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In situ measurements have great importance since in many scientific fields certain samples cannot be
moved because of diverse reasons (excessive dimensions or weight, security, logistics etc.). In heritage
science, this is a crucial requirement due to the high value of art objects, requiring non-invasive and
in situ analyses. Therefore, it is important to have analytical methods capable of providing relevant infor-
mation also outside laboratory environments. Such measurements face multiple challenges: for example,
interference from ambient light or formation of artefacts due to undesired motions of the instruments. In
Raman spectroscopy, a number of solutions have been demonstrated to mitigate these effects. For
instance, Shifted Excitation Raman Difference Spectroscopy (SERDS) has proven efficient in removing the
fluorescence of the sample and ambient light interference, and a charge-shifting detection approach was
shown to be valuable in dealing with varying ambient light. In this study, we provide a comparison of con-
ventional Raman spectroscopy, Shifted Excitation Raman Difference Spectroscopy (SERDS), charge-shift-
ing detection technology and a combined SERDS and charge-shifting approach, in order to evaluate their
effectiveness in mitigating fast evolving interfering backgrounds (e.g., varying ambient light). Further
investigations were also carried out into the potential of coupling of these methods with Spatially Offset
Raman Spectroscopy (SORS) to facilitate more effective non-invasive investigations of subsurface sample
components (e.g. paint layers). The study was carried out using samples mimicking cultural heritage
materials with different degrees of complexity and in the presence of fluorescence and ambient light
interference. The results are, nevertheless, applicable more generally to other areas such as forensics or
biomedical fields, where both dynamic and static interferences can hinder measurements.

such scenarios. These include Shifted Excitation Raman
Difference Spectroscopy® " (SERDS) and charge-shifting detec-

The removal of fluorescence and ambient light from Raman
spectra is of great importance in many application areas
including forensics,"” biomedical field,"* food® or heritage
science,” especially in cases where in situ measurements are
required, for example, due to security reasons, inability to
move the sample or logistics issues. In this context, many solu-
tions have been developed in the past few decades to deal with
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tion (CS). The specifics of the working principles of
SERDS®'>™* and charge-shifting’>™"” are detailed in previous
works: briefly, SERDS employs two excitation laser wavelengths
that possess a very narrow wavelength difference, on the scale
of bandwidths of Raman bands present, and since the fluo-
rescence and ambient light background signals remain con-
stant, whereas Raman signals shift with the corresponding
amount, a subtraction of the pair of spectra obtained with
each excitation wavelength effectively removes fluorescence
and ambient light.">™” However, difficulties may arise when
the background interference is not static but varies in some
manner (such as due to fluorescence bleaching,'® variation of
ambient light intensity, the passing of a cloud in outdoor
measurements or the shadow cast by the operator onto the
instrument during acquisition) as SERDS is not able to deal
with background intensity changes taking place between the

This journal is © The Royal Society of Chemistry 2025
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two consecutive acquisitions at the two different excitation
wavelengths. To address this issue, charge-shifting (CS)
technology offers potential advantages: it employs an adapted
CCD that receives signals illuminating only certain rows on its
chip with alternating blocks of rows being unilluminated. In
conjunction with rapidly alternating switching between the
two excitation wavelengths, or between ON and OFF states
where only one laser wavelength is used, the charges are
shifted in synchrony up or down between the illuminated and
obscured zones."® After the acquisition, by subtracting the
incoming signals of the two different sets of rows, it is possible
to reject the dynamic interference of ambient light, since the
frequency at which the charges are shifted can be much higher
(1-10 kHz)" than the typical frequency of the considered back-
ground variations. However, charge-shifting alone is not able
to deal with the static component of sample fluorescence,
which is the reason for its coupling with SERDS. Moreover, the
employment of SORS'® with said technologies paves the way
also for the investigations of subsurface layers of materials in a
non-invasive manner, in addition to the rejection of both
static and dynamic interference backgrounds.’*>* In this
study, we evaluate the capabilities and limitations of these
methods applied to cultural heritage samples. The samples
were selected for their intrinsic complexity and challenges (e.g.
Raman scattering efficiency and fluorescence). The experi-
ments were further challenged by carrying out these measure-
ments under dynamically varying ambient light to mimic
in situ conditions, combining and comparing these techniques
for the first time.

