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ABSTRACT: We demonstrate low-frequency interferometric im-
pulsive stimulated Raman scattering (ISRS) imaging with high
robustness to distortions by optical scattering. ISRS is a pump—probe
coherent Raman spectroscopy that can capture Raman vibrational
spectra. Recording of ISRS spectra requires isolation of a probe pulse
from the pump pulse. While this separation is simple in nonscattering
specimens, such as liquids, scattering leads to significant pump pulse
contamination and prevents the extraction of a Raman spectrum. We Pump o(®)
introduce a robust method for ISRS microscopy that works in
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Bl INTRODUCTION ments or by directly stimulating the transitions with a Stokes
laser field. Coherent Raman scattering (CRS)? overcomes the
weak Raman signals by invoking stimulated Raman scattering
to drive a much larger response, enabling video-rate CRS
microscopy. Moreover, an improved detection sensitivity for
low-concentration and weak Raman scattering modes is
obtained with techniques that leverage homodyne interference,
producing a linear dependence of the CRS signal on
concentration.””"’

Raman vibrational frequencies carry extremely valuable
information for the study of molecules and material systems.
Vibrational frequencies, £2,, scale as a harmonic oscillator, Q2 =
k/m. Thus, the strong binding, associated with a large value of
the effective force constant k, and low (reduced) mass, m, of
the vibrational mode correspond to high vibrational
frequencies. The highest frequency modes are approximately
localized and correspond to hydrogen bonds due to the low
hydrogen mass and are used in investigations of water and
lipids. The midband frequencies, Q, ~ 400—1200 cm™', are
extremely powerful for the identification of particular
molecules” and even for bacterial classification.”’ Recent

Chemical imaging is a powerful modality in the biological
sciences. While fluorescent imaging with exogenous fluorescent
probes or transgenically expressed fluorescent proteins forms
the workhorse for targeted molecular imaging in biological
specimens,’ limitations of fluorescent imaging technologies
have driven the development of label-free imaging modal-
ities.”® Of the many label-free imaging modalities, microscopy
based on Raman scattering remains particularly appealing due
to the narrow Raman vibrational spectroscopic lines that
permit reliable identification of molecular species.

The vibrational frequency of materials and molecules offers a
powerful means to both identify them and probe their
dynamics and interactions.” Spectral features of the vibrational
spectrum can be optically interrogated through either direct
dipole-allowed transitions with infrared spectroscopy or
inelastic Raman scattering. Raman scattering is often preferred
because infrared spectroscopy suffers from interference from
water absorption, broad spectral features, and low spatial
resolution resulting from the use of long optical wavelengths.®
That said, while Raman microscopy with spontaneous
scattering is common for many applications, the weak
Raman scattering cross-section and incoherent nature of
spontaneous Raman scattering severely limit the rate of
scattered signal detection—Ileading to long integration times
and poor sensitivity to low concentrations of Raman-active
molecules. Raman signals can be enhanced by stimulating the
Raman transitions, either by introducing near-field enhance-
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Figure 1. Common path interferometric ¢-ISRS concept figure. (a) Experimental setup for ¢p-ISRS. The acousto-optic modulators, calcite crystals,
and linear polarizer are represented by the purple, green, and orange elements, respectively. (b) Conceptual figure that shows the interaction of the
pump, probe, and reference pulses with the sample as well as the isolation of the probe—reference pair and retiming to produce pulse interference.
The interference produces signal current changes in a photodiode that are proportional to the Raman-induced transient phase, ¢(7), at the arrival
time, 7, of the probe pulse. (c) The relative arrival time of the pump, probe, and reference pulses. (d) Example Raman spectra measured in BGO for
¢-ISRS and spectral shift detection.”* The improved low-frequency Raman detection with ¢-ISRS is evident.

attention has focused on the largely neglected low-frequency
vibrational modes.” These modes are generally associated with
large reduced mass and correspond to vibrational motion that
occurs over an extended region. Such relevant motions include
virus capsid vibrations,'> deformations of proteins,"> and
mechanical properties of solids, particularly for soft'* and two-
dimensional materials.'>"°

