system mounted on a truck that could perform remote LIBS and LIF analysis in
heritage sitesThe system was firstly tested with remote measurement campaign on six
brick samples using five different excitation wavelengths in a laboratory sg8hdn

situ LIF analysis was conducted on an ornamental urn on the roof of the main building at
Ovedskloster castle, presenting distinct emission features at different[a4¢akIF
mapping was performed on the main fa@de of@vedskloster castlatD40 m distance,
showing the distributionf chlorophyll, whichhas strong fluorescence characteristics at
~690 nm[58]. The same mobile lidar system wascessfully deployed mjoint Italian
Swedishfield campaign athe Colosseunm Rome Determination of different types of

biodeteriogensand 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 ima{#sg Discrimination of masonry materials,
reinforcement structuresand protective coatings applied in previous conservation

interventions by their fluorescence signatures were implemgs¢d

1.3.4.Multimodal analysis

Multimodal analysis using various analytical methods with separate instrumsents
common for archaeology and cultural heritage studies. Having discussed the principles
and instrumentation of the three laser spectroscopy technigues, namely Raman
spectroscop, LIBS and LIF,we have demonstrated that timegraion of two or three
techniques are feasiblie enables different analys&sbe performedn the same spdn
addition the combination could provide complementary information using a versatile
compat setup, which is important for mobile instruments that are suitablie fsitu
analysis There are numerous research papers on combined instrumentation but most of
them presented two laser spectroscopies: tR&#an, LIBSLIF, or RamanLIF. The
integraed systems are mostlyenchtop setups for laboratory use. Mobile or remote

instruments are rather few.
LIBS-Ramanhybrid:

Lasernaet al. published a series of papers on the development of combined standoff
Raman and LIBS systems for explosives detedi#m89]. Though one of their LIBS
systems was employed for thevestigation of the fagde of the Cathedral of Mdaga, it
seems that remote Raman spectroscopy wasused in this field campaigrThe
SuperCam remote sensing suite on Perseverance rover is equipped with a compact

integrated system capable of performitansloff LIBS and Raman analy$&7].
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Sharma and cworkers at the University of Hawaii are one of the most active groups in
this field that designed a series afmbinedremoteRaman and.IBS instruments for
planetary sciences, ranging from compsizged instruments as modules on space rovers
and large mobile systems mounted on trollies with the ability to detect minerals from
distances of hundreds of metf@8i 93]. The optical setupshare a single pulsed laser as
excitation source for both LIBS and Raman, while telescopes and spectrometers could be
separatdor the two techniques or a single collection system can be Tiseghroblem 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 08G200n
starting from the Rayleigh line, while typical LIBS signaisan200' 850 nm, much
broader thanRamanspectra. It is a tradeff between spectral range and spectral
resolution when using a single grating. There are other issues ssjpbicasl sengvity

(sensor response) at different wavelength regions. To overcome such issues, Echelle
spectrographwith the ability to cover broad wavelength range with good spectral
resolution is used for combined LIBSaman systeni94,95] Recently a twecomponent
approach was proposed to focus the laser tahsignificantly improve remote Raman

and LIBS capabilities for cmeical detectiorusingremote controlled car or unmanned

aerial vehicle (UAV) carrying small remote lens near the targs].

LIBS-LIF hybrid:

Anglos et al.[96] reported a simultaneous application of LIBS and LIF using a single
optical setupon a model sample comprising of a cadmium yellow (CdSZnSBapO

paint layer on top of a white paint made of gypsum (Ca&®O0) containing small

amounts of zinc white (ZnOYhe workwas a demonstratiasf theLIBS technique with
abilities of conductinglepth profils and elemental analysiwhichis then complemented

by the timeintegratedLIF analysisof the sampleBoth techniques shared the same
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excitation wavelength at 355 nidigh energy pulses were usemt LIBS, while pulses

with energy below the ablation threshold followed for LIF analy8ieuli et al.
investigatedhe depth profile of protective coatings on historic metal objects using LIBS,
which was aided by LIF with lower laser pulse energy (belmvablation threshold) at

the same wavelengtfat 193 nm for excitationand geometryf97]. During the depth
profiling, in between each LIBS measurement, the pulse energy was attenuated so that
the timeintegrated LIF spectrum was collected after irradiation of the sample with 100

probe pulses.

As stated above, a research group at Lund Univedsityeloped a mobile lidar system
mounted on a truck with the ability to recaamotelIBS and LIF spectra at 60 m. The
system was successfully deployed in field campaigns in heritage sites both in Sweden
(Ovedskloster castle) and Italy (the wikilown Cobsseum)Details of their LIF analyses

are described in the previous section. However, it seems that LIBS analysis was only
performedon several metal samplestastsconductedn the university campusut not

atheritage site§o8].
RamanLIF hybrid:

In recent years, the Ram&tF 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. pposed a combined inelastic (Raman) and elastic -Réigeigh)
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 anyf titfag or night. LIF
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spectra of biogenic materials and minerals could complement the Ramaah#aitaa et

al. alsomodified aremoteRaman spectroscopy system in oblique geometry for composite
Raman and LIF measurements of minerals at 100@]. Raman spectra of cyclohexane,
ice and gypsumgs well agluorescence spectra of chlorophgland ruby were presented
respectively. The combined LIF and Raman spectra of chalk (gJad@ficated a photo
guenching effect with increased time, as well as a corresposdjngtto-noise ratio

(SNR) enhancement for Raman.

LIBS-RamanLIF hybrid:

Several research groups are working on the development of a single apparatus that
combines RamarLIBS, 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 pbtdly transportable prototype instrument
capable of performing Raman, LIBS and LIF using a single pulsed laser source for the
analysis of cultural heritage objedt1]. A pulsed laser athe second harmoni®&32

nm) was used for botfiRamanand LIBS. Frequency doubling was achieved with a
potassium titanyl phosphat€ TP) crystal so that thisurthharmonicat 266 nm was used

for LIF. A time-gatedintensified CCD (ICCDJYetector sensitive at 18800 nm allowed

for the collection of LIBS spectra and can also be employed for both LIF and time
resolved Raman spectroscopy. Natand synthetic ultramarine pigments were ysed

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 distinguesth egg white from rabbgkin glue, while LIBS

showed lines of CN and Ca for both.
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Similarly, Martiez -Hernddez et al. developed a compact laboratory hyRachan, LIF

and LIBS system using a singles@itched Nd:YAGlaser at its second (532 nm), third

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

ICCD detectof102]. It is noteworthy that the spectrograph utilised two interchangeable
diffraction gratings and entrance slit widthrespectively, providing varying spectral
range and redution for different techniqueRRaman 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 L8 Several model wall painting samples were analysed with

all three methodgresenting complementary information for material identification.

A research group at the Centre de recherche et de restauration des musés de France
(C2RMF) reported the development ofsmgle LIBSLIF-Raman hybrid systerfor

cultural heritage analysi§103,104] Nd:YAG lases working with 4 different
wavelengths of 1064, 532, 355 and 266 nm were empl@eaabral detection systems

such aCzernyTurner spectrometer coupled with ICG@Btectoy Echelle spectrometer

and small commercial spectrometemwere utilised to collect different signalsThis
benchtop setup later evolved into a single mapctroscopic mobile device for situ

analysis of cultural heritag&05].
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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 diffcyerformin 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. Scaffoldingtypically 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 needgdD6].

Figure 2.1Scaffolds for the examination of wall paintings in the Royal Pavilion, Brighton.
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In NTU ISAAC lab, our solutn is an irhouse developed ViSIIR remote spectral
imaging system, PRISMS, which can image wall paintings atdllimeter resolutions

from a distance ofi80 m[11]. However, spectral reflectance information acquired by
PRISMS alone is not able to differentiate pigments in certairsq@sg. 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 atiabhl 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 toolmany application fields. In cultural heritage
research, it has been utilised for Aamasive material identification (such as pigments),

investigations of degradation products, provenance determinatiof,Gic111].

There are controversies in the community of remote sensing and cultural heritage with
regard to the accurate use of the term 6
remote standoff Raman systems as imsémts that can work at a distance 66@ m

between the instrument and the object. The idea of performing Raman measurements
remotely was first reported during the 19685,26] Nowadays,the majority of remote

and standoff Raman systems have been developed for planetary sciences and explosive
detection, mostly using highower pulsed lasers for excitatif8b]. However, the Raman
efficiency and potential laser induced damage should be considered when designing
Raman istruments 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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2.1.2.0riginal experimental setup

The design of a remote stand&&man 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 distancg& d5 m
(suitable for most indoomvestigations) with an comparable spectral resolution to
commercial mobile Raman system (~89Ynin 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) ishould be mobile to enabie 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; &aat@eometry of

the laser beam and the collection optics is pretefor the alignment of the excitation

and collection beams to be independent of dista@)cine 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 measusgwt should be recorded online.

Figure 2.2 shows the original design of a remote standoff Raman spectroscopy system for
working at distances ofi35 m. The instrument consists of a CW laser soiewport
TLB-711301) for excitation at 780 nmvith a maxmum output power of 90 m\a
MaksutovCassegrain reflectoelescope (Meade ETFBO0) with 90 mm clear aperture and

1250 mm focal length, and a Czefhyrner spectrograph (Andor Shamrock-$83i)
coupled with a high sensitivity CCD detector (Andor iDus 41@hich is
thermoelectricallycooled to-75€C for normal Raman measurement§wo mirrors
positioned at a 45°angle reflect the laser beam, making it coaxial with the tele3tmpe.
output laser beam is collimated, with a tiny divergence that leads to sizpof 4 mm

at 3 m and~8 mm at 8 m. A narrowband laser clegmfilter 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, notasing (plasma) lines and spontaneous emission. The telesutgxs

the reflected light, which passes through a 780 nm longpass filter with a shaffptout
block the Rayleigh scattered line and into a collection fibre (Thorlabs M75L02) with a
core size of 20 Ocordgroiedimotoradjuatsritezimary mirrorof tikeC
telescope for focusing. A dichroic beamsplitter at 770 ndirectly coupled to the rear

port of the telescop® send the reflected light <770 nm to a guiding camera for imaging,
which can be used to evaluate the focusing of thedefee and inspect the measured area.

A pair of planeconvex lenses are employed to better couple the received signals >780
nm into the fibre. The received signals
the spectrograph. The entire system is medion rails atop an altitugezimuth telescope
stage, which is controlled by a hand controller (Meade AutosfEng cutoff
wavenumber, dictated by tligchroic beamsplitteand the longpass filter, is ~130 ém

The spectral resolution 4 cni! over aspectral range of 142300 cm' when recorded

with a 1200 I/mm grating, o¢8.5 cm! over 1403300 cm' using a 500 I/mm grating.

Convex Lens  Guiding Camera
Longpass Filter Telescope Mirror
gp = ,

Fiber Collimator

Fiber T Sample
CCD Dichroic

If Beamsplitter £

== Bandpass Filter
Mirror

Spectrometer 780 nm 3-15m
CW laser

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

axial with thecollection opticsAdapted with permission froffi12] © Optica Publishing Group.

! The spectral resolutigms reported in one of our papgtd2], of ~15 cm! with a 500 I/mm grating and
~9 cnm* with a 1200 I/mm grating for the entire spectral spectrigsulted from an issue of the grating
turretthat made the gratings tilted. It was fixed andgpectral resolutioimproved consequently.

39



2.1.3.Sources of noise

Noise is an important issue to all spectroscopy techniques. It is crucial to understand the
sources of ifferent types of noises in order to optimise the collection of Raman signals
thus improve the signab-noise ratio (SNR).
In the case of photon detection, there is an inherent statistical variation in the arrival rate
of incoming photons incident on thetector (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 electroagnetic field of photons.
The counts of electric signalsconverted from photons incident on the detector can be
given by:

0 0O )
where0 is the photon flux (photons/pixel/second)s the quantum efficiency (QE) of

the device, andis the integration time (seconds).

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

average counts of evenis

, W0 03D c]

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

signals recorded, including Raman signals of the materiatt@fest, Raman signals of

ot her components in the sample (matri x), buor
then collected by the detector, stray light and cosmic rays entering in the detector, etc.