Materials and methods
Set-up

The experimental set up used in this study is based around a
custom-built SORS system described in detail in previous
publications."®"” Its schematic diagram is shown in Fig. S1 of
the ESI.T Briefly, the system is a SORS point-like excitation-col-
lection system that utilizes a purpose-designed integrated
SERDS laser module® emitting at 4; = 829.40 nm (1) and 1, =
828.85 nm (L2). The laser spot size and the collection area dia-
meters are ~500 pm and ~1.5 mm, respectively. The SORS
spatial offset is achieved by moving the entire collection path
assembly with a motorized stage (MTS25-Z8 with a KDC101
controller, Thorlabs). The collected Raman signal is then sent
to an imaging spectrometer (HoloSpec f/1.8i, Kaiser Optical
Systems) coupled with a custom-made charge-shifting CCD
(DU420A-BR-DD-9UW, Andor Technology). A custom made
micro-machined metal mask, placed at the entrance slit of the
spectrograph, made out of a tungsten foil (thickness = 100 pm,
lateral dimensions: 10 mm x 5 mm, grid dimensions: height =
6 mm, width = 3 mm), was employed to shield (with a period-
ical pattern corresponding to CCD 8-pixels ON and OFF) the
CCD sensor along the vertical axis, as required for the CS
method."”” Raman measurements were performed both at
0 mm (ie. imaged) and 2 mm spatial offsets. Laser intensity

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

Table 1 Overview of experimental parameters for the different readout
modalities to attain ~2.1 J on the sample over the measurement time

Modalities Average power (mW) Time (s)
Conventional (L1) 60 35
SERDS L1 60 17.5

L2 60 17.5
CS (L1 only) 30 70
CS + SERDS L1 60 35

L2 60 35

and acquisition times were adjusted to attain equivalent illu-
mination conditions (the overall laser energy delivered to the
sample, in multiple pulses and per measurement, was set to
~2.1 J) in all the charge-shifting, SERDS and conventional
acquisition modalities (a detailed schematic diagram is shown
in Fig. S2 of the ESIf). An overview of experimental parameters
for conventional, SERDS and CS read-out modalities is pro-
vided in Table 1. The wavelength calibration (pixel to relative
Raman shift) was carried out using an aspirin tablet (using
laser L1). To improve comparison between techniques, signal-
to-noise ratios (S/N) have been added in the captions of the
figures, calculated using the method described by Mosca
et al.>* where the noise is assumed to be the largest artefact
present in the spectra or photon shot noise amplitude, which-
ever is greater. In the case of SORS measurements, only ratios
relative to the offset spectra have been computed assuming
that the bottom layer signal is the signal of interest.

Acquisition modalities and post-processing

Conventional. Spectra were initially acquired in conventional
mode using laser L1, with a laser power equivalent to 60 mW
and acquisition time set to 35 s (which confers to the sample
an overall energy of 2.1 J per measurement, as shown in the
schematics in Fig. S27).

SERDS. Similar to the conventional method, spectra with L1
and L2 were collected one after the other. The same laser
power was employed for both lasers and acquisition time was
halved to 17.5 s, so that the overall energy was equal to the
conventional measurements. Difference spectra were obtained
by subtracting the two Raman spectra obtained at the two
respective excitation wavelengths. Additionally, reconstructed
SERDS spectra were calculated using a reconstruction algor-
ithm developed in Python, based on previous work.>® The
routine is particularly basic, considering that our aim was to
show how many artefacts might appear due to background
interferences and how much effort would be required to
design and implement a suitable routine to remove them all.
Instead, employing a suitable combination of techniques and
approaches might resolve the issue at its root. Moreover,
removing narrow room light bands becomes even more com-
plicated for in-field instrumentation, as the resolution of these
spectrometers is comparable with the Raman bandwidths (as
is typical of these devices, in order to maximise light through-
put) and consequently the interfering emission lines have
comparable widths with Raman bands: as such, their differen-
tiation from Raman signals is not straightforward. Additional

Analyst, 2025, 150, 1140-1150 | 1141
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subtraction of polynomial backgrounds could further improve
the outcomes in a number of cases. We have not performed
this correction here to retain background distortions present
as they enable the most direct comparison between the per-
formances of individual techniques.

