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We investigate the subsurface composition of turbid materials at the micro scale by means of a portable
non-invasive technique, micro-spatially offset Raman spectroscopy (micro-SORS), combined with shifted
excitation Raman difference spectroscopy (SERDS). This combination enables the microscale layer ana-
lysis and allows to deal effectively with highly fluorescing samples as well as ambient light, all in a form of
an in-house portable prototype device optimised for applications in heritage science. The instrument
comprises ability to simultaneously collect multiple spectra by means of an optical fibre bundle, thus
reducing the dead time and simplifying the ease of deployment of the technique. The performance of the
synergy between micro-SORS and 785 nm SERDS dual-wavelength diode laser is demonstrated on a stra-
tified mock-up painting samples including highly fluorescing painted layers. This instrumental approach
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could be ground-breaking in heritage science, due to the largely unmet need of analysing the molecular
composition of subsurface of artworks non-invasively and in situ, and in the presence of fluorescent
background and ambient light. Moreover, many other fields are expected to benefit from this technologi-
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1. Introduction

In the past decades a great scientific interest has been directed
towards analytical solutions that allow analyses of diffusely
scattering materials subsurface without the need of collecting
samples or being destructive. Many techniques have been
developed over this period: among these, spatially offset
Raman spectroscopy (SORS) has been proven to be effective in
many research fields, from biomedical and pharmaceutical
applications to security, forensic and food industries." In par-
ticular, it is beneficial for its ability to analyse the molecular
composition of inner portions of optically turbid samples non-
invasively. The subsurface analysis is achieved by the physical
separation of the excitation and collection zones on the
sample surface, which enables more effective collections of
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cal advancement such as solar energy, forensic and food analytical areas.

photons originating from inner parts of the materials. More
recently, SORS was extended to the micro scale by combining
it with optical microscopy (micro-SORS) enabling the investi-
gations of micrometre thick layers.” Micro-SORS is ideally
suited for applications in heritage science” since the materials
are turbid and typically possess complex structures including
heterogeneous layers at the micrometre scale. Additionally, the
non-invasive probing aspect is particularly critical with pre-
cious artworks. Micro-SORS applications have been extended
also to other analytical fields such as food science,” biomedi-
cine® and solar energy.”

In micro-SORS laser light and collected Raman signal pass
through microscope objective(s), to render laser illumination
spot and Raman collection areas on a micrometre scale. To
date, several micro-SORS modalities have been developed: (a)
defocusing micro-SORS, performed by moving the sample
from the imaged position away from the microscope objective®
and (b) full-micro-SORS where complete separation between
the illumination and collection areas on samples surface is
achieved. The full micro-SORS can be implemented either
using (i) “beam steering” optics, which allows achieving the
lateral offset between the collection and illumination areas on
sample surface by moving the laser beam by means of the
motorized beam-steer alignment mirrors;®” (ii) by reading
different zones on the sample surface on different parts of
CCD sensor;® or (iii) by using an external laser delivery optical
accessory for driving the laser beam onto the sample and
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setting desirable spatial offset by moving this delivery
accessory.’

One of the most important needs in heritage science is per-
forming analytical measurements in situ, in museum collec-
tions, conservation yards and archaeological sites since art-
works often cannot be moved from their location or across
national boundaries. This is a key reason behind the develop-
ment of many portable devices over the last decade, including
the portable micro-SORS prototypes with defocusing'® and full
micro-SORS" modalities. Relevant outcomes have been
accomplished using these portable devices in situ, for example
the reconstruction of painted layer sequence in panel paint-
ings, the identification of hidden pigments and preparation
layers.’> However, these prototypes also revealed some practi-
cal and technical limitations: lower layer contrast, inherent to
the defocusing modality, and low overall stability due to fre-
quent movements required for setting the z-offset in defocus-
ing or the x-offset in full-micro-SORS making the in situ
deployment rather cumbersome. Moreover, the acquisition of
micro-SORS sequences, composed by the in-focus (imaged)
and many other spectra at different offset distances, involved
extended periods of time since each spectrum is acquired indi-
vidually after changing the offset distance. However, long
acquisition times should be avoided since vibrations and local
conditions such as the ambient light can vary during in situ
Raman measurements, influencing the reliability and reprodu-
cibility of the data.

