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Real-time vibrational microscopy has been recently demon-
strated by various techniques, most of them utilizing the
well-known schemes of coherent anti-stokes Raman scatter-
ing and stimulated Raman scattering. These techniques
readily provide valuable chemical information mostly in
the higher vibrational frequency regime (>400 cm−1).
Addressing the low vibrational frequency regime
(<200 cm−1) is challenging due to the usage of spectral fil-
ters that are required to isolate the signal from the Rayleigh
scattered excitation field. In this Letter, we report on rapid,
high-resolution, low-frequency (<130 cm−1) vibrational
microscopy using impulsive coherent Raman excitation.
By combining impulsive excitation with a fast acousto-optic
delay line, we detect the Raman-induced optical Kerr lens-
ing and spectral shift effects with a 25 μs pixel dwell time to
produce shot-noise limited, low-frequency hyper-spectral
images of various samples. © 2019 Optical Society of America

https://doi.org/10.1364/OL.44.005153

The Raman effect, which describes the inelastic scattering of
light due to the induced-dipole interaction between light
and molecules, has become a leading tool in performing vibra-
tional spectroscopy and label-free chemically selective optical
microscopy. While chronologically the spontaneous process
was first discovered and used, further development of laser
sources (especially of mode-locked lasers) enabled the usage
of coherent, stimulated Raman scattering (SRS) techniques
[1–3]. Those processes both stimulate the vibration coherently
throughout the sample and further detect it, producing signifi-
cantly stronger signals compared to the diffuse spontaneous
process, thus allowing for vibrational imaging of biological
samples on a short timescale [4–11].

The molecular vibrational spectrum spans from high
frequencies around 3300 cm−1, which are usually associated

with C-H and O-H stretch modes, continues in the fingerprint
region between 400 cm−1 and 1400 cm−1, and ends at the low-
frequency vibrations at wavenumbers below 200 cm−1. While
the 200–3300 cm−1 range includes mostly localized intra-
molecular vibrations and, hence, provides information about
the building blocks of the sample, the low-frequency region
is typically associated with a collective motion of multiple
atomic and molecular groups, providing information about
the overall molecular organization [12–17]. Vibrational spec-
troscopy is ordinarily done in the higher frequency range,
by either coherent anti-Stokes Raman scattering (CARS) or
SRS, typically pumped by two narrowband laser sources whose
energy difference is tuned to the vibrational resonance.
However, performing low-frequency vibrational spectroscopy
and microscopy was found to be challenging and, therefore,
experimental work in this frequency range has been relatively
sparse. The reason for this difficulty is that both CARS and SRS
rely on optical chromatic filters that are used to isolate the
Raman signal from the input fields. Since typical high-quality
optical edge filters available on the market today have a
40–60 cm−1 transition slope, lower frequencies can only be de-
tected by considerably increasing the integration time, which
prevents fast imaging.

Time-resolved coherent impulsive techniques, which detect
the transient response of a molecular vibration, have found
great promise in performing single-beam Raman spectroscopy
and microscopy [18–21]. These techniques rely on high tem-
poral resolution of the excitation pulse rather than on high
spectral resolution which is used by the more conventional
CARS and SRS techniques [12,18,19]. Hence, by observing
the temporal dynamics that follow an excitation of the sample,
the low-frequency challenge translates from the ability to spec-
trally scan and separate fields with nearby wavelengths to scan-
ning delays between the excitation and probe pulses. The roots
for such time-domain techniques can be found in the early
1990s [12,18]; however, the laser source used was an amplified
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ultrafast oscillator with a relatively low repetition rate and high
energy per pulse, which impedes its usage in biological micros-
copy applications.

In this Letter, we demonstrate sub-second (25 μs pixel dwell
time) low-frequency hyper-spectral (20–130 cm−1) vibrational
spectroscopy and microscopy of various samples by combining
an impulsive time-domain detection apparatus and a fast
acousto-optic programmable dispersive filter (AOPDF) delay
line. Our shot-noise limited detection system identifies fine
modulation transfer between a modulated pump pulse and
an unmodulated probe pulse.