CS. The system was operated at 1 kHz. The timing and syn-
chronization between the laser wavelengths and the charge-
shifting CCD read-out were controlled by a digital delay genera-
tor (DG645, Stanford Research Systems) connected to the laser
driver module and external CCD trigger (further details can be
found in our previous study'>™"”). The trigger voltage value for
each laser was adjusted to provide an average power of 30 mW
at the sample in a 50% duty cycle mode. The equivalent acqui-
sition time was set to 70 s (laser pulse width (T,,) x number of
cycles x number of repetitions). It is worth underlining that we
operated the charge shifting instrument at 50 000 numbers of
cycles (maximum possible value for CS cycles - additional
details are given in the ESI in Fig. S3 and 47) to achieve the
desired overall energy on the sample, equal to those from the
other techniques. Thus, we accepted that some degree of
charge leakage between alternating CCD rows could occur,'”
adding some extra noise-like features to the spectrum.

Samples

The samples were chosen with increasing complexity in order
to challenge the techniques at different levels. We started with
a standard non-fluorescent sample and then moved on to
more realistic, fluorescing ones.

+ SO - a sample consisting of polytetrafluoroethylene
(PTFE), about ~8 mm thick and roughly 4 x 4 cm wide, used
as a standard non-fluorescent sample.

Single layer measurements:

+ S1 - phthalocyanine blue (C3;,H;6NgCu), a common
pigment used in art, painted on a wooden support. This
sample was collected from an atelier in Milan, which refused
citation. It was effectively a single layer system since the
Raman signal from the substrate was undetectable. In this
case, phthalocyanine blue paint was highly absorbing and
fluorescing. The blue layer was about 10 pm thick and roughly
5 x 5 cm wide.

+ S2 - a gypsum (CaSO,-2H,0) layer, cut from a solidified
mixture of gypsum powder and water, mimicking a plaster,
stucco or preparation layer for paintings. Preliminary spectra
showed some fluorescence signal from this sample. The
sample was 0.5 mm thick and 2 x 5 cm wide, and was prepared
in ISPC laboratory in Milan.

+ S3 - a calcite (CaCO,) layer, often employed as plaster or a
preparation layer for paintings, applied on paper (the latter did
not provide any Raman signal). This sample was not prepared
in our laboratory, but instead was acquired from the atelier in
Milan mentioned above. Also, in this case only the calcite
signal (top layer) from the preparation layer was detected, along
with fluorescence possibly originating from the paper. The
whole sample is about 1 mm thick and 5 x 5 cm wide.

The first four samples (SO0, S1, S2, S3) were all analysed on the
front and on the back sides. The only samples that showed any
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difference between the front and back signals were the S1
sample, which, as already mentioned, did not provide any signal
from the wooden substrate, and the S3 sample, where the prepa-
ration layer was likely applied only on one side of the paper.
SORS measurements:
+ S4 - a thin tape of PTFE (0.25 mm thick) placed on top of
a marble support, which itself yields a strong calcite Raman
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Fig. 1 Standard PTFE spectrum collected (a) in the dark; (b) in the pres-
ence of a room ceiling light and (c) in the presence of an incandescent
lamp. All these spectra have been collected at zero spatial offset.
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signal. Both layers possessed appreciable Raman scattering
efficiency and a very small degree of fluorescence.

» S5 - the sample was created using a block of PTFE as a
substrate (8 mm thick) and S3 used as the top layer.

S4 and S5 samples mimic contemporary art and design
materials (plastics) or collages.

All samples were analysed with room light with an
additional incandescent light being present. Dynamic vari-
ation of these emission sources was achieved by a random
pattern hand waving between the emission sources and the
sample. More details are given in the following section.

Results and discussion
Ambient light interference

In order to be able to mimic both static and dynamic interfer-
ences, two ambient light sources were employed, namely a
room ceiling lighting of the laboratory, which consisted of
fluorescent lamps that had narrow bands at around 852, 912,
922 and 966 nm (equivalent to 320, 1093, 1215 and 1706 cm ™"
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and highlighted by asterisks in Fig. 1), and a broadband light
source consisting of a 35 W halogen bulb (i.e. incandescent
light) that emitted black body radiation to simulate sun type of
radiation. Their impact on a standard Raman spectrum of
PTFE is shown in Fig. 1.