However, implementation of Raman scattering at low
vibrational frequencies remains a persistent challenge’ because
inelastic scattering at small offsets is difficult to measure,
requiring low noise, narrow line width lasers, multiple stages of
monochromators, and extremely steep spectral edge filters.
The result is that imaging is extremely challenging. In this
article, we introduce a simple and robust technique that is
suitable for imaging in complex specimens. Our approach
makes use of impulsive stimulated Raman scattering (ISRS) to
probe low-frequency vibrational modes with time-domain
spectroscopy.” In ISRS, a short pump pulse is used to drive the
excitation of vibrational coherences for vibrational frequencies
lower than ~1/7,, where 7, is the pump pulse duration."”
Because the Raman interaction involves a change in molecular
polarizability with vibrational displacement, excitation of
vibrational coherences produces an effective time-varying
perturbation to the linear optical susceptibility denoted by
8%.i(t).” The Raman spectrum is obtained by recording signals
with a probe pulse that follows behind the pump pulse by a
delay of 7. The recorded signals are derived from the temporal
phase, ¢,(t), accumulated by the probe pulse as it propagates
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through the excited vibrational coherence. This recovered
spectrum is continuous and spans a range with a maximum
frequency on the order of 1/7, down to a minimum frequency
1/A7 bounded by the range of pump—probe delay Art.

The readout method of the Raman spectrum in ISRS
impacts the sensitivity of spectral detection.” The most
common technique is to make use of a spectral shift for
detection, where spectral scattering from the time-dependent
phase modulation applied to the probe pulse by the transient
effective linear optical susceptibility leads to changes in power
transmitted through a spectral filter.'"~*' Improved detection
sensitivity can be achieved by turning the probe pulse spectral
shift into a change in arrival time at a detector by applying
additional spectral dispersion.”” Methods that detect the signal
based on a spectral shift reduce the amplitude of the low-
frequency vibrational modes and impart an effective spectral
filter on the relative amplitudes of the Raman spectrum. To
emphasize the low-frequency vibrational modes and eliminate
the spectral distortions imparted by frequency shift detection,
8y.(7) should be probed directly.”

Low-frequency vibrations can be readily detected with ISRS
methods where the signal detection is directly proportional to
the time-varying change in the optical susceptibility induced by
the forced Raman response. Several methods have been
explored for the direct measurement of Sy.q(t) to obtain an
undistorted Raman spectrum, which we call phase-sensitive
ISRS (¢-ISRS). ¢-ISRS spectroscopy was originally imple-
mented in a transient grating geometry,17 which allows for
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background-free measurements but relies on direct measure-
ment of the diffracted beam power, leading to limited
detection sensitivity. In the transient grating experiment, the
amplitude of the diffracted probe field is proportional to
8x.i(7), i.e., the susceptibility perturbation at the pump—probe
delay 7. However, because the total scattered power is
recorded, the Raman spectrum is distorted. The direct
amplitude of Sy4(7) can be obtained with Kerr lensing23
and interferometric measurements.”*">* A comparison of the
Raman spectral amplitudes has been demonstrated in a Sagnac
interferometer configuration and verified the access to low-
frequency vibrational spectral information when &y.q(t) is
directly obtained with an enhancement in the signal strength
for low-frequency measurements compared to a frequency
shift;”* this result has recently been validated in further
experiments.28 The Sagnac interferometer configuration is
intrinsically stable but has limited application for spectroscopic
or imaging measurements. A stable common path interfer-
ometer configuration is possible with a collinear time-delayed
probe and reference pulse configuration,”””** which has been
demonstrated with spectral interferometry”>~>” and Fourier
transform interferometry.”"

B CONCEPT

Unfortunately, the existing ¢-ISRS methods are restricted to
nondepolarizing and nonscattering samples such as liquid-
phase spectroscopy or transparent crystals. In this article, we
introduce a simple collinear interferometric approach to ¢-
ISRS that is extremely stable and thus performs robustly in the
presence of strong scattering and depolarization eftects, such as
in cell culture and tissues.