Some of the irrelevant signals can be removedabg gdrocessing, such as the subtraction

of the broad puorescence signals or the subtr.
for ambient light contributions. However, shot noise generated by these components

cannot be eliminate
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There are sources obises from the detectorShe 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 teengture, 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 tirmal electrons generated within the integration time:

” "O :)b ng

Dark noise is highly dependent on device temperature, thus can be reduced by cooling
the detector. Technical advances in CCD allow modernégformance devices to be
deep cooled ta 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 te25€C are unable to perform lorgme Rama analysis
lasting >5 min for materials with low Raman scattering cgegion. The accumulation

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

a highperformance deepooled detector is necessary for Raman omess

Another source of noise from the detectors is the readout, mdigeh 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, asaseie subsequent
analogueo-digital (A/D) conversion. The main source of readout noise is thehign
amplifier. For the same device, readout noise increases witfotgadte or frame rate,

as the speed of charge transfer (current) can affect theetatuge of the devices.
Improvements in CCD design enable higgrformance 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 averageshnmald 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:
0 0 03

YO Y 8
" , , , v3>®» 0 ,

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 detec$ photon noise limited so that
"YOXY 0 3-D. If both the dark current and Raman signals are weak, then at short

integration time, the noise could be dominated by readout. Photon noise can eventually
take over with increasing integration timae

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 readqusferred

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 puorescence in most materials of
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 tortbielént 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 bya laser, many materials can generate strong photoluminescence to
overwhelm the Raman signal, since photoluminescence has a much higher pyatfabilit
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, thasshoamo

be separated into contributions of Raman signals of interest and the fluorestctree.
photoluminescence is so strong tiimsignalis muchgreater than Raman signia which

case the signal noise will also dominate over instrument noiseSNifie for Raman
detection given by:

YO XY—x = J -
” U

Q

®

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

the shot noise due ftuorescence.

Fluorescence typically occurs in the ultravieletible (UV/VIS) region at wavelengths
above ~300 nm, independent of excitation wavelength. To avoid that, excitation
wavelength for Raman spectroscopy in the mefared (NIR) region, sucas 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

cadmiumtelluride) detectors that also need deep cooling to reduce the noise are required.
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Excitation wavelength in the UV region, such as 266 nm (quadrupled,-piodped
Nd:YAG lasers) and 248.6 nm (NeCu holl@athode metaibbn lasers) can also have an
advantage, since a typical Raman spectrum with 400bwavenumber 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 equires a high spectral resolution (e.g. a 4 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 highresolution gratings are needed. In addition,-&Rhanced 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 sength, 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
adoptedn fields such as planetary sciences (e.g. remote detection of rocksraerdls

on planety andexplosives detection (e.g. identification of trace amounts of explosives
and their residues from standoff distancgs)3,114] For these kinds of work, laser
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induced degradation effects are not the main concern of the studies as long as thesmaterial

are not completely altered to lose their original spectral features.

Higher laserintensity leads to higher Raman efficiencgifce Raman intensity is
proportional to laer intensity and also greater risks of laser induced degradation when
the laserintensity exceeds the damage threshold of the mat&ial practical Raman
analysis, this is a trae®f 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 thernsaleeffect

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 assumptiahslamage threshold for CW

and pulsed lasers are equdahman intensityY is proportional to laser intensity, the
irradiated area (assume that the laser 8patquals the detected area so that all
Raman signals can be detected), and the measuremet tinfeor a CW laser:

Y 80 00 CH
where'O denotes the intensity of the CW laseris the area of the laser spot on the
sample, an@d is themeasurement time
Similarly, for a pulsed laser, the Raman sigiYais expressed as:

YO OO0t &

where"O is the peak intensity of a laser pulse,is the number of pulses in the

measuremengnd T is the pulse width.
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The total measurement timequired in the measurement is then given by

. 0
0 5 Ry

whereQ is the repetition rate.

Assume that the area of the laser spot on the sampig,the same for both cases, to
achieve the same level of Raman signals, the ratio oéfeetive measurement times
between using a CW laser and a pulse laser is given by:

‘o +
0

2 8o
3 C

For Raman analysis of materials that are not sensitive teifighsity laser irradiation,
a pulsed laser can take full advantage high peak intensity, which is several orders
of magnitude higher than the intensity of a CW la%2l (“O ). However, this advantage

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

From another perspective,rder that to generate sufficient Raman signals detectable
(signals above the instrument noise) using a single pulse sb thatandb p, the
ratio of the effective measurement times between using a CW laser and a pulse laser can

be given by:
T 0 @

In the case of using a single laser pulse for Raman analysis, as long as the Raman signals
generated by the single pulse strong enough tte detected and the degradation
threshold for the pulsed laser is the same or greater thawothlae {CW laser, the pulsed

laser is always more efficieif. nore 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 souraerehtbte standoff
Raman system is recommended for the safe measurement efditgitive 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
operationin situsince ideally focusing is not required when measuring spots at different
distances. However, it was found that in the ioagremote standoff Raman setup, the
collimated laser beam was still slightly divergimghich results in @4 mm spot at 3 m

and a~8 mm spot at 8 mm. To achieve higher spatial resolutioe,mobile remote
standoff Raman system has been redesigned @graded to fit in a 5X beam expander
(Thorlabs BEO5M) which could be used to focus the beam at different distances. A higher
laser intensity mearibatless acquisition time is required for detection. The spot diameter
of the focused beam at sample is ~h megardless of the distance in the rangei a53

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

W/cm?.

Guiding Camera

Longpass Filter Telescope Mirror
gp - p y

Fiber Collimator a

Fiber Dichroic Sample
CCD Beamsplitter
E <— Mirror
785nm 4 Beam Expander
Spectrometer CW Laser [ 3-15m

Bandpass Filter

Figure 2.3. Schematic of the standoff Raman instrument setup.
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To improve the collection efficiency, a SMA fd (Ocean Optics QP10dBVIS-NIR)

with a core size of 1000 e&em was adopted to r e
much larger core size, the pair of placunvex lenses used to couple the received signals

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

upin situmuch 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 sourcesof@mrow linewidth, a
compact laser source is preferred for field wdrkaddition, 780 nm is not a common
wavelength for Raman analysis, which means the bandpass and longpass filters and the
dichroic beamsplitteare 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 matchdip& ultracompact 785 nm CW laser
(Integrated Optic®785L-21A-NI-NT-CF) is employed as the excitation source for the
new system. It comes with a pirestalled bandpass filter for eliminating unwanted
allowed longitudinal modes and spontaneous emission from the laser output. The
maximum output power is incased 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-120cm™.

2.1.7.Signal processing

2.1.7.1 Wavelength/wavenumber calibration

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

interpretation of the Raman spectra, for any Raman applications, it is of paramount
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importance to calibrate the instrument. It is necessary to come up with an accurate
calibraton procedure before collecting the data, and it is necessary to repeat this
calibration process routinely. Over time, even aigalibrated system will deviate from

its optimal working state. Laser wavelength stability could change with operation time
andtemperature. 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 spectim 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-kmelvn
wavenumber information regarding the peak positions. A polynomial fitting can be
performed to thesegak 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, trersion between
wavelength and wavenumber needs to be discussed. Raman shifts are usually reported in
wavenumbers, with the typical unit of @mTo convert wavelength to wavenumbers of

shift in the Raman spectrum, the following formula can be used:

3 — = P p

whereqgs is the Raman shift expressed in wavenumberis 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 wavelengthneed 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. Thereforéhe RayleigHine is not collected inthe Raman spectrum so that

the excitation wavelength_( ) cannot be acquired directly. In addition, the excitation
source for Raman spectroscopy is typically a sHiigiguency laser (sometimes called a
singlewawelength 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. Fromthe 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 rduagés recorded on the

CCD camera. This is realised by using a stepper motor. However, no motor can provide
exacty the same steps therefore precise repeatability with respect to the rotation angle.
In addition, the gratings in the spectrograph autorallyiceset to zero position when
powered off. Therefore, a daily calibration for Raman spectrum wavelengtlis (
required, which would not be a problem for conventional compact spectrometers that use

fixed grating configuration.
The calibration processn 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)

3)

4)

At thesame 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.

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 ag#@irsecond order polynomial
fitting is peformed to 13 known spectral lines between 790 and 970 nm. The
calibrated wavelength for Raman signals can be established.

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 6fID0® nm is preferred.

An

Ocean Optics H& 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 ~003 cm! in Raman shift for a range of 8000 cm*

using 785 nm excitation (Figure 2.4). The calibration program is written within the

MATL AB software package
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Figure 2.4Representative 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 wisrtiee

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 s@tance of the real sample.

Then a spectrum of the reflected light on the white standard, illuminated by a Tungsten
light source (Ocean Optics DBDOO, with a known continuous smooth spectrum) is

acquired.

The baseline subtraction is conducted by smogfttiiis 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 removinghe 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. Bamnptcated situations, manual
subtraction can be performed by a linear or second order polynomial fitting i user

defined regions of interest.

2.1.8.Daylight subtraction

The existence of fluctuating ambient daylight during working hours presents a significant

challenge forin 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. Higipower pulsed lasers and tirgated detectors synchroedsto the

laser pulse duration are normally employed to collect Raman spectra in a short period,
which makes daylight contribution insignificajitl5]. 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 duation 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-tange outdoor remote Raman
measurements, howewkie experiment was carried out during the night to avoid daylight
[116]. An automated online daylight subtract 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 (Figige 2.
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Figure 25. Daylight subtraction Raman spectra of an orpitria 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 aroamd 68&-esponds

to H,O absorption lines at ~823 nm from the atmosphere; (b) comparison of daylight subtracted Raman
spectrum with that taken in dark environment. Adapted with permission[frdb®} © 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 suftéy,118] The pigment
compositions wereonfirmed by other analytical techniques prior to this study. Details
of the pigment composition are given jil7]. The reference paint samples in different
binding media were examined by the 780 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 Al in Appendix

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@.

Most of yellow pigments are typically hard to distinguish using reflectance spectroscopy
alone[118]. For comparison, the remote standoff Raman systmdentify almost all
inorganic yellow pigrents 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 sigddl8]. Cadmium red is the only
inorganic red pigment that is not detected, due to strongitzcheced fluorescence from
cadmium sulfoselenide at this wavelenfgth] 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 nfi§e119] Copper pigments are difficult

to detect due to their low intrinsic Raman scattering efficiency and significant absorption

at 780 nn{119].
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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 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, PRJS®IS

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 repectance spectroscopy amd Ramamnespect
to determine deynitively the painting materi al
thatthe Ramarspectroscopy managed to detect the blue pigment ultramarinbis

technique is notapable ofdiscriminatng between the natural areyntheic materials

since both have almost the same molecular forifilda]. 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 botmatural and synthet 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 thgnpents based on their spectral
featureq121]. Mobile Raman spectroscopy and XRF instrureemére 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 techniqualtaral heritage research, given its
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great advantage as being ndestructive. However, emitted-bays 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 froengample without being absorbed.
Though being micralestructive, 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 wehi 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$ 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, pigent 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 aabalytethods
capable of investigating numerous interfaces across the sample. For instance, paintings
are normally heterogeneous systems with a Amyered structure. One of the most
important topics in scientific studies of cultural heritage is to undetstee stratigraphy

of the paintings in order to evaluate the separate layers, which is technically challenging.
Being micradestructive, one of the unique advantage of LIBS is the ability to conduct
depthprofiling analysis of a sample by delivering mplé 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 usitgstEopes.
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2.2.2. Instrumental design

Raman spectroscopy usually covers a wavelength range of 3D@m starting from

the Rayleigh line, which requires higésolution gratings at appropriate blaze
wavelengths. For example, a spectral resolution of 4 iknwavenumber for 532 nm

laser excitation translates to 0.1 nm in wavelength. Typical LIBS signals emerge at a
wavelength range of ~2D800 nm, much broader th&amanspectra, while the spectral
resolution is required to be at a comparable level af@2Lnm to distinguish sharp
emission lines. It is a trad#f between spectral range and spectral resolution when using
a single grating. Other related issues incluffedint spectral sensitivity (sensor response)

at different wavelength regions. The conventional solution can be a-chatinel
detection system where a fibre bundle is used to distribute the emitted lights to several
spectrometers with each configured dover a narrow spectral range. Alternatively,
Echelle spectrograph with the ability to cover broad wavelength range with high spectral
resolution can be used for LIBS systerf®,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 l9B8ems suitable

for in situanalysis.

Two temporal acquisition modes, namely timeegrated and timeesolved, are feasible

for LIBS (Figure 27). In the timeintegrated mode, the gate width can be long enough to
accommodate the entire process of thesipla emission, so that all the emitted photons
during the plasma evolution are captured. Mated 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 deeduch analysis. In the tirresolved 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 thegistg detector, such as ICCD

with a shutter time down taumdreds of picoseconds.