These critical issues are the chief reasons that led to the
development of a new in-house advanced prototype which rep-
resents a technological evolution of its predecessor addressing
the above limitations. In analogy to approaches also used in
SORS spectroscopy elsewhere,'* ™ the system can collect the
spectra of the micro-SORS sequence simultaneously and
without any mechanical movements by using a micrometric
linear fibre bundle, to retain the spatial offset information on
the detector (technical details are given in the Experimental
set-up section). This eliminates time required for setting up
individual spatial offsets separately dramatically simplifying
the deployment of technique.

This concept design was combined with a dual-wavelength
diode laser excitation source to mitigate fluorescence and
ambient light. Many materials, especially those related to cul-
tural heritage field, are subject to fluorescence interference.
Therefore, to obtain a good quality Raman spectrum, fluo-
rescence or intense background signal needs to be removed.
This is one of the main reasons why different solutions to over-
come this issue have been proposed in the past, among which
the shifted excitation Raman difference (SERDS) method,'®"”
which employs two laser excitation wavelengths with a spectral
distance close to the spectral width of the Raman signals
under study, e.g., by about 0.6 nm (10 cm™') for an excitation
wavelength of 785 nm.

In SERDS two Raman spectra are subsequently generated
using two slightly shifted excitation wavelengths. The Raman
signals follow the spectral shift of the laser line whereas non-
Raman signals such as fluorescence and ambient light remain
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unchanged. After the measurement a subtraction of both the
Raman spectra is performed which separates the Raman
signals from interfering background and associated artefacts
generating a SERDS spectrum. This spectrum exhibits deriva-
tive like spectral features and a subsequent numerical inte-
gration, and a baseline correction can be subsequently used to
generate a Raman spectrum in a conventional form without
the interfering background.®*°

The newly developed portable device is based on the coup-
ling of fibre bundle micro-SORS with a dual-wavelength diode
laser which provides two excitation lines around 785 nm for
SERDS. This permits the acquisition of Raman photons from
turbid layers also in cases where an intense fluorescence back-
ground is present. A similar approach has been demonstrated
for SORS on macroscale.?**"

In this paper, first a discussion of data acquired with the
developed prototype and conventional, single excitation wave-
length laser is presented, highlighting its potential in heritage
science. Then, synergy between fibre bundle micro-SORS and
SERDS is explored on thin painted layers of a stratified mock-
up painting.

2. Materials and methods

2.1. Samples

Different samples were employed to demonstrate the potential
of the advanced micro-SORS prototype (Table 1). In particular,
for purely fibre bundle micro-SORS measurements, stratified
samples with micrometric thickness have been selected, in
order to evaluate the ability of the instrument to discern
diverse compounds present in different thin layers non-inva-
sively: a 75 pm thick layer of polytetrafluoroethylene (PTFE),
commonly known as Teflon, over a 2 mm thick polystyrene
substrate (S1), whose peaks are well known from literature; a
painted layer sequence mock-up sample simulating a real stra-
tigraphy (S2) composed of 120 pm thick red ochre (mainly
haematite—Fe,0;) and calcite (CaCO;) layer over a 300 pm
thick layer of phthalocyanine blue (C3;,H;sNgCu), both mixed
in acrylic media. The layers were deposited on a paper sheet as
substrate (500 pm thick).

Regarding the SERDS experiments, selected areas of a
painting for laboratory testing (Fig. 1) specifically prepared at
the Microchemistry and Microscopy Art Diagnostic Laboratory
(M2ADL) of the University of Bologna have been analysed.*

The blue left leg of the right man (S3) exhibiting a high
degree of fluorescent background was selected to illustrate the
SERDS fluorescence mitigation effect: it consists of a layer of
lapis lazuli pigment (Na,Ca)g[(S,Cl,504,0H),|(AlsSicO54)] mixed
with egg binder. Two other areas have been chosen to test the
synergy of micro-SORS and SERDS methods: the brown pants
of the left man (S4) composed by a layer of Sienna pigment
(which consists in 50% iron oxide and varying amounts of clay
and quartz) with egg binder over a layer of white lead
((PbCO3),-Pb(OH),) with glue binder; and the blue leg of same
man (S5), composed by a layer of lapis lazuli with egg binder

This journal is © The Royal Society of Chemistry 2024
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Table 1 Samples analysed, their description, characteristic Raman bands and types of measurement

Label Brief description Characteristic bands Used to demonstrate the potential of

S1 Top layer: Teflon (75 pm thick) Teflon (734 cm™) Portable fibre bundle micro-SORS
Bottom layer: substrate of polystyrene (2 mm thick) Polystyrene (1001 cm™")

S2 Top layer: red ochre pigment and calcite mixed in acrylic ~ Red ochre (293 cm™") Portable fibre bundle micro-SORS

media (120 pm thick)

Bottom layer: phthalocyanine blue pigment mixed in
acrylic media (300 pm thick)

Substrate: paper (500 um thick).