A conceptual schematic of the experimental system is shown
in Figure 1. A mode-locked ultrafast laser produces pulses that
are passed through a spatial light modulator pulse shaper for
second- and third-order dispersion control. The laser beam
power is split into pump and probe pulses in an orthogonally
polarized Mach—Zenhder interferometer. The pump pulse
intensity is modulated by an acousto-optic modulator to allow
for lock-in amplifier detection of the Raman signal. A
computer-controlled resonant delay scanner in the pump arm
enables rapid scanning of the relative pump—probe delay 7.
The probe pulse arm is modified from a standard pump—probe
experimental arrangement'”>"*” in order to generate a ?robe—
reference pulse pair with a birefringent optical crystal.”’

Birefringent crystals are used both as a pulse pair
generator1 293% and a pulse retimer to create a common
path collinearly propagating probe—reference pulse pair with
an extremely stable relative phase and a temporal separation of
T, as shown in Figure 1b. The probe—reference pair is
generated by sending a linearly polarized probe pulse through a
birefringent crystal plate rotated so that the eigenpolarization
axes are at 45° with respect to the input linear polarization of
the probe pulse. Depending on the cut of the crystal and the
orientation of the optic axis, the relative delay time, T, can be
adjusted by rotating the birefringent crystal or by adjusting the
crystal thickness. The pulses are separated by a few
picoseconds and share a common propagation path.

To combine the probe—reference pulse pair with the pump
pulse, the probe—reference pair is projected onto the same
linear polarization axis in the polarizing beam splitter where
the pulse pair is combined with the orthogonally polarized
pump pulse. The pulses are focused into the sample with a
high numerical aperture aspheric lens and recollimated with an

586

identical aspheric lens after passing through the specimen. The
pump pulse is removed from the collimated beams with a
polarizer to isolate the probe—reference pulse pair.

The coherent ISRS signal is contained in a phase
perturbation, ¢,(t), induced by the pump pulse. The reference
pulse precedes the pump pulse, accumulating a phase as it
propagates through the optical system. This phase accumulated
by the reference pulse comes from the sample at equilibrium
because the vibrational coherences decay to equilibrium (over
several picoseconds), long before the next pulse in the
oscillator pulse train arrives (~10 ns). By contrast, the probe
pulse arrives at a delay, 7, after the pump pulse and
accumulates a phase identical with the reference pulse in
addition to a phase perturbation induced by Raman excitation
by the pump pulse. By placing the pump pulse in between the
reference and the probe pulses, the relative phase between the
probe and the reference pulses is the accumulated vibrational
phase perturbation acquired by the probe pulse. After
interacting with the sample, the probe—reference pair is
isolated from the pump pulse, for example, with a polarizer;
then, the probe—reference pulse pair is retimed. In this way,
the relative phase is converted to an amplitude modulation
through interference between the probe and the reference
pulse so that the Raman signal is detected with a simple
photodiode.

This pulse pair is retimed using a second birefringent crystal
that is oriented at —45° to undo the probe—reference delay so
that the probe and reference pulses overlap in time, i.e., setting
T = 0. Because the probe—reference pulse pair propagates
along the same direction and are only separated by a few
picoseconds, T = 6 ps, the relative phase between these two
pulses is exceptionally stable, allowing very stable phase
measurements of the transient phase introduced by the pump
pulse. The probe and reference pulses are in the same spatial
mode and polarization state; however, only one-half of the
power of the probe and reference pulses is overlapped in time
and will interfere (see Figure 1b)). Because, the two pulses
travel through exactly the same optical path and thus share the
same spatial mode, making interference between the beams
robust to perturbations acquired with propagation through
optical scattering environments. To demonstrate the robust-
ness of our approach, we introduce controlled scattering to a
sample by adding layers of parafilm on the sample between the
objective and the sample of interest. For a more detailed
description of the experimental setup, please refer to the
Supporting Information