Plasma emission

Laser pulse ||

Time-integrated measurement

A 4

Time-resolved measurement

»
>

Time

Figure 27. 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 obligue mode the laser is directly focused at thetdeastget 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 developedvérking at
distances > 6 m is shown in Figur&.2The Continuum Minilite Nd:YAG laser source

can provide 50 mJ pulses-{ons pulse width) centred at 1064 nm, at the repetition rate
of 15 Hz. The excitation wavelength of 1064 nm is chosen for nofentey with the

LIBS signals (because it is outside of the spectrometer range). A 15X beam expander
(ThorlabsBE15M) 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 tafséér pulse
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at sample could reach 1.27 GW/knmA Meade ETX90 telescope (a Maksutov

Cassegrain reflector with 90 mm clear aperture and 1250 mm focal length) is used for

coll ecting the return | ight. A 600heem optica
telescope to send the signals to an Avantes AvaBp&2048CL spectrometer,

configured for 364825 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

hav ng di mensions of 14 em I 200 em. Since the
depth profiles, timentegrated measurement is performed in order to capture the entire

emission process. For each spectrum, the detector collected the emission aeeraf per

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 atifintgth 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.

1064 nm Pulsed Laser ﬁ U Focusing Lens D
Sample
1 Fiver
a

Spectrometer
Telescope

6-10m

Figure 28. Schematic diagram of the standoff LIBS setup.
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2.2.3. Signal processing

For LIBS, an inhouse written program has been developed in MATLAB software
package to batch process the spectra for automated line assignments (Bigurbe2.

peak assignment@cess 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 datdbha® combined
with a table of major analytical emission lines of elements by D. Anglos[&Ral.

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 laeljusted 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 bunitfindpeaks function vihin 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, criteiaasua 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 & numbered, and the overall results are combined into a table

for output.
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Figure 29. The automated LIBS line assignment program.
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2.2.4. Pigment survey

Since LIBS is micredestructive, the pigment survey was conducted on a limited
collection of pigmerd. The selected pigment samples were reference paint samples in
linseed oil, egg tempera or animal gl[l7,118] The pigment compositions were
chemically analysed with the main compositaamfirmed by EDX, XRD and FTIR. To

better preserve the pigment samples, the pulsed laser beam was focused on the corner of

the painted area with a spot size of ~1 mm.

Azurite Vermilion

Figure 2.D. Size of the ablated spot caused by LIBS1 mm.

Pigments in various binding media were tested with our standoff LIBS system, which is
capable of detecting characteristic emission lines of elements using a single 1064 nm laser
pulse at >6 m. Here several representative LIBS spectra of the tested pigmeent
presented in Figure 211 with multiple peaks corresponding to the related elements

identified and marked.
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Figure 2.1. Typical LIBS spectra of pigments.
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2.2.5. Depth-profiling analysis

As a micredestructive method, LIBS is normally utilised for material identification in
heritage research only when other fiovasive techniques are unable to offer conclusive
results. LIBS, on the other hand, can ablate the materials for depth profilimen
combined with Raman spectroscopy, dembolved molecular and elemental

information can be acquired at the same spot simultanef@is66]

A depthresolved analysisombining remote standoff LIBS and Raman spectroscopy is
designed to evaluate the performance of the newly developed remote standoff LIBS
system. A multilayer mockip paint sample was made in the laboratory. Layers of
pigments were applied successivelyaoplywood board with white gesso substrate. As
seen in Figure 22k, the multilayer structure comprises of indigo, vermilion, and red lead
layers that were painted one after the other in animal glue. The paint sample was mounted
vertically at 5 m distancom the remote standoff Raman and LIBS systems set up in an
oblique geometry. The laser beams of LIBS and Raman spectroscopy were focused on
the same spot at the surface of the sample, which is ~1 mm in diameter. The experimental
procedure involved cycgeof alternating Raman and LIBS measurements. Each cycle
began with a Raman measurement with 10 s integration time and 3 accumulations to

remove cosmic rays, followed by a LIBS measurement using one single laser pulse.
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Figure 2.2. (a) A schematic of a uftilayer paint sample prepared for the deptholved analysis; (b) the

ablation crater formed after 70 shots of 50 mW laser pulses; (c) details of the edge of the ablation crater;
(d) OCT image of the ablation crater after 70 shots; (e) Raman spedra thef 1st (red), 37th (blue) and

54th (green) 1064 nm shots; an offset of 150 was added to the blue curve for clarity; red lead peaks are
marked as orange asterisks; vermilion peaks are marked as red asterisks; rutile peaks are marked as grey

asteriskslignin peaks are marked as black asterisks

70 successive spectra of LIBS and Raman respectively were collected. As presented in
Figure2.12bc, the wall of the ablation crater revealed successive paint layers. It is evident
that the vermilion layer wdsurnt thus turned black (Rige2.12c). An 810 nm ultréhigh
resolution optical coherence tomography (OCT) syqte?] was utilised to assess the
morphology and dep of the ablation crater. The virtual cressction OCT image is

shown in Figire 2.12d.

For Raman spectroscopy, the 780 nm CW laser used for excitation can penetrate the top
layer and reveal material information underneath, which makes definitive datinct

between layers difficult. Intense red lead (388 and 546 @nd vermilion (252 and 343
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cmh) signals were observed during tiféRaman measurement (kg 2.12e). Red lead
and vermilion signals were present throughout the 70 laser shots, whiclkelgstame
from the wall of the ablation crater. Two Raman peaks at 444 and 6b8xrmesponding

to rutile (titanium dioxide, Ti@) emerged during the $&hot, suggesting the laser pulse
reached the white substrate layer, given that rutile was ighiifi the white gesso
substrate by another Raman measurement prior to this study. After"frshd a weak
peak at 1592 crhwas detected, which could be attributed to lignin from the plywood

board as the wood layer was exposed.

For LIBS, spectrum obiaed at the 2 shot presented higher intensity of Pb signals when
compared to that from thé'shot (Figure 2.3b). Usually, the ¥ shot cleans the sample
surface of dust and other contaminants. Pb signals consisting of a strong line at 405.9 nm,
a quadkt at 357373 nm and several weak peaks were detected. FiguBa ghbws the
evolution of intensities of representative emission lines for four elements identified,
including Pb (405.9 nm) as in red lead {BY, Hg (546.1 nm) as in vermilion (HgS), Ca
(393.3 nm) as in chalk (CaGRand Ti (334.9 nm) in rutile (Ti§). Until the 7" shot, the
ablated material characterised by Pb came from the top red lead layer. Transitions from
one layer to another can be observed as the ablation depth rose withigestessFor
example, Hg line intensities significantly increased between @4 shots when
transitioning from the red lead to the vermilion layer (Figure8@,land it remained
essentially constant until the 28hot, at which point it began tiecline (Figure 2.3d).

During the same period, the intensity of Ca lines increased as well (Fig@e.2I1
signals emerged at the 28hot and culminated at the "88hot. For comparison, a
vertiginous drop was registered in the intensity of Hg lafésr the 3% shot. Ca signals

decreased sharply after the'4hot. Although trace Ca and Ti signals were still detected
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at the very end (Figure 23f), the intensities of all four elements declined to almost zero

after the 4% shot.
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Figure 2.B. (a) The evolution of the line intensities for four elements identified: Pb (405.9 nm), Hg (546.1
nm), Ca (393.3 nm) and Ti (334.9 nm) with increasing shot sequence; (b) emission lines obtainel at the 2
shot; (c) emission lines obtained at th& $0ot; (d) emission lines obtained at th& 280ot; (e) emission

lines obtained at the 8&hot; (f) emission lines obtained at thé"4hot.

Basedon the results from Raman and LIBS, it can be found that there is a thin red lead
layer on top of a thicer vermilion layer. The depth distribution of Ca, as shown in Figure
2.13a, is peculiar. Animal glue, which was utilised as the binding medium, is most likely
the source of calcium in the paint layers. Ca was found to be present in indigo (~26.4
wt%) anddried animal glue powder (~2.3 wt%), but not in any other pigments, according
to XRF spectroscopy. The first Ca peak in the evolution plot is consistent with the Pb
peak, suggesting that Ca is from the binder (animal glue) of the red lead layer. Ca signals
maintained at a stable level when the pulses were penetrating through the vermilion layer,
as represented by the flat peak of Hg signals until tlesB8t in the evolution plot. After

that, Ca intensity began to increase again along with Ti, as opfm#esl simultaneous
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decline of Hg, revealing the transition from the vermilion layer to the next one. The
modest increase of Ca signals observed at tResBat may result from the high Ca
content in the indigo layer. However, it was unfortunate that Rapactroscopy did not
detect indigo. It is likely that the indigo layer is so thin that it could have been ablated
with a single shot. It is noteworthy that LIBS provided insight into the layer structure of
the white gesso substrate which was previousbiaar. Ti peaked at the 88hot in the
evolution plot, which came from rutile (T#Din the white substrate. For comparison, two
peaks of Ca emerged before and after that, at tHeaB@ 4% shots respectively. In
addition, spectral reflectance dag&b( 2500 nm) recorded at the surface of the white
substrate was in good agreement with features of calcite (chalk) and gypsum. It can be
hypothesised that the white gesso substrate features a sandwich structureiswhich
comprised of a top layer of chalkégypsum that are Ca rich, followed by a middle layer

of rutile and then a bottom layer of chalk and gypsum.

2.3. LIF

2.3.1. Introduction

As a nondestructive analytical technique, LIF has been used as a tool in cultural heritage
research, such gminted artwork diagnostics and monitoring of biodegradation of stone

objects.

Many modern semiconductor pigments, as well as organic pigments and most aged
binders, can fluoresce under laser irradiation of high intensity. Fluorescent pigments
include natwal organic pigments (e.g. lac, cochineal lake, and brazilwood), synthetic

organic pigments (e.g. phthalocyanine), and synthetic inorganic pigments (e.g.
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semiconductor pigments). Fluorescence of organic pigments (natural or synthetic) usually
comes from th presence of delocalised electrons in molec[68% Semiconductor
pigmentsfluorescethanks to the small band gap, which contributes to the relatively

narrow and shottived emissions.

2.3.2. Experimental setup

At first, a prototype LIF setup was proposed to operate at close range (Figh)rd Bel

laser source was the Continuum Minilite, the same one as used in our standoff LIBS
system. It is a Nd:YAG pulsed laser which can provide 25 mJ pulse energy and 5 ns pulse
duration, centred at the third harmonic (355 nif)e laser beam was incident on the
sample perpendicularly, at a distance of 20 cm. Fluorescence was collected at 45°to the

incident beam by a fibre and was sent to the spectrometer (Ocean Optics HR2000).

() (b)

Sample
|

Probe '
Fibre

Spectrometer

355 nm
Pulsed Laser

Figure 2.4. A prototype LIF setup opeiliag at close range. (a) Schematics; (b) A photo showing the

pigment tests using this LIF setup.
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The collection of fluorescence emission was successful using theraluge setup,
which led to the development of a standoff LIF system (Figur)2A reflective
Newtonian telescope (Meade LightBridge Mini) with 82 mm (3.2") aperture and 300 mm
(f/3.7) focal length was used for remote fluorescence collection. Just like the standoff
LIBS setup, the system utilised ablique design where the laser and thedebpe were

set up abreast at 5.4 m from the sample.

(a)
Spectrometer
Fibre
Telescope
| O
355 nm v Samble
Pulsed Laser Focusing Lens P
54m
(b) (©)

Figure 2.5. A standoff LIF setup operating at 5.4 m. (a) Schematics; (b) the laser and the telescope were

set up abreast; (c) Photo of the whole system.
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2.3.3. Pigment survey

Reference paint samples with semiconductor pigments such as catiasechones and

zinc oxide were selected for LIF tests. All the samples are oil based and had been naturally
aged for more than 13 years at the time when the experiments were performey as t
were painted during 2008007 on plywood boards with chalk substrate in rabbit skin
glue[117]. The supplier of all studied pigments is L. Cornelissen & Son. Details of all

the studied pigments arnsted in Table 2.1.

