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Abstract: Stimulated Raman Scattering (SRS) imaging can be hampered by non-resonant
parasitic signals that lead to imaging artifacts and eventually overwhelm the Raman signal of
interest. Stimulated Raman gain opposite loss detection (SRGOLD) is a three-beam excitation
scheme capable of suppressing this nonlinear background while enhancing the resonant Raman
signal. We present here a compact electro-optical system for SRGOLD excitation which
conveniently exploits the idler beam generated by an optical parametric oscillator (OPO). We
demonstrate its successful application for background suppressed SRS imaging in the fingerprint
region. This system constitutes a simple and valuable add-on for standard coherent Raman laser
sources since it enables flexible excitation and background suppression in SRS imaging.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Coherent Raman scattering (CRS) microscopy [1] is a class of optical imaging techniques based
on the photo-stimulation of molecular vibrations. Similarly to spontaneous Raman scattering, the
vibrational response provides a specific chemical signature of samples under investigation. The
stimulated nature of CRS processes increases the signal levels by several orders of magnitude if
compared to the spontaneous process, which allows for faster imaging rates.

In the typical implementation of CRS microscopy, two laser beams (pump and Stokes) of
frequency wy, and ws (wp>ws) interact with a sample. If the energy difference between pump and
Stokes photons matches the energy of a Raman-active molecular vibration (Qz = wp—ws), several
light scattering processes take place [2,3]. Coherent anti-Stokes Raman scattering (CARS) [4]
and stimulated Raman scattering (SRS) [5,6] are the most commonly used in vibrational imaging.
Since the two have similar performance in terms of sensitivity [7], SRS is sometimes preferred
over CARS because of the absence of non-resonant four wave mixing (FWM) background and the
linearity of the signal with molecular concentration. SRS causes the depletion of the pump beam
(SRL) and a gain in the Stokes beam (SRG), with part of the electromagnetic energy transferred
to the material as vibrational energy. Since the intensity variation is very small with respect to the
total power (typ. AI/I = 107 —107%), high-frequency modulation schemes are usually employed
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to separate the resonant signal from the constant laser power. In a typical scheme, one beam is
amplitude modulated at MHz frequencies while the other one is detected with a photodiode. On
top of this initially unmodulated beam, the SRS signal appears as a periodic intensity variation
that can be extracted using a lock-in amplifier. The use of MHz modulation frequencies allows
for short pixel dwell times and for filtering of the low frequency (<1MHz) laser noise.

Today, CRS microscopy is an established imaging modality, with a wide range of applications
in biomedical research [8—10]. The vast majority of applications have focused on the high-energy
C-H stretch region (2800-3000 cm™"), where strong signals are detected and valuable information
about lipids, nucleic acids and proteins is obtained. Applications of CRS in the so-called
fingerprint region (500-1800 cm~!) have been more recently explored [11]. Here, vibrational
spectra display a higher degree of heterogeneity, which is important for differentiation of multiple
species. However, the intensity of Raman signals in the fingerprint is often lower as compared to
the high-wavenumber region and the presence of parasitic signals can overwhelm the resonant
response, leading to erroneous interpretation of the images [12].

In fact, while free from the non-resonant FWM signal affecting CARS detection, SRS
microscopy has other sources of background. Spurious signals are due to competing pump-probe
processes that induce a modulation transfer between the excitation beams and erroneously
interpreted as SRS signal. These effects can originate from the resonant or the non-resonant
electronic response and include two-color, two-photon absorption (TPA), excited-state absorption
(ESA), cross-phase modulation (XPM) and thermal lensing (TL) [12—-17]. In TPA, a pump and
a Stokes photon are simultaneously absorbed to excite the transition of a molecule on a higher
electronic state. ESA occurs when a molecule absorb a photon from one beam and interacts
with the second beam. ESA is often studied in pump-probe experiments via time-resolved
measurements [ 18] but it represents a spurious signal in the SRS configuration of detection. TL
and XPM are two effects arising from local variations in the refractive index. The first one is due
to temperature variations induced by heat dissipation from molecules that underwent absorption.
XPM is an instantaneous variation of the refractive index seen by one beam that is induced by
the other beam. Although XPM can be prevented with a larger collection numerical aperture,
scattering samples such as biological tissues enlarge the k-vectors distribution [12]. All these
sources of background make SRS imaging in the fingerprint quite challenging. This is especially
true in presence of endogenous fluorophores, in pigmented environments or more generally
with any absorbing molecules. Practical examples of impeding nonlinear background include
melanin in skin tissues [13], hemoglobin in blood vessels [13,17,19], chlorophyll and carotenoids
absorption in plants [16,20] but also various sources of nonlinear background in mineralogical
samples [15,21].