Raman-induced Kerr lensing [22,23] and Raman-induced
spectral shifts [12,18,24–26] have recently been demonstrated
with low-energy pulses. Both can be described by an oscillating
refractive index that is induced by a pump pulse that affects a
delayed probe pulse. The Raman-induced Kerr lensing effect is
similar to the third-order electronic Kerr effect; however, it is
non-instantaneous, as the molecular vibration persists past the
duration of the excitation pulse, which results in alteration of
the refractive index at nonzero delays. The spatial profile of the
pump beam imprints a similar distribution on the vibration
amplitude of the molecules in the sample and, as a conse-
quence, molecules that are placed at the center of the beam
are more strongly driven compared to the molecules that are
placed at the margins of the beam. Since the refractive index
is altered by the molecular vibration, it results in a lens-like
effect. Therefore, the variation of the refractive index with time
associated with the molecular vibration can be probed via a
change of the spatial extent of a delayed (probe) pulse in
the far-field. The same time-variant refractive index also affects
the spectral profile of the pulse via phase modulation. The time
derivative of the oscillating refractive index results in a phase
modulation and a corresponding spectral shift of the probe’s
spectrum which depends on the phase of the vibration as
the probe passes through the sample. After the time response
of the sample has been detected, a Fourier transform of the
acquired signal (at positive delays exceeding the pulses dura-
tions) reveals the vibrational frequencies.

In order to achieve fast imaging, we scan the delay between
the two pulses with an AOPDF (Dazzler, Fastlite), which is a
device that creates an acoustic pulse that propagates collinearly
with the laser beam through a birefringent crystal [27]. This
acoustic wave leads to a rotation of the polarization of the in-
coming ultrashort pulse by 90 deg, thus changing the polari-
zation of the pulse in the crystal, which results in a change of
the effective optical path through the device. Each of the optical
pulses that emerge from the laser oscillator encounters the
acoustic pulse at a different position along the crystal and, thus,
experiences a different delay compared to an optical pulse that
travels outside the device [28].

The essence of the experimental setup is similar to the
scheme used in our previous works [29,30] and is based on
a low-noise pump-probe measurement apparatus with a con-
trolled delay (see Fig. 1). An 800 nm ultrafast oscillator
(Chameleon, Coherent) acts as the probe pulse and is frequency
converted using an optical parametric oscillator (APE, fs OPO)
to produce a pump pulse at 1045 nm. The pump pulse is com-
pressed to 160 fs at the sample plane using a grating compres-
sor, and the probe is compressed to the same duration using the
Dazzler itself, which corresponds to an excitation and detection
bandwidth of 130 cm−1. We use an acousto-optic modulator

(MT200-A0.2-1064, AA optoelectronics) at 12 MHz to
modulate the pump beam for lock-in detection. The probe
passes through the Dazzler and a mechanical delay line.
Note that the mechanical delay line is used to adjust the scan-
ning delay range, whereas the Dazzler is used to perform the
fast probe pulse delay scan. The beams are recombined by a
dichroic mirror and are scanned onto the sample by a galvano-
metric mirror pair. The beams are focused and collected in the
forward direction from the sample by a pair of identical 20×
0.75 NA objectives (0.75 NA, CFI Plan Apo Lambda,
Nikon). Afterwards the beams are spectrally filtered to block
the pump beam (FES0900, Thorlabs). The probe is detected
with two large-aperture photodiodes, one for the detection of
the modulation transfer from the pump to the probe (SRS lock-
in module, APE) and the other for the detection of the inte-
grated transmission of the probe (DET100A, Thorlabs). The
demodulated output from the lock-in amplifier was electroni-
cally low-pass filtered to 1.35 MHz (EF508 Thorlabs, 5th or-
der). The signal from the lock-in was sent to a data acquisition
card (ATS460, AlazarTech) and acquired with a sampling rate
of 10 MHz. In order to detect Raman-induced Kerr-lensing, a
clipping iris, placed at the back focal plane of the collection
objective, translates the change of the extent of the beam
due to the Raman interaction to a change of intensity. For
the measurement of Raman-induced spectral shift, a long-pass
filter at 800 nm (FELH0800, Thorlabs) splits the probe spec-
trally around the center of the spectrum and translates the spec-
tral shift into an intensity variation onto the detector. The
average powers of the pump and probe beams at the sample
were adjusted to 33 and 37 mW, respectively. The plotted sig-
nal in the following figures is the modulated component from
the lock-in amplifier normalized by the spatial integration of
the DC channel over the full image (which compensates for
the slight delay dependence of the transmission of the
Dazzler). In all measurements, we used an integration time
of 300 ns per delay point with the APE lock-in amplifier. A
single hyper-spectral acquisition for one pixel requires 25 μs,
which is the time it takes the acoustic wave to travel through
the Dazzler. During this period, the data acquisition card
accumulates 264 data points.