Table 2.1. Pigment samples

Binding

Pigment Main composition Supplier medium

Cadmium sulphide (CdS)
Cadmium yellow (light) with a small amount of Zn, L. Cornelissen & Son Qil
some barium sulphate

Cadmiumsulphide with a
little selenium, Cd(S,Se)
Cadmium yellow (deep) (consistent with orange L. Cornelissen & Son Qil
colour), some barium
sulphate

Cadmium selenium sulphid:

Cadmium red L. Cornelissen & Son Oil

Cd(S,Se)
Zinc white Zinc oxide, ZnO L. Cornelissen & Son Oil
Titanium white Titanium dioxide, TiQ L. Cornelissen & Son Oil

Cadmiumbased pigments can be classified agllsemiconductors. Figure Zkhows

the fluorescence spectra of tlieree cadmiunbased pigments, ranging from cadmium
yellow (light), cadmiumyellow (deep), to cadmium red. These synthetic pigments have
been widely used since they were introduced in the early 19th century. The compositions
range from CdS to CdSe.x (0<x<1). With increasingdenium content, the band gap

decreases (band gap energy values for CdS and CdSe are 2.4 ahddspectively, at
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300 K[125]), which results in the red shifting of the colour of cadmibased pigments.

It was observed that fluorescence signalseased in wavelength as the pigment colour
varies from light yellow to red (Figure &)L This pattern is consistent with findings in
literature[70,71], but the peak positions were not precisely the same as what has been
reported. It could result from differences between suppliers thus the main composition
might not be exactly the s®. In addition, impurities found in our pigment samples

(small amount of Zn, some barium sulphate) could also make a contribution.
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Figure 2.B. Fluorescence emission spectra of cadmbased pigments in oil.

Comparison in fluorescence emissibetween two white pigments, zinc white and
titanium white, were made (Figure 2)1 The peak position of fluorescence emission

from zinc white at 384 nm is consistent with results in literature. A weak and broad peak
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at 400 600 nm was detected, a featutsoadetected from the clean area of dhmalk

substrate
4000 T 7 T T T
384 ——Zinc white, oil
n — Titanium white, oil
23000 f -
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Figure 2.T. Fluorescence emission spectra of two white pigments in oil.
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2.4. Conclusiors

It is demonstrated that a remote standoff Raman spectroscopy system using a CW laser
source at 780 nm can work from a distance8idf5 mto identify most of common
historical artist pigments. CW laser is used for excitation since it is more time efficient
for the safe measurements of ligdensitive painting materials, compared with common
ns-pulsed lasers. By modulating the laser source through on/off cycles, the 780 nm remote
standoff Raman system can operate under the influence of daylight for indoor
investigations by automated daylight background subtraction. This remote standoff
Raman spectroscopy system can supplement our visiblehieaed remote spectral

imaging system PRISMS.

The developments of remote standoff LIBS and LIF syster881& musing a pulsed

laser source at 1064 nm and 355 nm respectively, are also presented. The data processing
is assisted by an4ihouse written program for automated LIBS line assignment. A depth
profiling analysis is demonstrated to showcase its ability to demental information

while ablating the materials so that the multilayer structure of a+upglaint sample is
revealed. The application of the ndastructive LIF techniques in cultural heritage
studies is briefly discussed. Sevetabfescent semicondtor pigments were used to test

thestandoff LIF system. The results were in good agreement with findings in literature.
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Chapter 3

Laser induced degradation ofpaints

3.1.Introduction

Laser beams can cause damages in materials, which is a particular concern in laser
spectroscopy analysis often considered-measive in heritage science research, and is

the principal concern in the actual deployment of laser based analggis

Raman spectroscopy is a widely used laser technique for the identification of painting
materials, given the advantages that it requires no sample preparation and is considered
nondestructive [107,119] As a matter of fact, the above statement of Raman
spectroscopy beg nonrdestructive is not entirely true to those familiar with this
technique, as they know that with a spot size of a few microns for common commercial
benchtop micro Raman systems, the laser intensity could be high enough to degrade,
damage or burn the gles even with a relatively low laser power of 0 DImW
[20,126] Heritage studies must be especially careful to ensure that conservation ethics

are taken into account when studying the effects of-laseiced degradation.

For cultural tleritage materials like pigments and paints, only a small number of
systematic studies on laser induced degradation effects have been cofgyt&d In
literature involving Raman analysis on paintings or pigments, there is often a lack of
crucial experimental information such as laser spot size, integration time, which precludes
the knowledge of intensity or fluence. Raman spectroscopy in cultural heritage research
typically depends more on the operator's experience than it does on set of rules for safety.

Finally, if the damage results in changes in the molecular structurecaiséquently
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changes in Raman signals, the worry extends beyond the laser safety of the materials to

the precise identification of the original materials.

Attempts have been made to qualitatively and quantitatively evaluate laser induced
degradation effectdn Raman microscopy studies, visual observation is often used to
verify whether any damage is caug&@6,128,129] However, degradation cdre too

subtle to be visually perceived under a microsc@®]. Sometimes Raman spectra
themselvesan be used to confirm degradation products by the emergence of new Raman
signals and shifting, broadening or the disappearance of existing signals because of
molecular structure changes or the formation of new phia26s131 133). However, the
sensitivity for Raman spectroscopy as a tool to interrogate degradation changes remains
guestionable since the degradatcan be minute. The amount of materials altered, if any,
may be below the Raman system's detection limit. The efficiency of diffuse scattering as
measured by reflectance spectroscopy is orders of magnitude higher than that of Raman
scattering. Evaluatmn laser induced degradation in Raman spectroscopy will require a
thorough examination utilising methods more responsive to material changes. Previously
reflectance spectroscopy is used in our group to examine the degradation of pigments
caused by a Nd:YA@s-pulsed laser at 1064 nm and proved to be highly senkitdd.
Therefore, a combined system of Raman spectroscopy and reflectance spectroscopy is set
up to verify the safety of Raman laser and the sensitivity of Raman as a tool for

identification of laser induced degradation effects on pigment samples.
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3.2.Intensity and fluence comparison of common laser

techniques

Table 3.1 compares the intensity and fluence of typical laser sources used in optical
coherence tomography (OCTHontlinear microscopy (NLM), micrdRkaman as well as
the Xenon light source used in tleecelerated light ageing technique microfade

[130,134,135] The laser intensity of the 780 nm remote Raman system is 3 to 5 orders of

magnitude lower compared to benchiojgro-Raman instruments.

Table 31. Light intensity and fluence comparison

Spot size  Dwell lav [ max Fluence
Pav (MW)  Prax (W) (1m) time(s) (W/cm?d (W/icm?d  (Jlcmd)
Microfade 2 500 600 1 600
OCT 1 10 105 1.3x 16 0.013
NLM 25 2500 1.5 4x10° 13x16 1.3x10% 5.2
nspulsed 2 x 10 28x16  0.0014
Igser to 3000  5x 10° to to
1x 10 1.4 x 16 0.7
Micro 0.01 1.3x16 1.3x16
Raman to 1 1 to to
1 1.3x16 1.3x16
10 2.6
53sz\r/1m 33 4000 o 0.26 to
1800 473
Remote 10 3.6
?%”aan”ml 45 4000 0 0.36 to
cw) 1800 644
Remote 10 54.7
?%”aan”mz 43 1000 to 5.47 to
cw) 1800 9846

78



3.3.Selection of pigment samples

A range of historic arti st 0sindecedldegmdationt s ¢
risks by taking reflectance spectroscopy measurements before and after Raman
measurements. In total, 12 pigments are included in the collection, consisting of inorganic
and organic pigments, such as cochineal lake. These pigments vary in absorption at the
laser exttation wavelength. The basic information for selected pigments is shown in
Table 3.2. All of the samples are oil based and have been naturally aged for more than 12

years since they were painted during 2G®7 on plywood boards with chalk substrate

in rabbit skin glug117].

Table 3.2. Pigment samples

Pigment Main composition Supplier

Red lead PlsO4 Kremer Pigmente

Beijing Jinbizhai

Vermilion HgS
Pigment Plant
Vermilion light HgS Kremer Pigmente
Mexican cochineal dyestuff on an alumina National Gallery

Cochineal lake
substrate laboratory

Beijing Jinbizhai
Realgar (grade 3) AsS
Pigment Plant

Chrome yellow
PbCrG KremerPigmente
(medium)

Lead white PbCQPb(OH) Kremer Pigmente
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Ultramarine

(synthetic)

Indigo

Prussian blue

Azurite (grade 3)

Verdigris

(synthetic)

Malachite

Naei 10Al 6Sis024i 4

C16H10N202

Indigo and silicaceous extender

Fes[Fe(CN)]aaH 20 (n =14 16)

Hydrated irorhexacyanoferrate complex

2CuCQ.Cu(OH)

Copper (Il}carbonate

Copper(ll) -acetate

CuCQLu(OH) 2

Kremer Pigmente

Kremer Pigmente

Beijing Jinbizhai

Pigment Plant

Kremer Pigmente

Kremer Pigmente

Kremer Pigmente
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3.4.Experimental setup and procedure

The inhouse developed mobile lomgnge remote standoff Raman spectroscopy system

IS used for this research. The original setup of the remote Reyssmworking at 3 15

m has been described in the previous chapter. Uipeibbeam is considered as collimated

at the aperture with a slight divergence which results in a spot size on the target of ~4 mm
at 4 m. The maximum laser power at sample is 45 mW, corresponding to an irradiance of
0.36 W/cni. To achieve higher spatiggsolution, the mobile remote Raman system has
then been upgraded to fit to focus the beam at different distances. The spot diameter of
the focused beam at sample is ~1 mm. The maximum laser power at sample is 43 mW,

corresponding to an irradiance of 5.3cf.

Three lasers were used as irradiation source for laser induced degradation tests: a 780 nm
CW, a 532 nm CW and a 532 nm pulsed to compare the degradation capability of CW
lasers at different wavelengths and pulsed versus CW lasers on paintingsaiart

from the 780 nm CW source for Raman excitation, the other two laser sources were set
up in similar arrangements. The 532 nm one is a dgpoheped soliestate (DPSS) laser
(Thorlabs DJ53240), with a maximum output of 40 mW. The beam is collidatethe
aperture using a focusing lens which results in a spot size on the target of ~4 mm at 4 m.
The maximum laser power at sample is 33 mW, corresponding to an irradiance of 0.26
W/cn?. A 532 nm pulsed laser was generated by the secondary harmori©@&4 am
Q-switched Nd:YAG source (Continuum Minilite ML II). The maximum pulse energy is

25 mJ. The beam was defocused to a larger spot (8 mm in diameter) so that low intensity
was achievable. The tests always begin with a low pulse energy. If no degradat
observed, the energy would be increased. Regardless of the actual size of the laser beam,

laser irradiation was always limited to roughly 1 fron the sample, and thus allowing
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for adjustment of intensity of the incident laser by modifying the bsie without

changing the size of the illuminated area.

A combined setup of the remote Raman spectroscopy system and a fibre optic reflectance
spectroscopy (FORS) system as shown in Figure 3.1 was used to investigate the laser
degradation effects. The lasbeam perpendicularly irradiates the vertically placed
sample, while a probe is aligned at 45°angle to the laser beam to collect reflectance
spectra before and after the laser irradiation within the irradiated area of the sample. A
low power tungsten hagen light (Mikropack DFR200O0) is used as the illumination
source for FORS. A retroreflective probe is used with the FORS, which gives a focused
elliptical spot of 0.45 mm by 0.75 mm at sample level. Reflectance spectra are collected
by a spectrometer (Oae Optics HR2000) with an integration time of 200 ms, averaged

for 10 times, amounting to 2 s for each measurement. The reflectance calibration was

performed using a Labsphere Spectralon white standard.

Laser
’ >
4m Fiber

Sample

Fiber
Spectrometer

lllumination Light

Figure 3.1. Experimental setup for measuring lasguced degradation effect in the paint samples.

In order to have stable light output, the tungsten halogen light (MikrdpideR000) has
been warmed up for 30 min before taking measurements. For reflectance mode
measurements, the dark background is subtracted before the experiments. The stability of

the illumination source was tested prior to the experiments by continuousijon
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the reflectance changes of the white standard sample for 30 min (collecting spectra every

10 s for 30 min).

Before the laser irradiation, 3 reflectance spectra were recorded successively for each
sample. Laser irradiation time was chosen according to the typical time required for
Raman measurements. A series of Raman spectra were then acquired when the 780 nm
laser was used. Right after laser irradiation, a series of reflectance spectra were collected
over a period 06 s to 5 mindepending on the sample). To make sure that no other factors
interfered with the degradation tests, another set of measurementsakemeas the

control beforehand using an identical procedure but without the laser irradiation.