For the above reasons, most works addressing SRS imaging in the fingerprint region have de-
veloped an excitation scheme that deals with non-resonant background. For instance, polarization
modulation of the Stokes beam has been shown to suppress the XPM-generated background [14].
In general, the acquisition of SRS images at different spectral points allows the discrimination
of the resonant contribution in the signal [15]. In frequency-modulation SRS (FM-SRS), two
images (on and off the targeted resonance) are simultaneously acquired and any spectrally flat
contribution to the signal is suppressed. This type of excitation has been implemented with
picosecond sources by either using two optical parametric oscillators (OPOs) [10,22] or by adding
a fiber amplifier to the OPO [17]. Femtosecond sources have also been used: by properly shaping
the excitation pulses one can retain sufficient spectral resolution and exploit the broad frequency
spectrum for fast wavelength tuning. Frequency modulation has been implemented using an
angle-to-wavelength AOM based converter [13] or in combination with spectral focusing [23-25].
While successfully operating background-suppressed SRS imaging, these excitation schemes
require significant engineering effort (pulse shaping) or cost (due to additional laser sources).
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A different excitation scheme based on the simultaneous detection of the stimulated Raman
gain and loss (SRGOLD) has been proposed to suppress non-resonant background and enhance
the resonant signal [12]. SRGOLD excitation requires three beams at different frequency: wg —Q,
wp and wp + Q. One main advantage, it can be implemented with the same OPO source commonly
used in SRS and CARS microscopy, by exploiting the usually neglected idler beam. An additional
amplitude modulator represents the sole major modification for SRGOLD over a standard SRS
setup.

In this article we present a compact module for SRGOLD excitation and its application to
background-suppressed CRS imaging of different samples. In a compact module, all the elements
required to control the excitation beams delivered by a commercial OPO are assembled. Two
EOMs modulate the signal and idler beam with phase-locked, 180 degrees shifted waveforms. A
user-friendly software allows control of the transmitted power and the temporal delay of each
beam. After presenting the system, we will discuss the applications of the SRGOLD system
for nonlinear imaging of different samples, from crystalline calcite to the walls of red onion
cells. We show how backgrounds of different origins are suppressed while resonant signals are
enhanced. We finally compare SRGOLD with other background suppression methods.

2. Implementation of an SRGOLD microscope
2.1. SRGOLD excitation

SRGOLD excitation exploits both the common pump laser-OPO architecture used in CRS
microscopy and the phase-sensitive nature of lock-in detection. The first one assures an equal
frequency difference between the fixed frequency (wp) beam and the two tunable OPO beams,
the signal (wg + Q) and the idler (wg — Q). When this frequency difference matches the energy
of a Raman resonance (Q = Qp), the wg beam experiences an intensity gain due to the signal
beam (SRG) and a loss due to the idler beam (SRL). However, if the idler modulation is 7-shifted
with respect to the signal beam modulation (and the lock-in reference waveform), the Raman
loss in the wy beam is seen as a gain through the lock-in amplifier. The resonant SRG and SRL
signals then sum up in the total SRGOLD signal, instead of canceling each other out.

On the other hand, the intensity modulation due to parasite signals has the same net effect (loss
or gain) on the wy beam, independently of which other beam is participating in the process. For
instance, photon absorption due to TPA and ESA always results in a loss. Thus, parasite signals
of this type will cancel each other out in the SRGOLD scheme, because of the opposite phase
modulation. This picture equally holds in the case of XPM and thermal lensing. A consideration
on the spectral dependence of each process is now necessary. While XPM is spectrally flat,
the intensity of TPA and ESA vary with the excitation wavelengths. In order to suppress these
parasite signals in SRGOLD mode, one should adjust the relative powers of the signal and idler
beam, to make the magnitude of the signal generated by the two beams equal. In most cases,
the background due to TPA and ESA is lower when using longer excitation wavelengths [26]
(therefore in the SRL case).