The interferometric signal for ISRS spectroscopy emerges
from the fact that the pump pulse excites a nonequilibrium
time-varying change in effective linear optical susceptibility,
Sxei(t), imparting a transient phase modulation on a time-
delayed probe pulse. The reference pulse can be arranged to
arrive before the pump pulse so that the only phase that it
accumulates is from the optical system and the specimen at
thermal equilibrium. The pump pulse-induced phase perturba-
tion, ¢(t) =k, /8y, (t)/2n,, is then the only phase shift
acquired between the probe and the reference pulses. Here, / is
the focal interaction length, n is the sample refractive index at
thermal equilibrium, and k, = 27/1 is the free-space
wavenumber for a pulse with center wavelength A. The fact
that the probe and reference pulses are common path means
that all accumulated scattering, aberrations, and depolariza-
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Figure 2. ¢-ISRS data from multiple samples with low-frequency Raman vibrations. (a) The time-resolved ¢-ISRS signal for chloroform. (b) The
recovered Raman spectrum of chloroform. (c and d) Time-resolved signal and Raman spectrum for cadmium tungstate. (e and f) Time-resolved
signal and Raman spectrum for tetrabromoethane. Liquid and depolarizing crystal samples illustrate the effectiveness of ¢-ISRS for robust low-

frequency Raman spectroscopy.

tions are identical for both beams. This produces an extremely
stable signal that prevents many forms of technical noise.
The phase modulation due to the excited vibrational
coherence can be expressed as a linear superposition of the
phase modulation from each excited vibrational mode as
5¢"(7)=).,6¢¢h, () and depends on the arrival time 7 of the
probe pulse after the excitation induced by the pump and is
summed over the contribution of each vibrational mode,
denoted with a superscript v. Each vibrational mode is excited
through an impulsive forced Raman response that is driven by
the pump pulse, leading to a damped causal oscillation,”"”
h,(t) = O(t) exp(=T't/2) sin(Q,t). Here, O(t) is the Heaviside
step function that ensures causality and I, is the damping rate
of the mode at the vibrational frequency €,. The induced
vibrational phase perturbation

5450V =gfIm[)(\(,i)(Qv)]FVD(QV)gu scales linearly with the
average power of the pump pulse, ;_%m, and the molecular

concentration, N, which becomes clear when we note that
Im[{3(Q,)]=N(da/0Q)%/6¢,I" ,Q,. The amplitude of the
Raman-induced phase modulation is also proportional to the
power spectral density (PSD) of the pulse intensity profile at
the vibrational frequency Q,,°>*° D(Q) = F{I(t)}/I,z,. Here,
I, is the peak pulse intensity and 7, = [I(t)/I, dt is a measure
of the pulse duration. In the limit of an impulsive pump pulse,
I(t) = 1,6(t); then, the excitation PSD, D(Q) — 1, so that the
forced Raman response is the impulse for vibrational
excitation. Here, we assume that the temporal duration, T
and the temporal intensity, I(t), of the pump, probe, and
reference pulses are all identical. The coherent Raman
excitation that drives the vibrational phase perturbation also
depends on the focusing conditions, which are encapsulated in

the focusing parameter g, = 1271/ (n*eqovg AA), where A, is

the focal beam cross sectional area, vy is the laser repetition
rate frequency, and / is probe pulse center wavelength.

B RESULTS

In our experiment, the probe—reference pulse pair, with a total
average power of f})r, is isolated from the pump pulse using a

polarizer to block the pump pulse. Then, one-half of the probe
and reference pulse average power is adjusted to interfere in a
compact, collinear interferometer using an angle-tuned
birefringent crystal. The relative phases of the probe and
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reference pulses are adjusted to be in quadrature so that the
total power of the interfering pulses is
B, = }—%r{l + sin[6¢" (7)1} /2, leading to a signal power

incident on the detector of B, (r) = 5¢V(T)}_%r /2, with a

background power equal to the total average probe pulse train
power p =P In the shot noise limit, the signal-to-noise