The AOPDF delay line used (Dazzler WB) is capable of
providing delays up to 3.5 ps. In order to fully characterize

Fig. 1. Experimental setup. AOM, acousto-optic modulator; PD,
photodiode; DAQ, data acquisition card.
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the molecular ringing that follows an excitation and possibly
extend the Dazzler delay range (leading to an enhanced spectral
resolution), we translated the mechanical delay line and
stitched the data from the separated span measurements.

As a demonstration, we show the molecular ringing and the
extracted Raman spectrum of a carbamazepine dihydrate (CBZ
DH) crystal in Figs. 2(a) and 2(b), respectively, using the
Raman-induced Kerr lensing technique (blue curves). We note
that we begin the Fourier analysis of Fig. 2(b) only at times at
which the probe pulse no longer overlaps the pump pulse, as
marked by a red circle at 260 fs in Fig. 2(a). Commercial CBZ
powder was purchased from Sigma Aldrich Chimie S.a.r.l
(St. Quentin Fallavier, France). CBZ DH was prepared by re-
crystallization from an ethanol-water mixture (50/50) via slow
evaporation at room temperature [31]. For comparison, the
spontaneous Raman spectrum, obtained with a custom built
backscattering Raman spectrometer based on a Horiba
FHR-1000 dispersive spectrometer, is shown in Fig. 2(b) in
red. Notably, the spectral resolution is determined by the
maximal measured delay which, in turn, is determined by
the signal-to-noise ratio of our measurements. In Fig. 2(c),
we show the image of the CBZ DH crystal as measured at
22 cm−1 over a field of view of 100 μm × 100 μm and, in
Fig. 2(d), we show the transmission image from the sample
acquired at the same time. To obtain this time trace,
Raman spectrum, and image, we stitched data of five different
delays with the mechanical delay line, which results in a total
integration time of 0.375 s.

Figure 3 shows an image of the same CBZ DH crystal as
measured with the spectral shift technique (blue curves in a
and b). As before, we begin the Fourier analysis that is shown
in Fig. 3(b) at the red circle that appears at 290 fs in Fig. 3(a). A
vibrational spectrum similar to the one shown in Fig. 2(b) is

detected; however, we note the different ratio between the
vibrational bands. The reason for this is that the Raman-in-
duced Kerr technique is related to the refractive index, as op-
posed to the spectral shift technique (and to spontaneous
Raman scattering) which is related to the time derivative of
the refractive index, leading to phase modulation. This makes
the Raman-induced Kerr technique more sensitive to slow
vibrations.

Figure 3(c) shows the acquired image corresponding to the
109 cm−1 line, and Fig. 3(d) shows the transmission image
through the crystal. Here we also stitched data from five differ-
ent delays, which resulted in a total integration time of 0.375 s.