2.2. Integrated module for SRGOLD excitation

We have developed a compact and integrated system for SRGOLD excitation, which can be
coupled to any OPO source pumped by a frequency doubled Ytterbium [27] or Neodymium laser
(1031 nm, 1040 nm or 1064 nm). This system is designed for the control of spatially overlapped,
collimated beams that are split each in one of the three paths, according to their wavelength
(signal < 1000 nm, idler >1100 nm and wy beam). The SRGOLD module (Fig. 1(b)) provides all
the elements for spatial and temporal control of the pulses, power adjustment and phase-locked
high-frequency modulation. Most elements are software-controlled through a user-friendly GUI
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(except for spatial alignment which is mechanically operated). The SRGOLD module has been
designed to be ideally added after the CRS laser system picoEmerald manufactured by APE.
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Fig. 1. (a) Nonlinear microscope for SRS and SRGOLD imaging. GM: Galvanometric
mirrors; L1-L4: achromatic lenses; OL1,0L2: Objective lenses; BP: Bandpass filter; PD:
Photodiode; LIA: Lock-in amplifier. (b) Schematic representation of the SRGOLD module.
DM1,DM2: Dichroic mirrors. NF1, NF2: Notch filters. QWP: Quarter-wave plate; EOM:
Electro-optical modulator, PBS: Polarizing beamsplitter, HWP: Half-wave plate. Note that
the delay of the fixed wavelength beam is controlled directly with OPO built-in delay line
(APE-PicoEmerald). (c) Close-up view of the SRGOLD module (80cm x 50cm x 20cm). (d)
Representation of the 10 MHz modulation waveforms over two cycles for the signal and idler
beam. (e) Excitation beam wavelength as a function of the targeted wavenumber. The area
in grey is the excluded wavenumber region which cannot be accessed with the SRGOLD
module (limitation imposed by the filters).

The beams are split and recombined by a series of dichroic mirrors: two custom laser line
mirrors (highly reflecting at 1030 nm) splits and recombine the wg beam (NF1 and NF2 in Fig.
1(b)) while a custom longpass dichroic mirror (7>90% between 1150-2300 nm) separates the
signal from the idler and a shortpass dichroic mirror (DMSP 1000, Thorlabs) recombines the
beams (DM1 and DM2 Fig. 1(b), respectively).
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Intensity modulation of the signal and idler beams is performed by two electro-optical
modulators (EOMs, Thorlabs) operated in a master-slave configuration. Each EOM is preceded
by a quarter-wave plate (1/4) and followed by a polarizing beam-splitter, which turns the
polarization rotation into a sinusoidal intensity modulation. The EOM are driven by a 10 MHz
waveform, derived from the 80 MHz signal of the laser through a frequency divider. The EOMs
are part of a resonant 10 MHz circuit that provides a high-voltage sinusoidal waveform with
relatively low power consumption compared to non-resonant driving. By properly adjusting the
A/4 the idler and signal beam can achieve an optimal 7 — shifted sinusoidal modulation (Fig.
1(d)). Power control of the idler and signal beams is performed independently with a half-wave
plate coupled to a polarizer. A double wedge provides mechanical control of the optical delay
in the idler’s path over a 15 ps window. The temporal delay of the wy beam is adjusted with a
mechanical delay line in the laser system (APE, PicoEmerald). The signal and idler wavelengths
can be tuned automatically from the OPO to address the 600 cm™'-3200 cm™! wave-number
range ((Fig. 1(e)).

2.3.  Nonlinear microscope with the integrated module for SRGOLD excitation

SRGOLD (and SRS) detection can be implemented on a standard nonlinear microscope (Fig.
1(a)), provided that a suitable laser source is available and by adding a few elements for (a) the
modulation of one excitation beam and (b) the frequency resolved lock-in detection. In our setup
the laser source is provided by a picoEmerald system (APE GmbH, Germany). It consists of a
solid state OPO pumped by a frequency doubled Ytterbium (Yb) fiber laser (Aeropulse, NKT
Photonics). The Yb laser provides one excitation beam itself, at the fixed wavelength of 1031 nm,
with pulses having 2 ps duration and 80 MHz repetition rate. The other two excitation beams are
generated by the OPO and can be tuned between 700 nm and 990 nm (signal) and 1100 nm and
1900 (idler). The use of 2 ps pulses is a good tradeoff between short pulse duration and spectral
resolution (10 cm™1).