It is important to note that all these contributions are
static, and so one needs to implement a dynamic contribution
to these, in order to provide a random variation of the back-
ground light to mimic the above discussed non-static situ-
ations encountered in field measurements. We mimicked a
common situation of passing of a cloud in front of the sun by
randomly obstructing the incandescent light with different
degrees of hand coverage. The random occurrence of shadows
covering the room light was simulated by moving a hand in an
irregular fashion, so to slightly obstruct its incoming ceiling
room light radiation on the collection side.

Standard sample (S0). We initially analysed a standard PTFE
sample to assess the impact of the different light sources on a
non-fluorescent sample. Conventional Raman spectra (Fig. 2a)
yield a discernible Raman signal of PTFE (highlighted with the
letter R), mostly due to the high scattering efficiency of PTFE.
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(a) Conventional Raman spectrum of the PTFE sample, compared with the reference PTFE spectrum (S/N = 1.9); (b) SERDS measurement of

the same sample (S/N = 2.1); (c) CS measurement of the same sample (S/N = 89); (d) SERDS + CS measurement of the same sample (S/N = 82). The
bands highlighted with (*) are ambient light artefacts, the ones with (R) in a and b are the most intense PTFE Raman bands. All these spectra were

analysed at zero spatial offset.
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However, the spectrum is strongly contaminated with spurious
background light bands (identified by asterisks). Fig. 2b shows
both reconstructed (green line) and difference (blue line) spectra
of a SERDS measurement, which could remove most of the fluo-
rescence interference but not completely, as it struggled to sup-
press its dynamically varying component. Consequently, the
interfering sloping background dominates the PTFE Raman
signal with strong room light emission bands being also
present. It is interesting to compare the different behaviours of
SERDS with a static or dynamic background interference, as
shown in Fig. S5 in the ESL:{ indeed the technique is perfectly
able to remove any static ambient light, but struggles when its
variation is involved. As specified above, the reconstructing
routine is rather basic in order to show how invasive the pres-
ence of artefacts would be with the minimum effort to remove
them, as the complete clean removal would be relatively
demanding with respect to rejecting any interference directly
during the measurement. CS measurement with L1 only (Fig. 2c)
yielded a comparable Raman spectrum with respect to that of
CS + SERDS (Fig. 2d): this is due to the low amount of fluo-
rescence emitted by the sample rendering the employment of
SERDS non-essential in this situation.
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Single layers

In the first part of this study, we considered single layer
samples before moving to more complex ones such as multi-
layer systems where SORS was additionally deployed.

Painting layer (S1). A sample of a phthalocyanine blue
painting layer applied on a wooden support was selected to
study the performance of the techniques on a typical cultural
heritage sample. The paint is highly absorbing and fluores-
cing, making the detection of its characteristic Raman bands
(among the strongest, 749 and 1527 cm™" are underlined)
challenging at times. As stated earlier, the Raman signal
from the support layer was not detected due to the high
phthalocyanine absorption at the excitation wavelengths.
Fig. 3a shows the conventional Raman measurement (blue
line) compared with the pigment reference spectrum (orange
line). In this case, it is not straightforward to distinguish S1
Raman signatures since the conventional Raman spectra are
dominated by background interferences. In contrast, SERDS
measurement was able to distinguish it through its charac-
teristic ‘derivative-like’ shape (see Fig. 3b — highlighted with
an orange ellipse). However, even in this case, SERDS spectra
are still dominated by ambient light spectral artefacts,
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measurement of the same sample (S/N = 4). All bands highlighted with (*) are artefacts or background interferences.
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especially when reconstructed with a basic routine: particu-
larly the narrow bands of the room light, when integrated,
provide highly interfering artefacts - this is due to both the
elevated variation of the room light intensity during the
measurement and the consequential integration of a band
that has no “derivative-like” shape as the SERDS signal,
which leads to the generation of a fictitious derivative-like
band by applying the reconstruction algorithm. This
outcome was found more than once in our spectra, as the
reconstruction routine employed was rudimentary and not
attempting to filter out any similar features, as explained
also in the Materials and methods section. In contrast, the
charge-shifting measurement (see Fig. 3c) yielded much
better results being able to completely remove the dynamic
background interferences and as such to detect clearly the
characteristic Raman bands of the paint. However, the spec-
trum still possessed a characteristic sloping background due
to the fluorescence emitted from the sample. This sloping
background was then suppressed by the SERDS + CS
measurement (see Fig. 3d), although the spectrum exhibited
a higher degree of noise (this is attributed to operating the