ratio (SNR) for a detection integration time of At reads

SNR = (6¢"/2)Y~/At, where Y = Ri’_{)r/e' R is the

detector responsivity and e is the elementary charge. Provided
that the total probe power exceeds approximately 2 mW, the
shot noise limit is valid for lock-in detection that is able to
largely avoid the laser intensity fluctuation noise. Because both
the signal power and the SNR depend linearly on d¢", this
collinear interferometric method is sensitive to low Raman
vibrational frequencies and is limited where the impulsive
Raman excitation strength, D(,), becomes too low, which
occurs when the vibrational period is on the order of or larger
than the pump pulse duration.

The ¢-ISRS spectrum of the low-frequency optical phonon
Raman spectrum in BGO is shown in Figure 3d in comparison
to a spectral shift measurement. The increased amplitude at
low vibrational frequencies is apparent in the interferometric
measurement. Because the pump—probe delay 7 can be
controlled independently of the separation between the
probe and the reference pulses, which is a fixed delay T,
there are three zones for the ¢-ISRS experimental system, each
of which is illustrated in Figure S2. We define the time frame
so that t = 0 occurs at the center of the pump pulse The first
pulse to arrive is denoted the reference pulse that is incident at
atime t = 7 — T, and the probe pulse arrives at a time 7. Zone I
occurs when 7 < 0, so that both the probe and the reference
pulses arrive before the pump pulse. In this region, there is no
pump-induced transient phase acquired between the probe and
the reference pulses, so we have a null signal. Zone II is where
we pull the Raman spectra; this temporal signal provides a pure
Raman spectrum because only the probe pulse accumulated
the Raman-induced phase shift. In Zone III, the spectrum is
distorted because the interference signal is determined by the
phase shift acquired by the probe and reference pulses, i.e.,
¢(r) — (T - 7).

Interferometric ¢-ISRS spectra from several samples
displaying low-frequency Raman modes are shown in Figure

https://doi.org/10.1021/cbmi.4c00020
Chem. Biomed. Imaging 2024, 2, 584—591


https://pubs.acs.org/doi/10.1021/cbmi.4c00020?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00020?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00020?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00020?fig=fig2&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.4c00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

2. While the chloroform and tetrabromoethane are liquid
samples and do not suffer depolarization, the cadmium
tungstate is a birefringent crystal and induces a depolarization
between the pump pulse and the probe—reference pulse pair.
The time-domain traces are shown on the left column, whereas
the Raman spectra shown in the right column are computed
from the power spectral density of the time-domain trace after
isolation of the signal that contains only the Raman transients
away from the cross phase modulation feature near time zero.””
The observed Raman spectral modes match known Raman
spectral lines of these three samples.

Hyperspectral Raman images of anthracene crystals for three
low-frequency Raman-active optical phonon modes are shown
in Figure 3. The Raman spectrum of the optical phonon modes
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Figure 3. (a) Composite image of the three low-frequency Raman-
active optical phonon modes in an anthracene crystal. (b) Raman
spectrum of the crystal at a single pixel centered in the orange square
shown in a. (c—e) Individual images of the three Raman modes
indicated in b. (f) Signal-to-noise ratio (SNR) of the three Raman
vibrational modes of a BGO crystal with scattering layers added
between the sample and the excitation objective. A high SNR is
indicated for >7 scattering lengths. (g) Comparison of the Raman
spectrum of BGO for 0 and 12 scattering layers shows high-quality
spectra extracted even under conditions of strong optical scattering.
Image acquisition parameters and SNR calculation details can be
found in the Supporting Information. Scale bar is 50 pm.

is shown in Figure 3b. Images for the three phonon modes
marked in the spectrum are shown in Figure 3c—e, whereas a
composite image is displayed in Figure 3a. The complex
morphology of the crystals produces scattering that distorts the
beams and degrades the Raman signal. However, we see that
high-quality images are obtained with the common-path
interferometric readout because the probe and reference
pulses maintain identical spatial and polarization modes.