S3 Top layer: lapis lazuli pigment mixed with egg binder.
Substrate: wooden panel with gypsum and glue
preparation layer.

S4 Top layer: Sienna pigment mixed with egg binder.
Bottom layer: white lead mixed with glue binder.
Substrate: wooden panel with gypsum and glue
preparation layer.

S5 Top layer: lapis lazuli pigment mixed with egg binder.
Bottom layer: Prussian blue pigment mixed with glue
binder.

Substrate: wooden panel with gypsum and glue
preparation layer.

over a layer of Prussian blue (Fel'[Fe"(CN)g];) with glue binder.
The wooden support has been prepared with a layer of gypsum
and glue binder.

2.2. Experimental set-up

The in-house built instrument (Fig. 2) consists of a WP785
spectrometer (Wasatch Photonics), coupled with an iDus
DU4011A-BR-DD CCD (Andor) and a wavelength-stabilized
785 nm diode laser from Innovative Photonic Solutions (IPS)
(Laser A). The spectral resolution of the spectrometer was
measured to be 8 cm™" with a spectral range for Stokes shifted
Raman signal being 100-3050 cm™'. Two long working dis-
tance microscope objectives M-PLAN Apo NIR 10x (Mitutoyo;
NA 0.26 - WD 30.5 mm) were used as excitation and collection
optics. The laser excitation microscope objective was posi-
tioned at an angle of ~45° with respect to the sample plane.
The laser is delivered to the excitation objective by an optical
fibre with a 50 um core diameter (0.22 NA) collimated by a
12 mm lens (0.25 NA). From this optical configuration, we cal-
culated a laser spot diameter of 20 pm. An optical camera
(DinoLite) was used to observe and select the portion of the
sample to be measured and a micro-stage (Thorlabs M30XY)
was positioned under the optical system allowing the sample
alignment and focusing operations with accuracy of 8 um. The
system was mounted on a tripod for in situ measurements. The
excitation power used with Laser A was in a range of
17-30 mW. The integration time was equal to 100 s (5 s
exposure time for 20 accumulations).

An important aspect of the advanced prototype is related to
the implementation of a custom fibre bundle (Armadillo SIA -
LV) used to project the offset spectra on the y axis of the CCD
(Fig. 3). This enables simultaneous acquisition of multiple
spatially offset spectra (including the zero offset one) without
moving components. This aspect is key to making the micro-
SORS measurements robust and easily deployable in a portable
platform. Moving micro stages are often bulky, require careful

This journal is © The Royal Society of Chemistry 2024

Sienna (297 cm™")
White lead (1051 cm™)
Gypsum (1007 cm™*)

Lapis lazuli (547 cm™)
Prussian blue (2150 cm™)

Phthalocyanine blue
(1529 em™)

Calcite (1086 cm™")
Lapis lazuli (547 cm™)

Portable fibre bundle micro-SORS coupled with
SERDS (zero offset)

Portable fibre bundle micro-SORS coupled with
SERDS

Portable fibre bundle micro-SORS coupled with
SERDS

Gypsum (1007 cm™")

Fig. 1 Laboratory-prepared painting used to demonstrate the potential
of portable fibre bundle micro-SORS coupled with serds (see ref. 22 for
more details), with indication of the analysed areas (S3-S5).

setup and setting individual spatial offsets incurs extra time. In
this configuration, 30 ordered fibres inside an optical bundle
are imaged onto sample surface in a horizontal line (Fig. 3¢ and
d): by emitting a radiation onto the central fibre, each spatial
offset spectrum is also recorded by two fibres. Raman signals
from these pairs of fibres are digitally summed up. Since it is
likely that the laser spot shape is more similar to an ellipse than

Analyst, 2024,149, 2317-2327 | 2319
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List of components:

- 1. 785-nm IPS diode laser
2. Motorized micro-stage
(ThorLabs M30XY)

. 3. Fibre bundle (30 in-line

fibres)
4. Optical camera
d (DinoLite)