The optical path is depicted in Fig. 1(a): three spatially overlapped beam delivered by the
laser are coupled in the SRGOLD system. After manipulation and recombination in the module
(as described in the previous section), the pulses are directed to the galvanometric mirrors
(6220H, Cambridge Technology) whose intermediate plane is conjugated by a telescope to the
objective’s back aperture. The scan lens (100 mm, AC254-100-B, Thorlabs) and tube lens (200
mm, AC254-200-B, Thorlabs) provide a total magnification of 2. A mirror in the microscope
(Nikon Eclipse Ti) redirects the beams in the vertical direction, where the excitation objective
(20x, 0.45 NA, Olympus or 20x, 0.75 NA Nikon) focuses them into the sample. A second
objective (20x, 0.7 NA, Nikon) collects and collimates the beams and another telescope (200
mm and 75 mm focal lengths respectively) conjugates the back-aperture with a photodiode’s
clear aperture. Before the photodiode, two premium bandpass filters (FLH1030-10, Thorlabs)
totally block any detectable signal and idler residue (optical density larger than 5 between 800
nm and 1010 nm, and 1050 nm and 1200 nm). The wg beam is then detected by a silicon-based
photodiode connected to a lock-in amplifier (APE GmbH), seeded with the 10 MHz waveform
from the modulator. The lock-in output signal is proportional to the modulation depth in the wq
beam.

3. Results

In order to validate the capability of the SRGOLD system to suppress artefacts and enhance the
Raman signals we image different samples, such as polymer (beads), crystalline (calcite) and
biological samples (plant cells). To better appreciate the difference between two-beam excitation
schemes (SRL and SRG) and the SRGOLD one, we present images obtained with the three
contrasts. All images are acquired using a lock-in time constant of 20 us and a pixel-dwell time
between 40 and 400 us (depending on the image). We use a color bar that displays positive
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values of the SRS signal in red-yellow colors, while negative values are displayed in blue. Zero
signal are represented in black.

3.1. Resonant signals and artifacts in SRS and SRGOLD imaging

The images of Fig. 2 present different samples, where either a Raman resonance or spurious
signals are detected. The PMMA beads (6 um diameter) of Fig. 2(b) are imaged at one of their
Raman resonances (812 cm™!) and constitute an example of image with pure Raman signal. In
the SRL modality (idler, wp), the Raman loss generates a positive signal, because of the opposite
phase modulation. In SRG modality (signal, wp), the signal beam is modulated in phase and the
lock-in output is also positive. The SRGOLD image contains the positive contribution from both
SRG and SRL processes, which are added up to provide a x2 signal enhancement. Here, we used
excitation powers of 12 mW (idler), 8 mW (signal) and 40 mW (wq). The pixel dwell time was
fixed to 200 us.

One of the signatures of non-Raman signals is the opposite sign in SRG and SRL modalities
(in the present scheme where SRG and SRL are 7 phase shifted). The signal detected in Fig. 2(c)
(red onion cell) and Fig. 2(d) (PMMA) is positive in the SRL channel and negative in the SRG
one. This means that the wy beam experiences a loss both with the signal beam and with the
idler beam, which is a different outcome than a stimulated Raman process. The origin of these
spurious signals can be different. The signal generated within the pigment-rich red onion cells in
Fig. 2(c) is most likely due to a two-color TPA process. By properly tuning the excitation powers
(on the sample: Pigier=14 mW,Pgig1=18 mW,P,,; =60 mW ), the TPA signal can be compensated
in the SRGOLD mode. As we will see in Sec. 3.3, the three-beam excitation scheme allows
much better visualization of cell walls, by both suppressing the background and enhancing the
Raman signal.

The PMMA matrix of Fig. 2(d) was imaged off-resonance (1000 cm™') with a diaphragm
placed in front of the photodiode. By slightly clipping the beam, we reproduce the situation
occurring when the collection NA is smaller than or equal to the excitation NA. In such a situation,
XPM changes the refractive index of the medium and in turn affects the angular spectrum of
the detected beam. This ultimately results in a modulation transfer and thus a parasitic signal
detected with the lock-in. XPM is spectrally flat [13] and can be cancelled out using the SRGOLD
excitation scheme (the small negative offset in the image is due to the lock-in settings during
acquisition). The excitation powers at the sample were the following 20 mW (idler), 16 mW
(signal) and 50 mW (wg). In our setup we used a relatively low excitation NA (0.45) which
simplified the use of a higher collection NA (0.7), artificially introducing this XPM artifact
demonstrates its efficient cancellation in the SRGOLD modality. However, XPM suppression
might become important when aiming for high spatial resolution (therefore using a high NA
objective) or imaging in scattering samples, where the beam NA is enlarged [12].