Difference in reflectance (I99RBMm)foaall thepl ot t
samples, by subtracting the reflectance spectrum before the laser oradiath the

spectra collected after the irradiation. The original reflectance was shown in the same plot
(double Y-axis) as a red curve. When a change was detected, evolution of the spectral
reflectance change could be extracted from each spectrum andsteated in a scatter

plot. For Raman spectra, similar processing was adopted. The net counts (background
subtracted) and positions of Raman signals representing the pigment material were

calculated and then plotted so that the time evolution was visiialise
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3.5.A comparison of degradation induced by three laser

sources

The aims of the first set of lasgrduced degradation tests are:

1) Since the powers of the two CW sources (532 nm and 780 nm) are at the same
order of magnitudewhich wavelength is morearmful to painting materials in

terms of laser induced degradation needs to be investigated.

2) To check the damage threshold in intensity for pulsed and CW lasers to establish

whether CW laser is indeed more efficient for Raman measurements.

Only 4 pigmentsvere used for this research: azurite (oil), realgar grade 3 (oil), red lead
grade 3 (oil), vermilion Chinese grade 3 (oil). Right after laser irradiation, 3 reflectance

spectra were collectembnsecutivly, amounting to a monitor time of 6 s.

For azuriteno damage was detected with all three lasers. It is known that azurite has low
reflectance throughout the visible spectral range. For 532 nm pulsed laser, pulse energy
applied on the sample increased from 0.9 mJ all the way up to 11.5 mJ, reaching a
maximum power of 2.3X1O0 W and a maximum intensity of 4.6>4@V/cn? for a single

pulse. No permanent alteration was observed in terms of spectral reflectance (Figure 3.2).
Similarly, both intensity and fluence of 30 min irradiation using the two CW lasers did
not reach the degradation threshold. This is the scenario Wwhesed lasers are more

time efficient than CW in Raman analysis of pigments that are notdagtitive. In this

case, given a measurement time of 1800 s (equal to the irradiation time of CW laser),
pulsed lasers with a typical repetition rate of 15 Hd 41.5 mJ energy per pulse could
deliver 5 6 times the energy and hence the Raman signal strength when compared with

the CW laser. In realn situ Raman measurements with the daylight subtraction

84



considered, that advantage can be doubted. worth nding that the calculations are
based on the assumption that if one pulse does not cause damage then multiple pulses

would not cause damage either, which requires further examination.

Table 33. Laser induced degradation results of azurite.

Asurite: Power!  Spotsize? Dwelltime Intensity®  Energy Fluence
: W) (um) (s) (W/cm?) (mJ) (Ilem?)

c32nmpulsed: goeL05 8000 5.00E09 358E+05 09 1.79E03
not degraded

S3znmpulsed: g jopi05 8000 5.00B09  1.59E+06 4 7.96E03
not degraded

3znmpulsed:  ghei06 8000 5.00E09  3.18E+06 8 1.59E02
notdegraded

S3znmpulsed:  , 30ri06 8000 5.00E09  4.58E+06 115  2.29E02
not degraded
532 nm CW: 0.033 4000 1800 026  5.04E+04  472.93
not degraded
780nm CW: = 45 4000 1800 036  B8.10E+04  644.90
not degraded

! Power for pulsed and CW lasers are presented in a single column where the power in a single pulse
duration for pulsed laser is presented

2 Laser irradiation was always limited to around ~1%omthe sample irrespective of the actual size of the
laser beam and thus allowing for adjustment of the incident laser intensity through varying the beam size
without changing the size of the illuminated area.

3 Intensity for pulsed and CW lasers are presented in a single column where the intensitygier guise

is presented

Reflectance (%)
Reflectance (%)
Reflectance (%)

[ .
7400 500 600 700 800 908 7400 500 600 700 800 908 7400 500 600 700 800 908
Wavelength (nm) Wavelength (nm) Wavelength (nm)
532 nm pulsed, 11.5 mJ 532 nm CW 780 nm CW

Figure 3.2 Degradation results of azurite: the original reflectance (red curve) and 3 reflectance difference

spectra immediately after laser irradiation in 2 s intervab(der of time: magenta, green, and blue).
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For red lead, 780 nm CW laser irradiation did not induce any change at the maximum 45
mW power, while for 532 nm CW laser, alteration was detected (Figure 3.3). However,
the change caused by 532 nm CW irradiaseems to revert rapidly to the original
reflectance spectrum. The first spectrum collected after the irradiation registered a
significant dip at around 577 nm, close to the inflection point of the original reflectance
spectrum. In the 2nd and 3rd spectriis feature became weaker thus a tendency of
reversion in reflectance was observed. In such a short period of 6 s, a quick reversion
process was captured, suggesting a temporary rather than permanent change. As to the
532 nm pulsed laser, alteration wast seen when using low pulse energy of 0.9 mJ and

2 mJ. At 4 mJ, subtle change in the same wavelength region around 577 nm was noticed.
When the pulse energy increased to 8 mJ, a significant dip in the same wavelength region
was identified. All 3 spectreaken after the irradiation are almost identical. Whether the
change is permanent remains inconclusive, asnght not be sufficient to record the
reversion. It seems that here fhdsedaser wins in terms of Raman efficiency by a small
margin. Given a measurement time of 10 s (equal to the irradiation time of CW), pulsed
lasers with a typical repetition rate of 15 Hz and 2 mJ energy per pulse (the highest value
with no degradation obsexd) could deliver 150 pulses with a total energy of 300 mJ,
while during the same time period 532nm CW delivered 330 mJ energy and significant

degradation was found.
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Table 3.4. Laser induced degradation results of red lead.

Red lead: Power*! jsgz Dwell time  Intensity *  Energy  Fluence
' (W) (tm) (s) (W/cm?) (mJ) (I/em?)

532 nm pulsed:

1.80E+05 8000 5.00E09 3.58E+05 0.9 1.79E03
not degraded

532 nm pulsed:

4.00E+05 8000 5.00E09 7.96E+05 2 3.98E03
not degraded

532 nm pulsed:

8.00E+05 8000 5.00E09 1.59E+06 4 7.96E03
degraded

532 nm pulsed:
degraded
532 nm CW:
degraded then 0.033 4000 10 0.26 330 2.63
reverted
780 nm CW:
not degraded
! Power for pulsed and CW lasers are presented in a single column where the power in a single pulse
duration for pulsed laser is presented

2 Laser irradiation was always limited to around ~1%emthe sample irrespective of the actual size of the

laser beam and thus allowing for adjustment of the incident laser intensity through varying the beam size
without changing the size of the illuminated area.

3 Intensity for pulsed and CW lasers are presented in a single column where the intensity ferpulsag
is presented

1.60E+06 8000 5.00E09 3.18E+06 8 1.59E02

0.045 4000 10 0.36 450 3.58

Reflectance (%)
Reflectance (%)
Reflectance (%)

7400 500 600 700 800 900 7400 500 600 700 800 900 A4OO 500 600 700 800 900
Wavelength (nm) Wavelength (nm) Wavelength (nm)

532 nm pulsed, 2 mJ 532 nm pulsed, 4 mJ 532 nm pulsed, 8 mJ

/__._.M-»

100

80

Reflectance (%)
AR (%)
o
Reflectance (%)

_400 500 600 700 800 900 _400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

532 nm CW 780 nm CW
Figure 3.3Degradation results of red lead: the original reflectance (red curve) and 3 reflectance difference

spectra immediately aftémser irradiation in 2 s interval (in order of time: magenta, green, and blue).
Realgar is known to be liglsensitive. As tested, the damage threshold in intensity for

532 nm pulsed laser was much lower for realgar than red lead. When the 532 nm pulsed
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laser was applied, Figu&4 shows that alteration was detected when the pulse energy
reached 0.9 mJ, while at a lower level of 0@1 mJ no change was observed. When
applying 532 nm CW laser (33 mW), significant changes in reflectance after 10 s
irradiaion were detected (Figure 3.4). It is difficult to know if this is a permanent
degradation, as the overall 6 s of the 3 consecutive reflectance spectra collected right after
the irradiation might not be long enough for monitoring the whole reversion prdones
contrast, only subtle signs of changes in reflectance were detected when using higher
power (45 mW) at 780 nm, which might be explained by the lower absorption ati780
compared with 53Z2im. A tiny dip was noticed at 55600 nm region, similar in
wavelength range to the change observed under 532 nm pulsed irradiation. However, the
change was quickly reverted in 2 s, as t

plot, indicating a temgrary rather than permanent alteration.

Table 3.5. Laser induced degradation results of realgar.

Power? Spot size? Dwell Intensity 2 Energy Fluence

Realgar: (W) (1m) time (s) (W/cm?) (mJ) (J/em?)

532 nm
pulsed: 2.00E+03 8000 5.00E09  3.98E+03 0.01 1.99E05
not degraded
532 nm
pulsed: 2.00E+04 8000 5.00E09  3.98E+04 0.1 1.99E04
not degraded
532 nm
pulsed: 1.80E+05 8000 5.00E09  3.58E+05 0.9 1.79E03
degraded
532 nm CW:
degraded
780 nm CW:
degraded
then
reverted

0.033 4000 10 0.26 330 2.63

0.045 4000 10 0.36 450 3.58

I Power for pulsed and CW lasers are presented in a single column where the power in a single pulse
duration for pulsed laser is presented

2 Laser irradiation was always limited to around ~1%wmthe sample irrespective of the actual size of the
laser bem and thus allowing for adjustment of the incident laser intensity through varying the beam size
without changing the size of the illuminated area.

3 Intensity for pulsed and CW lasers are presented in a single column where the intensity for a single pulse
is presented
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532 nm pulsed, 0.1 mJ 532 nm pulsed, 0.9 mJ
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Figure 3.4 Degradation results of realgar: the original reflectance (red curve) and 3 reflectance difference

spectra immediately after laser irradiation inigterval (in order of time: magenta, green, and blue).

Another lightsensitive pigment sample examined was vermilion. In the case of 532 nm
pulsed irradiation, it seems that vermilion is easier to be degraded than realgar, since 0.3
mJ pulse energy was ffigient to induce the damage compared to 0.9 mJ required for
realgar. Degradation and reversion phenomenon related to 532 nm CW irradiation was
observed for vermilion. A dip in reflect
(Figure 3.5), which almodiisappeared after 6 s. There is also a general decrease in
reflectance at > 600 nm, similar to the degradation pattern induced by 532 nm pulsed laser
which did not revert back. Tiny signs of changes in reflectance at ~600 nm, was observed
when irradiatecby 780 nm CW laser at 45 mW power, which quickly revertethéo

initial state in 6 s, suggesting a temporary alteration.
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Table 36. Laser induced degradation results of vermilion.

Vermilion: Power? jsg Dwell Intensity 3 Energy Fluence
' (W) (tm) time (s) (W/cm?) (mJ) (Jlcm?)

532 nm pulsed:
not degraded

532 nm pulsed:

2.00E+04 8000 5.00E09 3.98E+04 0.1 1.99E04

6.00E+04 8000 5.00E09 1.19E+05 0.3 5.97E04

degraded
532 nm pulsed: 1.00E+05 8000 5.00E09 1.99E+05 0.5  9.95E04
degraded
532 nm pulsed: 1.80E+05 8000 5.00E09 3.58E+05 0.9  1.79E03
degraded
532 nm pulsed: 8.00E+05 8000 5.00E09 1.59E+06 4 7.96E03
degraded
532 nm CW:

degraded then reverted 0.033 4000 10 020 >0 03
780 nm CW. 0.045 4000 10 0.36 450 3.58

degraded then reverted

1 Power for pulsed and CW lasers are presented in a single column where the power in a single pulse
duration for pulsed laser is presented

2 Laser irradiation was always limited to around ~13wmthe sample irrespective of the actual size of the
laser bem and thus allowing for adjustment of the incident laser intensity through varying the beam size
without changing the size of the illuminated area.

3 Intensity for pulsed and CW lasers are presented in a single column where the intensity for a single pulse
is presented

3
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o
=3

532 nm pulsed, 0.1 mJ 532 nm pulsed, 0.3 mJ 532 nm pulsed, 0.5 mJ

Reflectance (%)
Reflectance (%)

_400 500 600 700 800 900 7400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

532 nm CW 780 nm CW
Figure 3.5.Degradation results of vermilion: the original reflectance (red curve) anefl&tance

difference spectra immediately after laser irradiation in 2 s interval (in order of time: magenta, green, and

blue).
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3.5.1.CW versus pulse laser at 532 nm

As stated in the previous chapter, there is a todfibetween safe and efficient Raman
measurements, which is a critical factor in determining whether to use a pulsed or CW

laser as the excitation source for safe and efficient remote standoff Raman measurements.