58&6. Collection and
excitation — M-PLAN
Apo NIR 10X (Mitutoyo;
NA 0.26 — WD 30.5mm)

7. Andor CCD (iDus
DU4011A-BR-DD)

8. WP785 spectrometer
(Wasatch photonics)

Fig. 2 Photo (a) and schematics (b) of the prototype with each component labelled.
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Fig. 3 (a) Photo of the optical part of the prototype with indication of sample (red rectangle) and fibre (blue rectangle) planes; (b) schematics of the
sample and fibre planes and Raman spectra acquired at 0 offset and 300 pm spatial offset. The laser spot has been represented as spherical instead
of elliptical for simplicity; (c) schematics of the 30 optical fibres inside the fibre bundle; (d) photo of the fibre bundle imaged onto a wall.

a perfect circle, the confocal spectrum is collected by the two
central fibres, which are 0.38 NA 62.5/70 pm core/cladding. The
collection optics (10x objective, EFL =
lens, FL = 40 mm) produce a 2x magnification at the sample
plane projecting on each fibre a horizontal section of 37.5 pm
(i.e., a fibre-to-fibre incremental 37.5 pm offset). The photons
emitted by the laser-centred area are collected onto the central
fibres. 15 different spectra, each acquired with a lateral offset of
37.5 pm, are collected on each side of the central fibre. The
output from the ordered bundle is placed in front of the slit of

2320 | Analyst, 2024,149, 2317-2327

the spectrometer and each fibre is imaged on 3 pixels in the ver-
tical direction on the camera (26 x 26 pm). There are no un-
20 mm, and aspheric exposed pixels as the jacket of the fibres has been removed to
achieve micrometre scale offset, and the distance between one
fibre and the next is smaller than the image projected on a
single pixel (Fig. S11). A LabVIEW program was developed to
control and analyse the measurements, taking the full CCD
image and slicing it in spectra divided by offset.

The combined micro-SORS and SERDS setup utilised a
dual-wavelength diode laser, developed and fabricated at the

This journal is © The Royal Society of Chemistry 2024
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Ferdinand-Braun-Institut (Laser B), which provides two exci-
tation lines at 785 nm. This one-chip device consists of two
implemented laser resonators formed between two distributed
Bragg-reflector (DBR) gratings and the front facet of the device.
The DBR gratings are designed to provide the two laser lines at
785 nm with a spectral separation of 0.6 nm (10 cm™"). The
semiconductor chip provides separate electrical contacts
which allow an individual control of each emission line and a
flexible choice of the excitation power. A more detailed
description of the dual-wavelength diode laser was published
previously.?®

The diode laser is integrated in an in-house built, turnkey
laser system which provides all necessary current sources for
an alternating wavelength operation together with a tempera-
ture control. For our experiments the heatsink temperature
was set to T = 35 °C. The diode laser provides an optical
output power of up to 180 mW for both the laser lines using
an injection current of up to 300 mA. Single mode operation
was observed over the whole operating range. Optical spectra
at 180 mW are presented in Fig. 4 as an example. Here, two
emission lines L1 and L2 show a spectral width smaller than
0.01 nm (0.2 cm™") together with a spectral distance of about
0.6 nm (10 cm™") as targeted for the intended application. For
our experiments we adjusted the excitation power between
1 mW and 20 mW balancing requirements to generate
sufficiently intense Raman signal and to avoid undue sample
heating and damage.

A fibre port (Thorlabs, PAF2S-5B) was connected to the
front side of the turnkey housing and was used for transferring
the laser light to the portable micro-SORS setup via an optical
fibre with a 50 pm core diameter and a numerical aperture of
NA =0.22.

A meaningful number of micro-SORS series have been
acquired for each sample (from 3 to 5), both in case of Laser A
and Laser B. Here, the representative series will be reported.

The spectra acquired with Laser A have been processed
using OPUS software (Bruker); a meaningful spectral range was
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> o e——» <<_0.2 cm
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Fig. 4 Optical spectra at 180 mw of the dual-wavelength diode laser at
785 nm.
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selected, according to the main bands of the compounds, and
a baseline correction performed. The spectra measured with
Laser B have been post-processed differently: here an in-house
built algorithm was used (see Maiwald et al.>* for more details
about the algorithm and the baseline correction). The two
measured Raman spectra were first subtracted to generate a
SERDS spectrum. A cubic spline function was fitted to the
derivative like signal distribution to remove a residual baseline
and to vertically shift the baseline to zero. A subsequent
numerical integration and an additional baseline correction
generated a Raman spectrum in conventional form.