3.2. Calcite crystals

Opyster shells are mainly composed of crystalline calcite (CaCOs3) and present a strong Raman
resonance at 1087 cm~! [29]. Thus, coherent Raman techniques are ideal for fast imaging of these
structures. Nevertheless, a nonlinear background is generated in these samples [15] which makes
the signal interpretation difficult. While the origin of this background is not fully understood,
the observation of a signal decay with time, some sort of photobleaching (images not shown),
suggests that electronic excitation processes might be involved [30].

Figure 3(c) shows that a signal is detected in SRL mode when the excitation is set off-resonance
(at 1130 cm™!). Here, we clearly demonstrate the non-Raman origin of this signal as the SRG
channel exhibits a negative sign. Although not totally suppressed, the background magnitude is
importantly reduced in the SRGOLD image. Images acquired very close to the Raman resonance
(1080 cm™!) have a contribution to the signal that is both resonant and non-resonant (Fig. 3(c),
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Fig. 2. Lock-in detection of resonant Raman signals and backgrounds. (a) Beam modulation
in the different excitation schemes: in the SRL modality, the idler is amplitude modulated
with a 7 phase shift with respect to the lock-in waveform. Losses experienced by the wg beam
are seen as positive signal. In the SRG modality, the signal beam is amplitude modulated in
phase with the lock-in waveform. In SRGOLD, both the SRL and SRG contributions are
detected. (b1-b3) 5 yum PMMA beads imaged at the Raman resonance 812 em™!; scale bars:
5 um; . (c1-c3) Red onion cells imaged at 1000 cm™!. A strong non-Raman contribution is
generated inside the cells, which is attributed to two-color two-photon absorption (TPA)
by the pigments in the plant cells (anthocyanins); scale bars: 40 um. (d1-d3) Images of a
PMMA matrix at the non-resonant frequency of 890 cm™!. A non-resonant signal due to
cross-phase modulation (XPM) is detected in two-beam SRS when the detected beam is
clipped on the detection path; scale bars: 40 um. Pixel dwell time 200 us on all images
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top row). Especially in the case of SRG. The SRGOLD image (third column) provides the best
contrast (resonant over non-resonant) thanks to the off-resonance signal reduction. The absolute
intensity of the non-resonant signal in calcite crystals is very different in the SRG and SRL
channels, when using similar powers. The reason is to be sought in the wavelength-dependency
of the process generating the signal, most likely a non-linear absorption in this case. In order to
suppress artifacts of this type, the SRGOLD scheme requires adjustment of the idler and signal
beam intensity. The relative signal to idler power will depend on the absorption spectrum of the
molecular species generating the background. The excitation powers used for images of Fig. 3
are : 12 mW (idler), 2.5 mW (signal) and 40 mW (wg), measured at the sample plane.
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Fig. 3. SRS imaging of calcite crystals from an oyster shell. (a) Spontaneous Raman
spectrum of crystalline calcite (CaCO3)) obtained from [28] and (b) white light image of the
sample. (c) SRS images acquired at two different spectral positions: off-resonance (1130
cm™!, top row) and near the resonance (1080 cm™!, bottom row). For each spectral position
the images acquired in SRG, SRL and SRGOLD modality (from left to right) are displayed.
The non-resonant background found in standard two-beams SRS (SRL and SRG) is partially
suppressed in the SRGOLD modality, where the resonant signal is also enhanced. The
area enclosed by the white box in the non-resonant SRL image was used to estimate the
background suppression. A low-pass filter was applied on the images to remove a periodic
electronic noise artefact. Scale bars in (c) 20 um.

A quantification of the background reduction with SRGOLD can be obtained through the
signal to background (SBR) ratio. In our resonance/out of resonance images the signal and
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background are computed as:

<l,>—<I,>

SBR = Signal/Back, d=
ignal /Backgroun 1>

where <I,;> is the average value in the out of resonance image (1130 cm™!) and <I,> is the
average value of the image at resonance (1080 cm™!). SRGOLD achieves a 6-fold increase in SBR
as compared to SRL excitation (SBRsrgoLp = 4.5, SBRsrr = 0.7), thanks to a suppression of the
non-Raman background (BsrgoLp = 1.3 a.u. and Bgry, = 4 a.u.) and an increase of the resonant
signal due to the contribution of the SRG process (SignalsrgoLp = 5.8 a.u., Signalggy, = 2.9 a.u.).