532 nm was selected for this comparison since it is a wavelength where batimdCW
pulsed lasers are available in our laboratory. In this analysis, {pelsed laser with a
pulse width of 5 ns gives at most 7 orders of magnitude higher intensity in a single pulse
than the CW laser, while the CW laser deliverd Brders of magnitle more energy in

a time period of 101800 s than a single 4milse. When compared to a conventional ns
pulsed laser operating at a repetition rateidf0D Hz and pulse duration of 5 ns, CW
lasers can have a measurement advantage in efficiend\B8aidr@es of magnitude for

safe operation below the degradation thresholdhefdegradationthreshold in laser
intensity (power per unit area) are at the comparable level for both types of lasers.
However, this assumption proved not true, as shown in Tablar®i43.6, where the
degradation threshold in intensity for pulsed lasers8soders of magnitude higher than

for CW lasers. The most likely explanation is that the heat produced by a pulse can be

dissipatedbetween pulses.

In the cases of two lighgensiive pigments, realgar and vermilion, when comparing the
CW and pulsed irradiation at 532 nm, it was found that although a single pulse with 5 ns
duration delivered significantly lower energy than that from the CW laser with 10 s
irradiation time, damageas inflicted due to the considerably higher intensity. To avoid
laserinduced degradation, the pulsed laser has to be operated with reduced pulse energy
below the damage threshold. Made worse by the low duty cycle, the pulsed laser delivers
much less totaénergy and hence Raman signal, in a given time period as what is required

for typical Raman analysis of the three pigments, when compared to its CW counterpart.
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In such a scenario, CW wins in terms of Raman efficiemaie the pulse energy of 0.1

mJ (thehighest value with no degradation observed for both pigment samples) for
example, given a dwell time of 10 s (equal to the irradiation time of CW), pulsed lasers
(assuming 15 Hz) could merely deliver 4.5% the energy and hence the Raman signal
when compar with the CW laser. Regarding red lead, the efficiency of the CW laser is
comparable to the pulsed laser at 10 Hz repetition rate, where the damage threshold is on
the order ofLl5 mJ/cm in one pulse and 0.1 W/é&tor the CW laser at 10 s irradiation
duration. The pulsed laser is more efficient at 10 Hz repetition rate for pigments that are
more resistant to laser induced degradation, such as azurite. However, all the calculations
are based on the assumption thetumnulation of laser heating for pulsed laser is
neglected so that if one pulse does not cause damage then multiple pulses would not cause

damage either.

The experimental results supported our previous decision to choose a CW laser for the
remote standofRaman spectroscopy system if it is to be used for all types of pigments

including those that are sensitive to laser irradiation.

3.5.2.CW lasers at 532 nm versus 780 nm

The difference in laser induced damage between 532 and 780 nm CW lasers can be
summarised. Azurite, red lead, realgar, and vermilion were tested. Except for azurite, the
degradation threshold for 780 nm is greater than that for 532 nm. When utilisir@pthe 7

nm laser at the same or higher intensity and fluence as the 532 nm laser, either no change
or less change (e.g., reversible rather than permanent alteration) was found. This is

perhaps unsurprising for red lead, realgar, and vermilion, which all ptesest shaped
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spectra with point of inflection at >532 nm, implying high light absorption at 532 nm and

low light absorption at 780 nm.

3.6.780 nm CW laser induced degradation effects on a range

of common pigments

The upgraded remote standoff Ramarnteysachieved a focused beam with a spot size

of around 1 mm at the sample for all operable distances, reaching a maximum intensity
of 5.5 W/cnt. To confirm the safety of the heritage objects during measurements using
the upgraded remote standoff Raman system, a range of 12 historical artist's oil paint
samples were chosen, comprising organic and inorganic pigments with varied colours and
spectralshapes (Table 3.7). While maintaining the same size of the irradiated area,
degradation effects using incident laser intensities ofM)@r? for the previous system

and 5.5W/cn? for the upgraded system were compared (Figure 3.6). For pigments with

low Raman scattering efficiency, longer irradiation periods were also adopted.
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Table3.7. Laser induced alterations on oil paints

Intensity? Fluence Monitor
Pigment Alteration ! Dwell time (s)
(W/cm?) (Jlecm?) time3 (s)

Azurite N 1800 5.5 1 x10* 180
Redlead N 10 0.3 3 60
R 10 55 55 60

R 360 55 2 x10° 60

Realgar R 10 0.3 3 60
R 10 5.5 55 60

RIY 360 55 2 x10° 240

Vermilion light R 10 0.3 3 60
R 10 55 55 60

R 360 55 2 x10° 240

Verdigris R 1800 0.3 6 x10? 60
N 60 55 3 x10? 300

Y 1800 55 1 x10* 120

Chrome yellow N 10 0.3 55 60
R 10 55 55 60

R 60 55 3 x10? 300

R 360 55 2 x10° 240

Prussian blue N 300 55 2 x103 60
Cochineal N 60 55 3 x10? 300
Y 360 5.5 2 x103 60

Lead white N 60 5.5 3 x10? 300
Ultramarine N 60 5.5 3 x10? 300
Indigo R 60 5.5 3 x10? 300
Malachite N 60 55 3 x10? 300

In all cases, ~1 m#rof the sample was illuminated regardless of the laser spot size
N7 no alterationR1 reversible alterationy i alterationwithout reversion

21n case of pulsed laser, the intensity of a single pulse is given

3 Full monitoring duration after laser irradiation
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Figure 3.6. Laser irradiation results @f paint samplesvith 780 nm CW lasewhen usinga collimated
beam at0.3 Wi/cn? (first column), a focused beam at 5.5 W/émat the same irradiation timegcond
column), and a focused beam at 5.5 W/énat a longer irradiation timethird columr): the original
reflectance (red curve) arfl reflectance difference plots immetdily after laser irradiation in equally
divided time intervals (e.g. every 12 s for 60 s monitoring, or every 48 s for 240 s monitodmnder of

time: magenta, green, blue, yellow, and cyan (monitoring times are given in3[@ble
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No degradation was observed for Prussian blue, azaritgchineal at the intensity of

5.5 W/cnt. A more significant alterationwas registered in all other pigments, when
irradiated by the higher intensity 6f5 W/cnt than he low intensity 0D.3 W/cnt. Red

lead, realgar, vermilion light, and chrome yellow all showed reversible change with an
irradiation duration of 10 s or a fluence of H6n¥; the alteration remained reversible at
longer irradiation time of 360 s (Figure 3.6). It took longerddrto fully revert after a

360 s irradiation compared to a 10 s irradiation, which might be related to heat
accumulatiorcaused by increased laser fluence. In addition, compared to those irradiated
by 10s,t he magni t ude wad noticdaldy ladyefqy pigment sgRples

irradiated by 360 s.

It is important to note that with laser intensity505 W/cnt and fluence between 55 and

¢8t p mJ/ent, the samples with high Raman scattering efficiency (red lead, realgar,
vermilion, and chrome yellow) only undgr reversible change. Verdigris and azurite,
which have low Raman scattering efficiency, exhibit a different behaviour. Even after
1800 s exposure with the stronger laser intensity of\Bcs?, which produced a fluence

of 10* J/cn?, there was no change detected in azurite. Only after lengthier irradiation of
1800 s and 360 s, respectively, were changes of a more lasting character observed in
verdigris and cochineal. Whether the degradation was permanent for both pigments
requires futher investigation, since the monitoring period post irradiation might not have
been long enough to capture a potential slow reversion process. In conclusion, none of
the pigments examined in Table 3.7 altered permanently after a total of 60 s exposure to

the 780 nm laser with an intensity of \Bcn?.
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3.7.Sensitivity of Raman spectroscopy for monitoring laser

induced degradation effects

Whether Raman spectroscopy is an effective method for monitoring laser induced
changes is examined, since Raman spectra have been used in the past to monitor possible
deterioration caused by the Raman laser. This method is still up for debate because there
have been few analyses on the relationship between laser intensity, fluence, and changes
in Raman spectral characteristics. Burgio ef20)] detected new peak formation, peak

shift, and declined peak intensityrthg Raman analysis of leatntaining pigments over

an intensity threshold, clearly identifying degradation products generated by CW lasers.
When darkening occurred on vermilion pigment powder without a binder, Philippidis et
al[133] observed an abrupt drop in Raman signals. However, Raman spectroscopy failed
to identify lasefinduced degradation in other experiments, such as De Saralg4]

reported on indigo, though damage was clearly visibheicroscopiamages This is not
surprising given that thefficiencyof Raman scattering is onlyin ~16i 1%, Reflectance
spectroscopy is many orders of magnitude more sensitive thaarRgractroscopy, as

we previously used it to investigate pigment degradation induced by a Nd: Y-AGsesl

laser at 1064 nm, which was found to be highly effedi\az]. Our combined Raman

and reflectance spectroscopy setup (Figure 3.1) allow® usvestigate degradation
effects in the same area at the same time to see how well Raman spectroscopy can monitor

laserinduced degradation.

Raman measurements were performed for red lead, vermilion (light), realgar, chrome
yellow and indigo, during G@B60 s of laser irradiation (Table 3.7 and Figure 3.7). The
Raman data was acquired as either 36 successive spectra with 10 s integration time each

(36x 10 s) or 10 spectra with 6 s integration time eachx(@®). The evolution of Raman
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signal intensity, & measured by net peak counts per second above the continuum
spectrum, can be visualised to track any small changes over time (Figure 3.7d). Similarly,
no alterations in the evolution of the Raman peak position were discovered (Figure 3.7¢).
However, the skange was temporary, as they all returned to their original spectrum over
the 60 to 360 s monitoring period after irradiation. Our recent conference paperas

the first to report a transient shift in reflectance spectra followed by a reversion. By
observing the largest dip in tioeRspectra, evolution of reversions in reflectance spectra
were established (Figure 3.7b). Reflectance spectroscopy detected the alteration but not
Raman spectroscopy, which shows that either Raman spectroscopy lacked the sensitivity
to detect tiny changesr the temporal variations in reflectance did not correlate to
changes in the pigment's crystalline structure. It is also noteworthy that there were no
visual changes. Colour changeBoo can be estimated from reflectance spectra before
and after laser iadiation[137], using CIE standard D6Blumination and the 1931
standard 2 degrees obser{#38]. In virtually all casesDEq was found to be well below

1 and hence undetectable even under a microscope.
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Figure. 3.7. Reflectance and Raman evolution of laser irradiation on oil paint samples using focused 780
nm CW laserbeam (1 mm diameter). (a) Reflectantifference( @R) spectra and the o
of the paints (red ¢totted &t&2 s (forfrad Vead, vgrRilios lglet,crdalgas, analr e
chrome yellow) and 12 s (for indigo) intervals in order of time as follows: magenta, green, blue, yellow,
and cyan. (b) Time evolution of t heomparegpwithgontrggR af t
measurement without laser irradiation (grey data points). (c) Raman spectra comparing the first and last
spectra during the irradiation. (d) Time evolution during Raman measurements of the net peak power of the
strongest Raman peak feach pigment (548 cifor red lead, 252 crhfor vermilion light, 350 crrt for

realgar, 842 crh for chrome yellow, and 1572 cinfor indigo). (e) Time evolution during Raman
measurements of the positions of the strongest Raman peak for each pigneentinddt by Gaussian

fitting of the peaks.
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3.8.Conclusions

The upgraded 780 nm remote standoff Raman spectroscopy setup with a focused beam

of 1 mm at target and maximum intensity of 5.5 W/@rshown to be safe under 60 s of

continuous laser irradiatmowithout permanent alteration for all 13 common historic
artistso paints investigated. Of these, n o
Prussian blue, cochineal, lead white, and ultramarine, while reversible alteration was
detected in red leadgalgar, vermilion, chrome yellow and indigo. This latter group have

relatively high Raman scattering efficiency and typical integration time needed in Raman

spectroscopy is much less than 60 s.

Raman spectroscopy did not detect lasduced alteratiothat are easily detectable by
reflectance spectroscopy. Either these subtle alterations are not the result of changes in
crystalline structure of the material, or Raman spectroscopy, as a technique that is orders
of magnitude less sensitive than reflecerspectroscopy, was not able to detect the
changes. Future work will explore the nature of the laser induced transient and permanent

alterations observed in this study.