3. Results and discussion

First, potential of portable fibre bundle micro-SORS with Laser
A is shown using a standardized two-layer sample and a mock-
up mimicking painted layers; in the second section, the
benefit of combining full micro-SORS with SERDS (Laser B) for
the investigation of fluorescent painted layers is demonstrated.

3.1. Portable fibre bundle micro-SORS with Laser A

A layer of Teflon over a polystyrene substrate (S1, scheme
shown in Fig. 5) was used as an ideal standard stratified
system useful to test the instrument performance. These two
compounds show well visible, no overlapping bands as shown

a) 5 Teflon reference é
‘ —
|
b) Offset 0 pm
2 :
2 i
S :
8 ‘ AN
c H
g c) . Offset 525 um
@
14
AMAA
d) Polystyrene reference
700 800 900 1000 1100 1200 1300 1400
Wavenumbers (cm-)
Fig. 5 (a) Reference spectrum of pure Teflon; (b) spectrum of the first

pair of fibres from S1 (Teflon over polystyrene) micro-SORS series; (c)
spectrum of the last pair of fibres of the same series; (*) the increase of
highlighted peak is induced by an artefact; (d) reference spectrum of
pure polystyrene. The instrument provides efficient surface to substrate
contrast, as the characteristic peak of Teflon disappears.
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in Fig. 5a and d. The instrument provided efficient surface to
substrate contrast: the signal of Teflon completely disappears
when passing from the first to the last fibre in a micro-SORS
acquisition, demonstrating how it is able to selectively investi-
gate different layers (Fig. 5b and c).

An important consideration is the validity of the acquired
spectra after a certain offset: at around 225 pm offset (that corres-
ponds to the 7 pair of fibres) most of the information has been
extracted for this sample, and the remaining fibres yield spectra
that contains mostly noise. This means that in this case, as in the
others shown in the next measurements, the number of fibres
exceeds the depth from which photons can be collected effectively
with this system. In the following, only the representative spectra
will be reported, which usually are from 0 to the 5%, 6™ or 7"
pair of fibres (e.g., from 0 pm to 150-225 pm as offset distance).

Therefore, micro-SORS spectra acquired in S1 from the
zero-spatial offset (conventional Raman spectrum) up to

View Article Online
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225 pum spatial offset are shown in Fig. 6a. By normalizing the
spectra to the band at 734 cm™" of Teflon (Fig. 6b) and follow-
ing the main characteristic bands at 1001 cm™" of polystyrene
(Fig. 6¢), it is possible to clearly observe the increase of the
polystyrene band with the increasing spatial offset, thus the
relative intensity ratio between the two compounds dramati-
cally changes with the offset. This indicates that they originate
from separate layers, the bottom one being polystyrene as it
decreases at a slower rate with increasing spatial offset than
the other.

A sample consisting of red ochre and calcite layer over
phthalocyanine blue layer (S2) has been used to reproduce a
painting stratigraphy. Fig. 7 shows the reference spectra of the
two layers, acquired directly on parts of the sample where they
are not overlapped. In this case, the 1531 cm™" and 291 cm™*
bands were selected as characteristic features for phthalo-
cyanine blue and red ochre, respectively. It is important to

2
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Offset 112.5 um

Offset 187.5 pm

Raman Intensity

Offset 225 pm
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Fig. 6 (a) Portable fibre bundle micro-SORS measurement of S1; (b) all spectra have been normalized to the Teflon band (top layer) at 734 cm™; (c)
relative intensity increase of the polystyrene signal (bottom layer) (i.e. at 1001 cm™) as the offset increases.
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Fig. 7 Reference spectra of the two painted layers of S2, directly acquired on parts of the sample where they are not overlapped. The reference fre-

quencies for each compound are indicated: 291 cm™ for red ochre, 1086 cm™ for calcite and 1531 cm™ for phthalocyanine blue.
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Fig. 8 (a) Micro-SORS measurement of S2 where all spectra have been normalized to the 1530 cm™ band of the bottom layer. The SORS effect is

clearly visible for raman bands of (b) red ochre and (c) calcite.
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note that also calcite was employed in mixture with red ochre
in the external layer as extender of the pigment, and so also
the 1086 cm™ is clearly visible.