3.3.  SRGOLD imaging in a pigmented environment: red onion cells

SRS imaging in plants is known to be disturbed by the presence of pigments that generates strong
parasitic signals [16]. We apply the SRGOLD excitation scheme to two different pigmented
vegetables: red onion cells (pigments: anthocyanins) and carrots (carotenoids). Onion cells are
often used as a reference sample to study the plant cell’s structure. A single cellular layer can
easily be obtained: it is composed of highly-ordered, elongated cells (white light image in Fig.
4(b)). The red color of the cells is due to natural pigments called anthocyanins ([31]). SRS
imaging on this sample gives rise to a strong parasitic signal within cell bodies (negative sign in
the SRG channel, Fig. 4(a)). This signal has a negligible spectral variation over 200 cm™! and
we attribute its origin to a two-color TPA process from the anthocyanins. The parasitic signal
is similarly found in the SRL channel (idler-wg). By finely tuning the excitation powers (at the
sample: signal 18 mW; idler 12 mW; wp 68 mW) one can cancel out the parasitic signal within
cell bodies (SRGOLD images in Fig. 4(c)).

Besides background suppression, our interest lies in whether we can visualize cell structures
through their Raman resonance. Plant cell walls have been visualized by means of spontaneous
Raman imaging in some recent works [32] [33]. In these studies, the Raman resonance of
cellulose, peaking around 1090 cm~! [34], was exploited; cellulose is the main constituent of
these cells’ walls. This same Raman resonance can be exploited in SRS, provided that the
non-resonant background is suppressed. We demonstrate this by subtraction of resonant and
off-resonant image (Fig. 4(d)), where the latter is acquired at 1000 cm™~!. This images mimic
frequency-modulation schemes and demonstrate that the 1090 cm~! resonance can be used to
visualize the cellulose in cell walls. With SRGOLD we can also extract the resonant Raman
contribution to the signal, which is non-zero in the cell walls for both wavenumbers, with a
significant increase at 1090 cm™!.

3.4. SRS in presence of a wavelentgh un-symmetric background

Carotenoids are pigments that can be found in orange vegetables, such as carrots, orange-fleshed
sweet potatoes and mangoes. Brackmann and coworkers [35] combined CARS (at the 1520 cm™!
Raman resonance) and second harmonic generation (SHG) imaging to study -carotene and
starch granules distribution in different plant cells. SRS imaging of such molecules is affected
by the background originating from nonlinear absorption. The intensity of such background
depends on the excitation wavelengths. Off resonance (Q =1560 cm™!, top row Fig. 5) the SRG
and SRL channels display very different behavior. While practically no signal is found in the SRL
mode, an intense parasitic signal is generated in SRG. At resonance (2 =1520 cm ) a positive
(Raman) signal is generated in both excitation modes. In the SRL mode the image contains
only the Raman signal, given the absence of a non-resonant background. In the SRG mode, the
image results from superposition of resonant and non-resonant contributions. The subtraction of
the non-resonant signal from the resonant image (frequency modulation-like operation, in the
third row of Fig. 5) allows to retrieve, in the SRG channel, the pure Raman contribution. Such
an image (FM-SRG) correlates remarkably well with the resonant SRL image, for both (a) the
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Fig. 4. SRS imaging of red onion cells. (a) SRG images acquired at different spectral
positions. A spectrally independent, negative (therefore non-Raman) signal is detected within
the cell bodies. We attribute this signal to two-color TPA by the pigments (anthocyanines)
within the cells, responsible for the red color seen in the white light image in (b). (c)
From left to right: SRL, SRG and SRGOLD images acquired at two different spectral
positions: 1000 cm™! (top row) and 1090 cm™! (bottom row), the latter one corresponding
to a resonance in the spectrum of cellulose. SRGOLD excitation suppresses the parasitic
background signal generated in the cell body, while enhancing the Raman resonant signal
generated at the cell walls. The white boxes (B and S) in the SRL image at 1000 cm™!
define the areas which were used for SBR quantification. (d) The cell walls can be equally
visualized by subtraction of the 1090 cem™! (resonance) and 1000 cm™! (off-resonance)
images, reproducing frequency-modulation schemes. Scale bars: (a) 50 um; (b) 100 um; (c)
and (d) 50 um. Pixel dwell time : 0.4 ms
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potato and (b) the carrot roots. This is an example where the SRGOLD modality fails to cancel
the non-resonant contribution due to its very different contribution in the SRL and SRG images.
However the SRGOLD module allows discrimation of the Raman signal from the artefacts and
can still provide a SRL background free image.