View Article Online

Paper

charge shifting instrument at a higher number of cycles than
the optimal one, as explained above).

Gypsum (S2). Another relevant compound from a cultural
heritage standpoint is gypsum. It is typically found as degra-
dation product in brickworks or employed in the preparation
layer of paintings and in stuccos, and has a characteristic band
at around 1007 cm™". The conventional Raman measurement
shown in Fig. 4a along with a reference spectrum of gypsum
(obtained with no ambient light) evidences a weak Raman
signal overwhelmed by ambient light spectral features. As
expected, SERDS measurement struggled with the dynamic
variation of ambient light too, with the Raman signal of
gypsum still dominated by ambient light artefacts (Fig. 4b).
Indeed, the narrow room light band is seen as a Gaussian
peak, which means that performing the reconstructing routine
(which is basically an integration procedure) gives a raising
slope at the artefact frequency. In contrast, the charge-shifting
method performed much better (Fig. 4c): the strong Raman
band is clearly visible, and ambient light contributions are
effectively removed this time. However, a high sloping back-
ground is still present due to fluorescence emanating from the
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(a) Conventional Raman spectrum of the gypsum sample, compared to the reference baseline (S/N = 0.24); (b) SERDS measurement of the

same sample (S/N = 0.1); (c) CS measurement of the same sample (S/N = 19); and (d) SERDS + CS measurement of the same sample (S/N = 17). All

bands highlighted with (*) are artefacts or background interferences.
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sample. Also in this scenario, this interfering background was
then effectively suppressed with the combined SERDS + CS
measurement (Fig. 4d).

Paper (S3). Paper is often found in many contemporary art-
works or collages and is used as a support for historical docu-
ments, manuscripts or some paintings. It usually possesses a
weak Raman signal of cellulose and sometimes also Raman
bands of calcite (where present as a whitening agent). In our
case, the selected characteristic Raman band of the top layer
was a strong calcite peak at 1086 cm™'. This happens to be
positioned very closely to the room light band at 1093 ecm™,
rendering its detection extremely challenging, and indeed it
was the principal reason why both the conventional Raman
and SERDS measurements (Fig. 5a and b) could not yield any
satisfactory results. In contrast, the charge-shifting and SERDS
+ CS methods (Fig. 5¢ and d) were able to clearly remove both
the dynamic and static contributions of ambient light.
However, even though the latter still provided the Raman
signal of calcite, it still possessed a significant degree of inter-
fering background, which renders the charge-shifting
measurement shown in Fig. 5¢ more suitable for interpret-
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ation. The reconstructed SERDS spectra contain a considerable
degree of artefact features stemming mainly from residual
ambient light signal contributions.

SORS measurements

In the second part of the study, we selected layered samples
with increasing complexity (considering their scattering
efficiency) to evaluate the performance of the combined use of
SORS with SERDS and charge-shifting approaches. As men-
tioned above, these samples are also relevant to the field of
cultural heritage, mimicking contemporary art and design
materials (plastics) or collages.

PTFE over marble (S4). The first sample consisted of a PTFE
layer tape on top of a marble substrate. Both layers possess a
high Raman scattering cross section and a low degree of fluo-
rescence interference, with characteristic Raman bands at
around 734 cm™" (PTFE, top layer) and 1086 cm™" (calcite —
main component of the marble sublayer). Fig. 6a shows the
results of conventional SORS measurement at 0 and 2 mm
spatial offsets: the PTFE signal is appreciable and decreases
with increasing offset, as expected, but the calcite band is
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Fig. 6 (a) Conventional SORS Raman spectrum of PTFE over marble, compared to the reference (S/N = 0.38); SERDS measurement of the same
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CS analyses of the same sample at (f) 0 and (g) 2 mm offset (S/N = 30).