A micro-SORS sequence is reported in Fig. 8a where a nor-
malization to the phthalocyanine blue signal at 1530 cm ™" was
carried out; the decrease of the red ochre band can be clearly
seen (Fig. 8b), as expected, as originating from top layer.
Moreover, from Fig. 8c it can be easily seen that also calcite
reduces its intensity as the offset increases, just as the red
ochre one.

It is worth noting that the surface and subsurface molecular
information, and thus the evolution of the pigments signal,
was achieved simultaneously in 100 s, without any instrument
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Fig. 9 lllustration of serds employed as physical approach and math-
ematical procedure used to reconstruct the final serds spectrum of S3.
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re-adjustments; as mentioned in the introduction paragraph,
this is crucial for cultural heritage applications in situ.

3.2. Portable fibre bundle micro-SORS coupled with SERDS
(Laser B)

First, a comparison between the 0 offset spectra acquired with
the system using conventional Raman spectroscopy and
SERDS is carried out, analysing samples composed by pig-
ments typically used in art and showing fluorescence phenom-
ena or high background features. Moreover, all further experi-
ments are carried out under ambient daylight conditions to
evaluate the performance of SERDS for future in situ
investigations.

A fluorescent painted area of a mock-up painting (Fig. 1)
has been selected, where lapis lazuli is present as top layer
(S3). In Fig. 9a two Raman spectra which are generated using
the two excitation lines L1 and L2 of Laser B are presented.
Both spectra are collected at zero offset: they show a low
signal-to-noise ratio and do not present appreciable Raman
features related to the pigment (possibly due laser-induced
fluorescence, ambient light contributions'® and detection
system artefacts, e.g. CCD etaloning®’). The background inter-
ference completely masks the Raman signal of lapis lazuli. A
subtraction of both spectra is performed and generates a
SERDS spectrum which is shown in Fig. 9b. Here, a Raman
signal at 547 cm ™" is separated from background. A reconstruc-
tion using the above described algorithm transforms the
derivative-like signal back into a conventional Raman spec-
trum without the interfering background and associated spec-
tral artefact. This reconstructed SERDS spectrum is presented
in Fig. 9¢, where the presence of the most characteristic band
of lapis lazuli is unequivocally identified. The comparison of
the conventional Raman measurement in Fig. 9a with the final
reconstructed SERDS spectrum (Fig. 9c) illustrates most elo-
quently the power of the SERDS method to selectively recover

295

Raman Intensity

S4 — Laser A

Offset 0 um
Offset 37.5 ym

Sienna reference

T T T T
200 400 600 800

T T T T
1000 1200 1400 1600

Wavenumbers (cm-')

Fig. 10 Reference spectrum of Sienna pigment (top layer) and a micro-SORS sequence acquired with the prototype and Laser A in S4. It is clear

that even a baseline correction could not yield a clean series of spectra.
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Raman signals from other major interferences. The efficiency
of SERDS in tackling and removing the etaloning effect has
been already demonstrated elsewhere.>®

Given these promising results, the following steps involved
the characterisation of the performance of the combined
SERDS and micro-SORS techniques using the same mock-up
painting (Fig. 1). The two investigated parts were chosen based
on the earlier results of the micro-SORS measurements carried
out with Laser A which yielded poor results, especially, for S4
area (Fig. 10), as Sienna pigment was not visible under any cir-
cumstances. It is important to notice that the reference spec-
trum employed for the comparison in Fig. 10 was directly col-
lected on the same powder that was later used to spread the

View Article Online

Paper

paint, so even though it is relatively noisy, it is the most accu-
rate one available. Nonetheless, the spectra initially obtained
with Laser A were not satisfactory, and performing a baseline
correction did not significantly improve the quality of the
spectrum.

Therefore, we have analysed the same sample (S4) with
SERDS (Laser B), which allowed the obtaining of Raman signal
of Sienna pigment at 0 offset (Fig. 11) that was impossible to
acquire by conventional micro-SORS setup. Moreover, the
unequivocal band of gypsum at 1007 cm™', related to the
preparation layer, is present at 0 offset.