The choice of a CW laser for remote standoff Raman spectroscopy in paints was justified
based on experimental determination of alteration thresholds of each material using a CW
laser and a nanosecond pulsed laser at the same wavelength of 532 nm. Raman
measurements using CW laser is more efficient in most cases examined, that is shorter
measirement time required for the same Raman signal collected, under safe operational
limits. The alteration threshold in intensity was found to be higher or similar at 780 nm
compared with 532 nm CW laser for all materials tested, which combined with the
reduwction of fluorescence at 780 nm favoured the use of the 780 nm laser in the remote

standoff Raman system.
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The upgraded remote standoff Raman spectroscopy system has been adopted as part of
the mobile lab research infrastructure for heritage scienceffen to the European

cultural heritage science research community and beyond through IPERION HS project.
This study informed the upgrade decisions and guides the safe operation of the system

for heritage materials.
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Chapter 4

Applications of remote standoff Raman

spectroscopy

4.1. Standoff in situ analysis of painting materials at the St

Barnabas Cathedral, Nottingham

A beautiful example of Gothic Revival architecture in England is the Cathedral Church
of St. Barnabas in Nottingham. In 1844, it was corated as a church, and in 1852, as a
cathedral. The building's architect was Augustus Welby Pugin (1852), who was

also responsible for thmterior decoratiornof Houses of Parliament in London. The
Blessed Sacrament Chapel in the Cathedral has been praised as a "prayer book in stone."
The Blessed Sacrament Chapel was documented to have undergone restoration in 1933

and 1974139]. It is unknown, nevertheless, how much work is attrithtieethe original

decoration or the subsequent restoration.

The Cathedral Church of St. Barnab The Blessed Sacrament Chapel
in Nottingham

Figure 4.1. The St Barnabas Cathedral, Nottinghaththe Blessed Sacrament Chapel.
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4.1.1.Complementary methods

The initial imaging of the murals was done using PRISMY, an inhouse developed
remote standoff spectral imaging system for automated scanning of wall paintings and
architecturalnteriors, which can provide spectral reflectance atMIR region per pixel.
Image from 400 to 880 nm were captured using a JenoptiROMFED camera, a Meade
ETX90 telescope, and a R©ntrolled filter wheel with 10 filters. Among them, 9 filters
arecentered every 50 nm from 400 to 800 nm and have a bandwidth of 40 nm each. The
last one is centered at 880 nm with a bandwidth of 70 nm. The system is mounted on a
PC-controlled akaz telescope mount. Automation is implemented for both focusing and
scaning. For remote illumination, a Tungsten lamp with uniform projected illumination

was employed.

High spectral resolution fibre optic reflectance spectrosc@itRS)measurements of

the reference materials were performed using an ASD Lalspeetrometer (352500

nm). In situ measurements were carried out in the chapel at reachable heights to
supplement the remote results. In the UV/VIS region, the spectral resolution is 3 nm, and

in the SWIR, itis 10 nm.

For elemental analysis of the materials, a handheld Niton XLl-BayXluorescence
spectroscopy (XRF) Analyzer was employed ifoisitu measurements in the chapel at
reachable heights to supplement the remote standoff reflectance spectroscopy (by
PRISMS) ad Raman measurements. It comprises of an Au anode, operating with a
maximum voltage of 50 kV and a current of 2604 respectively. Without helium

purging, it can detect elements with atomic number Z >14.
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4.1.2.Analysis of painting materials

The characteristic lines at 2303 nm and 2346 nm in the SWIR reflectance spectra of
several parts of the mural at reachable heights demonstrated that the binding medium is

consistent with 0i[140].

The standoff Ranrasystem was used to study multiple mural areas at varying distances
from the same location on the ground (Figure 4.2). Our research focused on the pigments
since it was possible that they would provide details about the historical context of the

paintings

The information gathered from the mural's red section is presented in Figure 4.3. The
spectral reflectance features of the red region are similar to either vermilion or cadmium
red, according to reflectance spectra that were recorded using the PRISNi® rem
spectral imaging system (Figure 4.30til the turn of the 20th century, vermilion was

one of the most widely used red pigments, when cadmium red, a less hazardous synthetic
pigment, first became commercially available in 19141]. It is hard to differentiate
between the two pigments by reflectance spectroscopy alone since both pigments exhibit
similar spectral reflectance features that are within the range of natural fluctuations
brough on by variances in particle sizes and trace impuritRaman signals
characteristic of vermilion were identified in red regions all over the chapel, including the
wall near the window (3.6 m), the wall behind the altar (11 m), and the central beam
acros the chapel (9.2 mplong with laser induced fluorescence, two significant peaks
were found at 252 cthand 343 cit (Figure 4.3d), which were ascribed to ity
stretching vibrational modd47]. When measuring the red area adjacent to the stained
glass window (Figure 4.3c), multiple absorption lines in the solar spectrum were recorded.

They were completely removed by the auttedaambient background subtraction. This

104



is a good example of the standoff Raman system's capability of detecting and analysing

pigments remotely under the influence of daylight.

(@) (b)

(© (d)

Figure 4.2:In situ remote standoff Raman investigation of painting materials in St Barnabas Cathedral's
Blessed Sacrament Chapel, Nottingham. (a) Deploymeheoémote standoff Raman setup. (b) Remote
standoff Raman analysis at a distance of 11 m. (c) Areas on the Wisltilibe altar (11 m). (d) Areas on

the central beam across the chapel (9.2 m).
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Figure 4.3. Investigation of a red area in the chapel from a distance: (a) coéme of part of a wall
painting near a staineglass window (b) reflectance spectra collected with the remote spectral imaging
system PRISMS of the red area (black filled squares) indicated by the red arrow in (a) compared with
PRISMS spectra of referemsamples of vermilion (red dots) and cadmium red (blue triangle) oil paints;
the inset shows the first derivative of the reflectance spectra of cadmium red (peak at 610 nm), and two
vermilion oil samples from two different sources (peaks at 600 nm anahe7(c) the raw remote standoff
Raman spectrum of the same red area (red), and the background spectrum collected over the same
integration time with the laser off (blue) presenting several absorption bands of the solar spectrum (the band
around 675 cm corresponds to ¥ absorption line at ~823 nm from the atmosphere; the lines around
1056 and 1117 crhcorresponds to Ca Il lines at ~850 and ~854 nm from the solar spegttdinthe
processed spectrum after daylight subtractiapted with permissiofrom [112] © Optica Publishing

Group.

No cadmium was found in portable XRF measurements of various regions at accessible
heights, therefore there is no evidence for cadmium red, thus no evidence 0@ st

material on the mural.
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A white area at 4 m distance from the standoff Raman system was analysed right next to
one of the red areas neighbouring the window (as indicated by the white arrow in Figure
4.3a). Reflectance spectroscopy, again, is unahlettify the white pigmentdn the

white area, the remote standoff Raman system recorded a modest peak at 9914.5 cm
(Figure 4.4a), which could cornrefshp@d t o
bond in BaS®[142]. The possible pigmentadidate could beonsant white(barium

sulfate, BaS@) or lithopone(a mixture of barium sulfate and zinc sulfide, Ba%Dd

ZnS). Zinc sulfide is difficult to detect with Raman spectroscopy because of its low
Raman efficiency143]. The major signal of ZnS at 348 ¢rmwas not detected in the
lithopone reference sample. Ba, Zn, and trace Pb were identified in XRF measurements
of several white regions at accessible heights (Figure 4.4lpoginy the identification

with lithopone. However, BaSQs frequently used as a paint extender for zinc white
(ZnO), which is a common white pigment that has been used since the 19th century. Its
main Raman signal at 438 dris easily detectable, butvtas not observed here. If there

was ZnO, we should be able to detect it. As a result, lithopone is the most plausible

identification of the white pigment.
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Figure 4.4. Standoff inspection of a white area in the chapel (indicated in Figure 4.3a by the white arrow):
(a) Standoff Raman measurement of a white area (blue) at a distance of 4 m compared with a sample of
lithopone powder measured from the same distan the laboratory (red); the baseline subtracted spectra

are smoothed using a moving median filter of 8'cb) An XRF measurement of a similar white area at

an accessible heighhdapted with permission frofdi12] © Optica Publishing Group.

Lithopone was first patented (in England) and commercially produced in 1874, which
was superseded by titanium white by the 193@k!]. The identification of lithopone
suggests that the current painting scheme in the chapel dates to a time period that is after
the church's 1844 consecration but before the 1933 reconstruction. There were documents
of renovations to the cathedral's maimgmnents in the early 20th century. It is however

unclear whether this included any alterations to the Blessed Sacrament Chapel.
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4.2. Standoff in situ investigation of wall paintings at the

Convent of Mercy, Nottingham

Remote Standofh situ Raman analysisfavall paintings had been performed in a 2020

field campaign in he chapel of the Convent of Mercy (Figure 4.5a), which was
historically affiliated to the Cathedral Church of St. Barnabas in NottingBame with

the cathedral, th€Eonvent of Mercyas designed by Augustus Welby Pugin and built in

1846[145] [139].

Different areas of the mural were studied using the remote standoff Raman system from
the same location on the grourkdgure 4.B). There was no curtain in the chapel so that

the Raman measurements were acquired using an automated daylight subtraction process
using laser modulation, which enabled the analysis to be conducted during daytime. The
experimental setup was thpgraded system with a focused beam of ~1 mm Bebéhils

of the setup are described in Section 2.1.6.

The remote standoff Raman system was positioned over 6 m away from the wall paintings.
The investigation was conducted in a sqtsraped cleaning teatea (at a height of 4

m), where the surface overpaint layers have been removed, revealing the previous
decoration underneath. The red pigment was identified as vermilion, a common red

pigment used until the early 20th centuRygure 4.%8). The finding isin line with our

prior analysis in the Blessed Sacrament Chapel of the neighbouring Cathedral Church of

St. Barnabas, where vermilion was the primary red pigment agpied

The surface white paint exhibitdRaman signals at 448 and 609 tas presented in
Figure 4.%, which correspond to rutile (titanium dioxide, 2)Or'he earliest manufacture

of synthetic rutile in England was reported in 1§445]. In the bue pattern on the surface
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paint layer Figure 4.%9,f), another modern synthetic pigment, phthalocyanine blue
(PB15), was detectdd 7,119,147] Copper phthalocyanine (CuPc) was synthesised for
thefirst time in 1927[148]. Further investigation reveals that the positions of identified
Raman peaks, as well as the intensity ratios of the peaks, are consistent with PB15:3, the
b-form of CuPc[147]. In 1949, the manufacturaf b-CuPc was patented in the United

States. It was first produced in Europe in 1968)].

In conclusion, based on the pigments identified on the surface, the overpaint layer was
most likely applied after the 1950s, while the underneath decoration layer was most likely

painted before the early 20th century.
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Figure 4.5, St ef wall paintingsnirvaeckapel af theé Goovant of Mercy in Nottingham,

UK: (a) the full view of the chapel; (b) the mobile Raman system deploysdu next to our remote

spectral imaging system PRISMS; (c) Raman spectrum collected on the red petal (sgtepisture in

the inset) revealed in the conservation test area where the surface paint had been removed; (d) the surface

paint layer where the examined spots in white and blue areas are marked as +; () Raman spectrum collected

on the white surface pdiarea; (f) Raman spectrum collected on the blue surface paint area.
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4.3.Remote standoff nacro-Raman mapping

Raman spectroscopy is a powerful laser technique for the identification of painting
materials[107,119] However, traditional single point analysis cannot meet certain
demands in heritage studies, such as investigating large areas of wall paintings. Micro
scale Rama spectral imaging or mapping is widely adopted in other fields such as in
biochemistry for the analysis of tissues and c¢ll80i 152] However, Raman
instruments capable of macro mappargfew [39,153,154] Mounted on a computer
controlled programmable telescope mount, our remote Raman system has the potential of

mapping a large area at standoff distances.

Macro Raman mapping is compamlb micro Raman mapping, but with a larger field

of view and lower spatial resolutiolm situmacro mapping is made possible with remote
standoff Raman systems. Mapping an area of a wall painting could provide information
such as the spatial distributiohdifferent pigments and degradation products, as well as

the degree of degradation risks on a macroscopic scale.