We also show the molecular ringing and the extracted
Raman spectrum of an anthracene crystal in Figs. 4(a) and
4(b), respectively, using the Raman-induced Kerr lensing tech-
nique (blue curves). We begin the Fourier analysis of Fig. 4(b)
at the point that is marked by a red circle at 400 fs in Fig. 4(a).
The spontaneous Raman spectrum is shown in Fig. 4(b) in red.
As before, the main reasons for the difference in the ratio be-
tween different lines in our measurement as compared to the
spontaneous Raman measurement are the technique itself
which enhances low frequencies over higher frequencies and
the limited bandwidth of our pulses. In Fig. 4(c), we show
the image of the anthracene crystal at 37 cm−1 over a field
of view of 200 μm × 200 μm and, in Fig. 4(d), we show the
transmission image from the sample acquired at the same time.
Since the signal from anthracene is weaker than the signal from
CBZ DH, an average was performed over 10 images. To obtain
this time trace, Raman spectrum, and image, we stitched data
of four different delays with the mechanical delay line, which
results in a total integration time of 3 s. We note that for this
measurement we modulated the acousto-optic modulator
at 20 MHz.
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Fig. 2. CBZ DH crystal as measured with the Raman-induced Kerr
lensing technique. (a) Image-integrated oscillations of the measured
modulated intensity as a function of the pump-probe delay.
(b) Fourier transform of the time-domain oscillations resolves the vi-
brational frequencies of the molecules (blue) that can be compared
with the spontaneous Raman spectrum from the same sample
(red). The Fourier analysis begins at the red circle in (a). (c) Image
resolved around 22 cm−1 shows features on the crystal. (d)
Transmission image of the crystal. Scale bar: 20 μm.
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Fig. 3. CBZDH crystal as measured with the Raman-induced spec-
tral shift technique. (a) Image-integrated oscillations of the measured
modulated intensity as a function of the pump-probe delay. (b) Fourier
transform of the time-domain oscillations resolves the vibrational
frequencies of the molecules (blue) that can be compared with the
spontaneous Raman spectrum from the same sample (red). The
Fourier analysis begins at the red circle in (a). (c) Image resolved
around 109 cm−1 shows the features of the crystal. (d)
Transmission image of the crystal. Scale bar: 20 μm.
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In Ref. [30], we showed that our low Raman imaging system
(laser and detection electronics) is shot-noise limited, therefore
providing the ideal platform to perform low Raman fast hyper-
spectral imaging. One of the advantages of time-domain mea-
surements over spectral domain measurements is the sensitivity
to the vibrational phase, thus providing additional information
as compared to frequency-domain Raman measurements. We
found that the Dazzler provides a convenient platform for scan-
ning a relatively large delay range, in line with the beam path,
with an unprecedented rate. However, this limits the integra-
tion time from above, as required with relatively weak signals.
Therefore, the only option for increasing the signal-to-noise
ratio is by averaging multiple measurements. While the
Raman-induced Kerr effect has an advantage over the spectral
shift technique at low vibrational frequencies, it should be
noted that it is less straightforward to align experimentally,
as one should optimize both the aperture size and its position.

In conclusion, we have demonstrated low-frequency hyper-
spectral Raman imaging using a shot-noise limited detection
apparatus and a fast acousto-optic delay line enabling a minimal
integration time of 25 μs per pixel, thus serving as a proof of
principle for sub-second, hyper-spectral, low-frequency, vibra-
tional-selective microscopy. We demonstrated our low Raman
imaging platform on CBZ DH and anthracene crystals that
were imaged at Raman lines below 50 cm−1 over a field of view
of 100–200 μm in sub-seconds to a few seconds. We believe
this approach has the potential to be used in low-frequency vi-
brational bio-imaging applications with relevance to probe the
collective vibrational modes of large-scale molecular assemblies.
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Fig. 4. Anthracene crystal as measured with the Raman-induced
Kerr lensing technique. (a) Image-integrated oscillations of the mea-
sured modulated intensity as a function of the pump-probe delay.
(b) Fourier transform of the time-domain oscillations resolves the vi-
brational frequencies of the molecules (blue) that can be compared
with the spontaneous Raman spectrum from the same sample
(red). The Fourier analysis begins at the red circle in (a). (c) Image
resolved around 37 cm−1 shows features on the crystal.
(d) Transmission image of the crystal. Scale bar: 40 μm.
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