]
o

SRG SRL SRG

n
~
-

Off-Resonance
1560 cm™
1560 cm™

Resonance
1520 cm™
1520 cm™

..

o
20 g
E 8 = -~
210 =0 2 ©)
& & & 4
> ("]
20 g9 Z ¢
z %4 Z :
9] - <
2 .10 = L ] w
E" ov ‘E Nt
1 -
c
20 o

-50

Fig. 5. SRS imaging of carotenoids in: (a) an orange-fleshed sweet potato root; (b) a carrot
root. Carotenoids have a Raman resonance at 1520 cm™!, while 1560 cm™! can be taken as
the non-resonant Ref. [35]. A strong oft-resonance background is generated in the SRG
mode, while absent in the SRL channel. The resonant SRL image have a good correlation to
the background-subtracted SRG. Excitation powers (at the sample): signal 7 mW; idler 20
mW; wg 25 mW. Scale bars: (a) 10 um; (b) 40 um; pixel dwell time: 0.2 ms

4. Discussion and conclusion

The results of the last sections are a good starting point for a discussion of SRGOLD excitation
applications. Artifact suppression with this three-beam scheme is based on the possibility to
balance the weight of parasitic signals in the two channels (SRG and SRL). This is possible
when the artifact is generated in both channels and the excitation powers can be adjusted to
achieve satisfactory suppression. The SRGOLD signal is also enhanced by adding the Raman
contributions of SRL with SRG. Unfortunately, when multiple artifact sources are present, such
as multiple pigment types with different absorption spectra, SRGOLD cannot simultaneously
suppress them. This is due to the relative idler and signal beam powers needed for suppression
being different for each artifact. There are also situations where artifacts arise in one excitation
channel only. This is the case of carotenoids SRS imaging around 1500 cm~!: a strong
parasite signal is generated in the SRG mode while it is absent in the SRL channel. In such
a sample, SRGOLD cannot suppress the artifacts generated with the signal and w(y beams.
However, the SRL image is a background-free image itself, since the long idler and wq excitation



Research Article Vol. 28, No. 10/11 May 2020/ Optics Express 14501

Optics EXPRESS

wavelengths avoid nonlinear absorption (and employs lower laser power) thus reducing the risk of
photodamage and bleaching associated with it [30]. The SRGOLD module allows SRS imaging
with excitation wavelengths longer than those typically employed. This might be beneficial for
deeper penetration in biological tissues has been recently prospected [36]. When implemented
in the proposed scheme (OPO picoEmerald with the SRGOLD box), hyperspectral SRGOLD
can be performed over a limited vibrational frequency range (few hundreds of cm™') as soon as
chromatic aberrations are not detrimental to the SRGOLD three beams overlap along the z axis.
Compared to FM-SRS using spectral focusing [13,23-25] SRGOLD is adapted to ps sources and
can be implemented over a large vibrational frequency range with no or little optical adjustment;
indeed the dispersion management in spectral focusing is very wavelength dependent [37].

We have presented an electro-optomechanical system that was designed to provide flexible
excitation in SRS and allow a user-friendly implementation of SRGOLD excitation. The
system was characterized and proved to perform background-free SRS imaging in presence of
pigments or XPM contribution (present in scattering media). This integrated system can be
coupled to any OPO source pumped by a frequency doubled 1031 nm or 1064 nm laser. It is
cost-effective, because it exploits a beam, the idler, which is intrinsically generated by laser
systems very often employed in SRS microscopy. Moreover, it is relatively simple to implement
on a microscope setup, since it does not require pulse shaping techniques often employed in
background suppression schemes. SRGOLD is very effective when cancelling out the parasitic
signals generated by one single molecular species, as demonstrated on different samples of
geological and biological interest.
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