4.3.1.Hardware control for scanning

Traditional Raman mapping normally requires a scanning probe or fixed instruments with
samples mounted on a motorised stage. For remote Raman mapping on wall paintings,
neither is an ideal solution. The whole remote Raman system is mounted on rails atop a
computerised aldzimuth mount and a sturdy tripod. Therefore, to perform Raman
mapping, automated moving of the telescope mount is required. The telescope mount is
supplied with an AutoStar handset controller, which is used as a data port. Data

communicabn can be established between the computer and the handset using a USB to
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RS-232 serial cable. The official Meade telescope software is not suitable for our mission
as it mainly focuses on astronomical applications (with a celestial coordinate database
embedded) thus cannot work for terrestrial projects like remote Raman mapping.
Fortunately, Meade provides a manual of serial commands which makes it possible to
write in-house programs for automated scanritfeh]. The implementation of remote
Raman mapping isontrolled by an irhouse written program developed within the
LabVIEW software package (Figure 4.6). The control program has been developed on
the basis of a code library by a former member of our group, Alex Hogg. Thanks to his

work, all the serial commais can be used as modules in the LabVIEW diagram.

The slew rate is set to the slowest speagdd{ng rate for accurate movement. The
altitude and azimuth coordinates (in the unit of second (of arc)) for each step can be

calculated from
d i ¢t 10— ™

wherei is the radius, i.ethe distance between the instrument and the target, which can

be acquired by using a laser distance metenfeitu analysis.
Therefore the angle for each step is

ﬂ%}] T8

Sufficient delay times are given to guarantee that the teleseppgowly and accurately
move to target position. Once the target position is reached, the progranbctnbs
calculated and actual position coordinates in log files. Then, the recording of the Raman

spectrum with a given acquisition time is triggereoops are used to repeat the above
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process to achieve Raman mapping. The scanning process starts from the bottom left
corner, and moves horizontally towards the bottom right corner (Figure 4.7). When the
bottom right corner is reached, the telescopeetsaback to the starting point at the same

azimuth, and then points upwards to the set altitude.

X point now ¥ point now
0 0
“ﬁ)(_points “IIY_points stop
Scope Setup? 710 7! STOP.
( ») H_set_now Y¥_set_now
0 0
Azimuth step Altitude step Altitude offset
A A Y
milliseconds to wait o 30 -—J 50 -—Jf" 0 save set coordinates
:-J 2000 Azimuth set Altitude set 5 C:\raman_mapping\set.txt
Wait Time [m5]
:—J 100 . . save actual coordinates
zmuth Aliilude 5 C:\raman_mapping\actual.tet
Raman Window Name
Andor 50LIS for Spectroscopy: CCD-18999
Take Signal: Xpos Take Signal: Ypos Acquisation time (ms)
J‘II J‘II J\“
i 155 i 63 o 1000

Figure 4.6. Interface of the control program for remote Raman mapping.
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Figure 4.7. Scanning direction of the remote Raman mapping.

4.3.2.Macro-Raman mapping: Wall paintings at the Brighton pavilion

As part of a field campaign in 2019, remote standofitu macrecRaman mapping was
carried out in the Music Room of the Royal Pavilion in Brighton, utilising a suite ef non
invasive imaging ash spectroscopic techniques provided by the ISAAC mobile lab. King
George IV commissioned the construction of the Royal Pavilion. Work on the structure
began in 1787, and it was finished in 1815 by the architect John Nash. The music room
was designed in thehinoiserie style by Frederick Crace, George IV's chief decorator
[156]. The area is covered in murals depicting Chinese landscapes from floor to ceiling.

The oilon-canvas paintings, which were initially stretched and tacked ontattieeand
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plaster walls, were completed in 1820. According to historical records, humidity on the
walls caused problems in 1821, and parts of the murals were removed and rd@bared.
murals were rdaung when the plaster walls were renovated. The muratks paeked up

by orders from Queen Victoria and sent to London in 1850, which were later returned in
1864, and were directly attached to the plaster walls. The murals in the music room
require continual maintenance and restoration. A better understanding wiaterials,
painting techniques, and treatments would allow for more informed conservation
decisions in the future. The chamber has a ceiling height of over 12 m and was

traditionally only accessible for examination by scaffolding.

The instrumental sep usedn situin the Music Room of the Royal Pavilion in Brighton

was the original design whiaht i la colimatedbeanect i on 2. 1. 2 gives th
speci fofcatth®msetwmpi re system i s mounted on a I
t hat i s ¢ ehnotursoel | deedv ebl yw Ipiiestiyh nscohfrtownairsee s t he | aser
motions with the spectral coll ection. The o1
di vergence, otesulztei g4 4 amspn the target at

| aser power at sample is 48 mW, 2corresponding
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Figure 4.8. Deployment of the remote standoff Raman system in the Music Room, Royal Pavilion, Brighton.

A small area of 1.2 by 1.2 cm (Figure 4.9a) was chosen for remote standoffRaacem
mapping at a distance of 4 m. Oil is identified as the binding medium in the mapped area
by shortwave infrared (SWIR) (100B500 nm) reflectance spectroscopy. Figurdo4.9
illustrate the Raman maps acquired in this region, as well as representative Raman spectra
in spots of three colours. Given that the spot size was roughly 4 mm, the mapping
comprised of 25 spectra (5 by 5) throughout the area, ensuring that neigbhmmints
overlapping with a step size of 2.5 mm. The Raman spectra was acquired at each spot
using a 180 s integration time and 2 accumulations to remove cosmic rays. Vermilion was
detected by Raman peaks at 252 and 343 icnall red, orange, and yelloareas, despite

the presence of fluorescence in the spectral background due to the oil binder. Chrome
yellow was found in both yellow and orange zones, with a characteristic Raman band at
841 cml. There were no other orange pigments identified. As a resuttixture of

vermilion and chrome yellow is most likely to be the paint for the orange region.
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4.4. Standoff in situ investigation of salt damage at Fort

Brockhurst

Fort Brockhurstn Gosport, Hampshire, is one of several forts constructed between 1858
and 1862 to safeguard Portsmouth, a crucial operating base for the Royal Navy, from a
French invasion. It was designed by Sir William Crossman, an officer in the Royal
Engineers. It s decommissioned in 1957 and turned over to civilian use into an English
Heritage site, serving as a storage for English Heritage's reserve collections. Its structure
remains largely unchanged as the parade ground, gun ramps, moated keep, washrooms,
and amoury can all be seen in their original state. Being semerground and on the

coast, Fort Brockhurst has suffered severe salt damage. The salts in the Fort Brockhurst
are present as white, fluffy substance, or yellowish condensed cry&se 4.10

demonstratedifferent types of salts formed on the walls.
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Figure 4.10. (aEntranceof the Fort Brockhursin Gosport, Hampshire. {8) Different types of salts

formedon the walls of the Fort Brockhurst.

4.4.1.Mock-up experiments in laboratory environment

Before deploying the remote Raman system to Fort Brockhurst, mock up experiments
were designed and conductedtie laboratory to verify its sensitivity giscriminating

different hydrated forms of salts.

This study focuses on a common type of salts, i.e. the sodium sulfaB&dNavhich is
one of the most dangerous types because of the significant voluntesiexpbetween

the different states of hydratiddi57]. Sodium sulfate can be present as anhydrous
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NaSQOs and several related hydrates. Thenarditex®@) is the anhydrous and stable
phase of sodium sulfatilirabilite (NaeSQL0H 20) is the decahydrate of sodium sulfate,

also known as Glauber's salt, named after the Dutch/German chemist and apothecary
Johann Rudolf Glauber. Mirabilite is unstable and can quickly dehydrate in dry air, the
prismatic crystals tuning into white powdery thenardite. The process is reversible as
thenardite, in turn, absorbs water and transforms into mirabilite. Other hydrated forms of
sodium sulfate include sodium sulfate heptahydrate§RaH >0), a rare metastable
phase of sodiuraulfate, which can be formed during the rapid cooling of a solution that

is saturated at 40 C.

Samples were made by dipping the porous fused quartz filter discs in saturated sodium
sulfate solution. The fused quartz filter discs made of bonded grainsadfgylass in
different porosities can be an ideal medium to simulate the porous natural or artificial
building materials for the study of salt behaviours. Then the discs were set up horizontally
on the sample stage in room temperature for several lsmsating the natural drying
process of salts in the wall. The remote Raman system was at 3.8 m distance. Raman
measurements were performed every 10 min forr0(every 5 min after 110 min),

with 60 s integration time (20 s for each measurement, as@rdgtimes) for each

spectrum Figure 411).

Strong NaSQ signal for solution was detected at 986, which agreed well with the
reference data at 981c@. The peak shifted towards higher wavenumber afterwards.
The first Raman spectruepllected on the satoaked disc revealed a Raman peak at
986.1cm, avaluebetween NgSQu in solution and mirabilit§989.3cm?), suggesting

the coexistence of both phasdswas observed that crystals started to form even before
the experimentdbeganbecause of the saturated solution, resulting in the peak shift

towards mirabilite. Theextspectrum demonstrated a peak at 98810, which is closer
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to mirabilite, suggestg that the transition towards mirabilite continued. During1DD

min, the peak position fluctuated at 98801.8cnv?, confirming that the majority of the
crystals were present as mirabilite. During iID&0 min, the signal kept shifting towards
higherwavenumber to ~993am?, corresponding to the emergencetaardite (mean

peak at 993.tm?Y), the anhydrous and stable phase. The environmental temperature and
humidity were recorded during the experiment (Table 4.1). Both the room temperature
and relative humidity remained relatively stable. Temperature fluctuated 822G,

while the humidlity was kept at 3739% level. In such a stable condition, thernadite was
formed in the end, with no mirabilite remained. According to literature, deliquescence

humidity of thenardite is 86.6% at 20 f157].
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Figure 4.11Time evolutionof positions of the strongest Raman peak of sodium sulfate.
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Table 4.1. Temperature and humidity records for maglsalt monitoring in laboratory environment.

Measurement Time Room temperature (C) Relative humidity (%)

1 14:45 20.8 39
2 14:55 20.8 39
3 15:05 21 39
4 15:15 21 38
5 15:25 21.2 38
6 15:35 21.3 38
7 15:45 21.2 37
8 15:55 21.4 37
9 16:05 21.1 37
10 16:15 211 37
11 16:25 21.2 37
12 16:35 21.2 37
13 16:40 21.1 37
14 16:45 21.2 37
15 16:50 21.4 37
16 16:55 21.6 37
17 17:00 21.5 37
18 17:05 21.4 37
19 17:10 21.3 37
20 17:15 21.2 37
21 17:20 21.4 37
22 17:25 21.2 37

4.4.2.In situ analysis of salts in Fort Brockhurst

The instrumental setup used in FBrockhurstwas an updated design, employing a beam
expander that allowed for a focused beam (1 mm in diameter). Temperature and humidity
were recorded during the measurements. It was found that both could change quickly,
which made the situation more complex as different states of salts could form-and co
exist.

In Bay 7, the first measurement was carried out at the white area on the ceiling (spot 1).
Two types of calciurbased materials, chalk (Cag@nd gypsum (CaS2H »0) were

identified. Two peaks at 1088 and 280 tamgreed well with the Raman referencf

123



chalk, while multiple signals of gypsum at 1010, 1141, 415.2, 495.9, 623.2, and 674.6
cmit were present. Chalk could be the main component of the whitewash since it is a
common white pigment. However, the role of gypsum can be interpreted in a wdriety
ways. Gypsum is also a widely used white pigment, and its mixed use with chalk was not
uncommon. It could serve as an extender, filler or adulterant in paintings §$58¢llt

can also be a major component of mortars, plasters and some building stones, hence an
integral part of the building fabrid59]. On the other hand, gypsum is an important salt

in the deterioration of building materials and, especially, wall paintings. The sulfur oxides
(SQ)) in the air @an convert to sulfuric acid @3Qy) in the presence of moisture. The
reaction of sulfuric acid with chalk in the whitewash leads to the formation of anhydrite

which can then convert to gypsui60,161]
#AN# (3 O#AN3 (1 # 15

At a middle part of the wall (spot 2) and another area on the ceiling (spot 3), sharp peaks
at 990.9 crt and 989.9 cm, respectively, were detected. It is known from the mock up
experiments that the drying process of sodium sulfate frensdfution (main peak at
981.9 cm') is to form mirabilite (main peak at 989.3 ¢jnand eventually to anhydrous
thenardite (main peak at 993.1 énThe peak positions of the salts at the two measured
spots suggest that they were at the early stagdeoftransition from mirabilite to
thenardite. From the records during the measurements, the temperature and humidity
change could be volatile. The temperature could drop by >5 € within 50 min while the
relative humidity increased by >30% at the same tifable 4.2). Therefore, the direction

of the transition might change accordingly.
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Figure 4.12. Raman measurements of salts at the Bay 7.
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