To quantitatively evaluate the effect of optical scattering on
¢-ISRS with common-path interferometric detection, we
captured Raman spectra as we added layers of optical
scattering material. For each measurement, the Raman signal
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and the noise were estimated using the power spectral density
(PSD) of the time-resolved signal. The “signal” (S) for a
known Raman mode is calculated from the root-mean-square
(RMS) of the spectral mode whose width is determined by
where the value drops to 95% of the mode peak. The “noise”
(N) is calculated from the RMS of the PSD of a frequency
region well removed from the Raman spectrum at wave-
numbers above those excited by the pump pulse. From these
values, we compute SNR = 10log;o(S/N). To introduce
optical scattering, layers of parafilm were added on the front of
the BGO sample, thus introducing scattering before Raman
excitation by the pump pulse and spectral scattering of the
probe pulse. Results are shown in Figure 3f, displaying the
SNR as a function of the number of scattering layers added
between the sample and the excitation objective. The data
show exponential decay of the SNR as a function of the
number of scattering lengths. The Raman spectra for the
highest and lowest SNR data are shown in Figure 3g.

B DISCUSSION

Imaging of low-frequency vibrational modes with coherent
Raman remains a challenging prospect. Here, we introduce a
new imaging strategy for a wide bandwidth of Raman
vibrational frequencies, spanning from very low frequencies
(<300 cm™) to frequencies well within the fingerprint region
> 1000 cm™'. Our new strategy relies on a pump—probe
geometry using ¢-ISRS excitation of a vibrational coherence by
a short pump pulse that is electronically nonresonant with the
specimen. Such short pulse excitation is capable of exciting
vibrational frequencies with periods that are longer than the
pump pulse duration.”> As a result, short laser pulses with
carefully maintained dispersion compensation are critical for
ISRS excitation. After excitation of the vibrational coherence,
the readout of the signal with a probe pulse plays a crucial role
in the vibrational frequencies that are observed. The
conventional strategy is to use a spectral edge filter to convert
the spectral scattering driven by the transient phase
modulation acquired by the probe pulse when propagating
through the vibrational coherence into a change in gprobe pulse
power transmitted through the spectral filter."”*® Unfortu-
nately, this simple strategy renders ISRS largely insensitive to
low-frequency vibrations.” By reading out the phase directly
through interferometry, we directly detect the time-domain-
forced Raman response, providing sensitive detection of the
low-frequency Raman vibrational modes.

Aside from the high sensitivity to low-frequency vibrational
modes (e.g, terahertz Raman), we have demonstrated that our
common-mode strategy for the detection of the transient
Raman phase modulation produces high SNR data even in the
face of optical scattering. This resilience of our signal detection
to optical scattering follows from two properties that we
acquire by generating the probe—reference pair in a suitably
oriented birefringent crystal. The first property is that the
probe and reference pulses share a common path. Because of
this common path propagation, any scattering that is
encountered is common to both the probe and the reference
pulse beams. As a result, the beams are guaranteed to still
interfere. Indeed, even depolarization is not a problem, as the
spatial modes of the probe and reference beams are identical,
ensuring stable interference even after becoming severely
distorted, as they are distorted identically.

Of course, common path perturbations are only relevant if
the relative phase, scattering, and depolarization are stable for
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Figure 4. Comparison between ¢)-ISRS and spectral filter detection ISRS through 12 scattering layers. (a) Time-resolved signal for ¢-ISRS with the
probe power incident on the photodiode indicated. (b) Time-resolved signal for spectral filter detection ISRS with the probe power incident on the
photodiode indicated. The time-resolved signal shows evidence of scattering and depolarization of the pump beam causing signal contamination
around 7 = 0. (c and d) Raman spectra with the SNR of the 90 cm™ mode. Details of the SNR calculation can be found in the Supporting
Information. ¢-ISRS shows a significantly higher SNR with a lower incident probe power. The pump contamination present in b and d contributes
to distortion in the low-frequency spectrum in addition to the lower SNR.

the duration of the integration time over which the
interference is acquired. The relative stability of the probe
and reference pulses is guaranteed by the fact that there is very
little perturbation of the refractive index of the specimen that
can occur on the time scale of a few picoseconds other than the
nonequilibrium vibrational coherence dynamics that are
excited with the pump pulse.