once again masked by the room light emission line at
1093 cm™. SERDS-SORS measurements at 0 and 2 mm offset,
shown in Fig. 6b and c, evidence the SORS effect, where the
top layer signal (PTFE, 734 cm™") decreases faster than the

This journal is © The Royal Society of Chemistry 2025

sublayer signal as the offset increases, leading to a predomi-
nance of the bottom layer signal (calcite, 1086 cm™"). Thanks
to the low fluorescence and high Raman scattering cross sec-
tions of the layers, the Raman bands are clearly visible also at
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this stage, even though the background interference still has a
significant impact on the result.

CS measurements (shown in Fig. 6d and e) removed most
of the dynamic ambient light contributions and given the
nature of the sample there is no significant fluorescence con-
tribution present. The spectra also showed an appreciable
SORS effect. In comparison, SERDS + CS measurements (see
Fig. 6f and g) yielded poorer results. This is attributed to the
fact that the contribution of fluorescence from the sample was
relatively low, making SERDS redundant and consequently the
deployment of SERDS + CS only added an extra noise under
our specific acquisition conditions, as noted earlier."”

Paper over PTFE (S5). Further increasing the complexity of
the samples, S3 was placed on top of a PTFE block. Fig. 7a
shows the conventional measurement compared with the refer-
ence spectra of individual layers: both the characteristic bands
of PTFE (734 cm™") and calcite (1086 cm™") are not visible at a
0 or 2 mm offset. SERDS measurement at 0 offset (Fig. 7b) was
able to detect the Raman bands of both layers, while in the
2 mm offset measurement (Fig. 7c) both Raman bands were
masked by background light interference.

Similarly, the 0 mm offset CS and SERDS + CS measure-
ments (Fig. 7d and f) were able to detect the Raman bands of
the compounds involved, with the former yielding a higher
quality spectrum. The outcome with the 2 mm offset was
however different as in this case the charge-shifting method
alone (Fig. 7e) was not able to retrieve any signal from the top
or bottom layer, possibly compounded by photon absorption
within the paper. In contrast, the SERDS + CS approach
detected the PTFE signal of the subsurface, removing effec-
tively the calcite band coming from the top layer (Fig. 7g). In
this scenario, the full capability of the combined SERDS and
charge-shifting method was essential to render a satisfactory
result. The combined use of SORS, SERDS and CS readout
approaches was capable of non-invasive probing of the inner
layers of a sample while rejecting any static and dynamic inter-
fering contributions. As previously mentioned, the amount of
noise-like features in these spectra are related to the necessity
of setting of the charge-shifting measurements out of its
optimal regime, in order to obtain results comparable to those
of other techniques.

Conclusions

The challenges presented by in situ field measurements in
heritage science are numerous, stemming from both ambient
light contributions and sample fluorescence, and these are
often combined creating specific, highly challenging scen-
arios. Given the necessity to perform accurate in situ measure-
ments while rejecting any signals that differ from Raman
signals of interest, we demonstrated that the synergy between
SERDS and charge-shifting technologies, where the former is
able to mitigate fluorescence interference and the latter allows
us to deal with varying ambient light, is highly beneficial in
dealing with such scenarios.

This journal is © The Royal Society of Chemistry 2025
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When the sample is highly fluorescent and there is no
dynamic variation of the ambient light, SERDS proved to be
the most effective approach. In this situation, the charge-shift-
ing approach was not able to deal with sample fluorescence as
SERDS. However, when the background evolved dynamically,
the employment of charge-shifting was therefore fundamen-
tally important. We proved that through this combination of
techniques it is possible to obtain promising results when
simulating highly challenging in situ conditions, such as
varying cloud coverage or shadows projected onto the collec-
tion side of the instrument or the variation of artificial room
light. Quality of the spectra can be further improved, especially
considering that the charge-shifting instrument worked
outside its optimum regime. We have also shown that these
techniques can be combined with SORS paving a way for the
non-invasive investigations of the subsurface components of
materials in situ while simultaneously rejecting ambient light
and fluorescence interfering contributions.

Data availability

Data are openly available in a Mendeley Data repository.
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