A micro-SORS series acquired in S4 with the system coupled
with SERDS is shown in Fig. 12a; due to the presence of

~ _ N
& S4 (offset 0 um) — Laser B ,8 §
White lead reference
Gypsum reference | ‘
=
‘@
c
<
£
C
[
1S
O
o
Ty
\ ‘ : \ /\/\/
200 400 600 800 1000 1200

Wavenumbers (cm)

Fig. 11 Offset O spectrum of S4 analysed with the system coupled with Laser B, compared with the reference spectra of the Sienna pigment (top
layer), white lead (bottom layer) and gypsum (preparation layer). The main band of Sienna pigment is clearly visible (297 cm™), along with the

gypsum band at 1007 cm™. No white lead signal can be seen.
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Fig. 12 (a) micro-SORS series acquired with the system coupled with Laser B in S4. All spectra have been normalized to the Sienna pigment charac-

teristic band at 297 cm™; (b) micro-SORS effect is visible through the increase of the gypsum (1007 cm™) band of the preparation layer at the

increasing of the offset.
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Prussian blue (bottom layer). The spectra are normalized to the lapis lazuli band at 547 cm

Raman Intensity

b)

545

S5 - Laser B Offset O}J?Hm

Offset 3

—2151

Raman Intensity

2130 2140 21 2160

50
N Wavenumbers (cm)
N S \
Y
N
N

S
S
; PN 40 a0 n DA
e o T T

500 1000 1500
Wavenumbers (cm')

f
2000

(a) micro-SORS series of S5 acquired with the prototype and Laser A, compared with the reference spectra of lapis lazuli (top layer) and

~1, and the signal of Prussian blue does not rise up as the

offset increases. (*) The highlighted bands are artefacts (possibly produced by light coming from a computer monitor); (b) micro-SORS series of S5,
acquired with the system coupled with Laser B. All spectra have been normalized to the lapis lazuli band at 545 cm™; (c) Prussian blue signal is

clearly visible and increases with the offset.

gypsum in the background preparation layer it is possible to
assess the micro-SORS effect: in fact, given a prior normaliza-
tion of the series to the 297 cm™ band representatives of
Sienna pigment, in Fig. 12b it is straightforward to see a linear
increasing trend of gypsum as the offset
Interestingly, SERDS approach highlighted also other minor
bands of gypsum at 415 cm™" and 496 cm™" along with the
most intense one. However, it is evident that white lead is not
present, neither on the surface nor below it, as its signal does
not rise even when the offset is increased; the reason is not
completely clear, probably a lower Raman scattering cross
section of this compound, highlighting future challenges for
micro-SORS.

Considering the second selected part of the painting, S5
provided some signal even with Laser A (Fig. 13a), but it is
still very shielded by the ambient light contribution and
some type of artefacts (possibly produced by light coming
from a computer monitor), and there were no margins to
improve the outcome. Moreover, it appears that the Prussian
blue signal is not visible, neither at offset equal to 0 nor as
the offset increases when normalizing to the lapis lazuli
band as reference. This proves that the conventional micro-
SORS series was not efficient enough to reveal its presence
in the sublayer.

As such the spectra were collected on the same area with
SERDS, and the results were markedly different (Fig. 13b): the
fluorescence background was eliminated at the degree that it
was now possible to clearly see the Prussian blue Raman
signal, which was not evident previously. Also, the ambient
light contribution and the artefacts were removed, demonstrat-
ing that their origin was not due to a Raman scattering
process. Moreover, the micro-SORS offset spectra clearly
showed a gradual increasing of Prussian blue intensity, as
shown in Fig. 13c, where the spectra are normalized to the

lapis lazuli band at 545 cm™.

increases.

2326 | Analyst, 2024,149, 2317-2327

4. Conclusion

We developed the first prototype of portable fibre bundle
micro-SORS and applied to the non-invasive investigation of
thin sublayers within stratified materials. This new approach
will have a significant and direct impact on heritage science,
as it enriches the range of portable devices available for in situ
measurements. Particularly, we provide an instrument capable
of detecting sub-surface molecular composition of the matter
which is essential for the knowledge of the materials used by
the artist and the diffusion of decay or conservation products.
The combination of SERDS with micro-SORS is key in the
translation of micro-SORS to field applications because it pro-
vides effective means to mitigate the effects of intense fluo-
rescence and ambient light backgrounds (ubiquitous in art-
works in situ analysis). The two techniques coupled together
promise to revolutionize the field of material analysis, by over-
coming multiple barriers (i.e., in situ readiness, fluorescence
and ambient light) and by replacing destructive methods. It is
likely to be also beneficial to other fields where the sample
cannot be moved, either for security reasons or logistical ones.
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