The combination of the temporal and common-mode
interferometric stability ensures extremely stable and high-
sensitivity detection of the vibration-induced phase shift. The
robustness of our approach is demonstrated by introducing
controlled scattering to a sample by adding layers of parafilm
on the sample between the objective and the sample of
interest. The scattering introduced by the parafilm layers was
characterized by measuring power transmission through a
blank sample as more layers of parafilm were added. The
power transmitted through the scattering layers decreases
exponentially with the number of scattering layers. The
scattering length, defined as when the optical power decreases
by 1/e, was found to be I = 1.68 parafilm layers. The
scattering length was determined in a separate experiment
where parafilm layers were sequentially added to a glass slide,
and the transmitted power through the collection objective was
directly measured with a power meter. Figure 3f shows the
SNR for the three main vibrational modes of BGO as a
function of scattering length of parafilm added to the sample.
Figure 3g shows the time-resolved signal and the Raman
spectrum (inset) of BGO with no scattering layers (orange)
and the signal with the maximum number of scattering layers
used (blue), which is 12 layers of parafilm, or 7.14 scattering
lengths. This result shows the robustness of the interferometric
Raman technique with the SNR of the BGO modes remaining
high after over 7 scattering lengths. The incident optical
powers incident on the sample were p,, = 37.8 mW and p,,
38.95 mW for the pump and probe, respectively. After passing
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through the sample, objectives, retiming crystal, and analyzing
polarizer, the probe power incident on the detection
photodiode was p,, = 8.6 mW with no scattering present.
The probe power incident on the detection photodiode was
measured to be p, = 8 yW with 12 parafilm layers (7.14
scattering lengths).

The pump—probe pulses are orthogonally polarized and we
observe that the interferometric approach demonstrated here
allows for more robust elimination of the pump pulse
compared to the spectral filter method. This capability is
evident in Figure 4, where the temporal signal for the
interferometric approach in this present work generates a clean
data trace, whereas the spectral filter version in Figure 4b
exhibits pump contamination. The resulting spectrum of the
Raman signal is much higher for the interferometric case
(Figure 4c) than the spectral filter case (Figure 4d). Because
we have constructed this system based on orthogonally
polarized pump and probe—reference pulses, we are limited
to vibrational modes with a more symmetric character and we
may have reduced sensitivity to asymmetric modes. The
spectral resolution of this strategy is limited to ~1/T for
methods that rely on power spectral estimation, e.g., the FFT
or multitaper computation. However, the use of model-based
estimation, e.g., LP-SVD, can circumvent this spectral
resolution limitation. The lower bound of the vibrational

frequency is limited by the scan range of the probe—reference

pair. For Zone II, the lower bound is 7 = (cT)™' ~ 7 ecm™,

but this can be extended arbitrarily with synthetic aperture
scanning,”> where the probe and reference pulse pair both
follow the pump pulse, at the cost of the loss of frequencies
with vibrational periods that are an integer multiple of T.
Application of LD-SVD methods are expected to further
improve this lower bound.
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B CONCLUSIONS

We have developed a new and versatile method for low-
frequency coherent Raman imaging. Balanced detection could
eliminate the need for the acousto-optic modulator for beam
intensity modulation, which will drastically reduce the spectral
dispersion burden of the system. Such an approach would
allow for easier use of high numerical aperture objective lenses
that also carry a high dispersion. Right now, the relatively low
numerical aperture and off-axis aberrations of the aspheres
have limited our ability to image in complex samples, and the
long working distance makes thin samples such as two-
dimensional materials challenging to image. Future advances
will explore additional strategies to simplify the imaging
approach.
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