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Stimulated Raman scattering (SRS) is a powerful, label-free
imaging technique that holds significant potential for medi-
cal imaging. To allow chemical specificity and minimize
spectral distortion in the imaging of live species, a high-
speed multiplex SRS imaging platform is needed. By com-
bining a spectral focusing excitation technique with a rapid
acousto-optic delay line, we demonstrate a hyperspectral
SRS imaging platform capable of measuring a 3-dB spectral
window of ∼200 cm−1 within 12.8 μs with a scan rate of
30 KHz. We present hyperspectral images of a mixture
of two different microsphere polymers as well as live fungal
cells mixed with human blood. © 2017 Optical Society of
America

OCIS codes: (170.5660) Raman spectroscopy; (180.4315) Nonlinear

microscopy; (170.1420) Biology; (170.1065) Acousto-optics.
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Stimulated Raman scattering (SRS) is a nonlinear process that
relies on intrinsic molecular vibrations, allowing label-free im-
aging. Removing the need for added labels or tags simplifies the
imaging process, prevents the possibility of the label altering the
observed phenomena, and eliminates any potential toxicity [1].
SRS is limited by low signal intensities, rendering it slow and
unsuitable for studying the molecular dynamics of live biologi-
cal samples. Coherent Raman scattering (CRS) can overcome
these limitations. Video-rate single color coherent anti-Stokes
Raman scattering (CARS) and SRS have been demonstrated
[2,3]. However, chemical specificity in single-color CRS is lim-
ited and fails to separate specimens with overlapping Raman
bands. To improve chemical specificity, broadband CARS us-
ing supercontinuum laser sources achieved speeds of several
milliseconds per pixel [4]. However, CARS suffers from a non-
resonant background signal that distorts the spectra [5]. Phase
retrieval methods to reconstruct the real Raman spectra have

been developed but require complicated analysis [6]. In
SRS, the Raman signal is coherently heterodyne, mixed with
either the Stokes or the pump beam, thereby eliminating the
nonresonant background signal. In addition, the SRS signal is
linearly proportional to the concentration [7]. We note, how-
ever, that other non-Raman background signals, such as
cross-phase modulation, transient absorption and photother-
mal lensing, are present [8]. Recently, multicolor SRS with
16 multiplex detection channels was demonstrated with a
32-μs pixel dwell time [9].

One simple approach to hyperspectral CRS is spectral focus-
ing [10]. Two broadband femtosecond pulses are linearly
chirped to the picosecond range. Due to the chirp, the instan-
taneous frequency of the pulse varies with time. If one beam is
delayed with respect to the other, the beating frequency be-
tween the pump and Stokes is slightly changed. This allows
tunable excitation of the Raman modes via the control of the
delay [11]. Hyperspectral CARS and SRS using spectral focus-
ing were demonstrated with acquisition times in the order of
several tens of seconds to minutes [10,12]. The speed was
limited by the mechanical motorized delay line. This limitation
can be overcome by utilizing rapid acousto-optic delay lines
[13]. The use of acousto-optic delay lines was demonstrated
in absorption spectroscopy [14] and more recently in pump-
probe transient absorption spectroscopy and terahertz spectros-
copy [15,16].

In this work, we implement a Raman imaging setup that
combines spectral focusing with a rapid acousto-optic delay
line. The SRS signal is recorded within 12.8 μs with a scan
rate of 30 KHz per pixel. Hyperspectral images of a mixture
of two different microsphere polymers as well as live fungal cells
mixed with human blood are shown, and a chemical concen-
tration map is successfully obtained.

The acousto-optic programmable dispersive filter (AOPDF)
has been used extensively for pulse shaping and dispersion
control [17,18]. It consists of a birefringent crystal in which an
acoustic pulse propagates with the optical beam in collinear
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geometry. The input laser pulse is linearly polarized to the ordi-
nary axis. The travelling soundwave causes periodic variations in
the dielectric tensor, which in turn couple the unperturbed nor-
mal modes of the structure. Part of the optical pulse is diffracted
to the extraordinary mode, where it propagates through the rest
of the crystal’s length with slightly different group velocity.
The acoustic wave, which has a velocity six orders or magnitude
lower than the speed of light, takes 33 μs to propagate through
the 25-mm-longTeO2 crystal.When lasers with repetition rates
of multi-megahertz or higher are used, the acoustic wave prop-
agates a small distance during the repetition period, leading to
shot-to-shot variations in the position where the laser-acousto-
optic interaction happens. This in turn results in an incremental
delay in the diffracted optical beam that varies linearly through-
out the pulse train. In addition, incremental dispersion, which
could lead to pulse width variations, is also added. Schubert et al.
[13] have shown that this effect is insignificant for pulse widths
equal to or higher than 100 fs. Furthermore, instead of using the
AOPDF only as a delay line, we use it to chirp the pulses as well.
This also relaxes the limitations on pulse width imposed by the
incremental dispersion, which becomes a small and negligible
fraction of the total dispersion. The AOPDF used introduces
a maximum delay of 7.9 ps. To chirp an optical pulse, a tem-
porally longer acoustic pulse is required. The optical pulses in-
teracting with the acoustic wave at the interface of the crystal are
ignored due to incomplete or partial interaction. We reserve
part of the pulse shaping capability to ensure that a delay range
of 3 ps with full acousto-optic interaction occurs. The rest of the
pulse shaping capability is utilized to chirp a 200-fs Stokes pulse
to 0.96 ps. A delay range of 3 ps with full acousto-optic inter-
action is scanned within 12.8 μs. However, the acoustic wave
takes 33 μs to propagate through the crystal.

Figure 1 shows the experimental setup. A Ti:Sapphire
pumped optical parametric oscillator system (InSight, Spectra
Physics) provides two synchronized output beams: a 200-fs
pulse at 1040 nm with a repetition rate of 80 MHz, and a wave-
length-tunable 120-fs pulse set to 798 nm. By passing through
two 12.7-cm-long SF57 glass rods, the 120-fs pumpwas chirped
to 1.6 ps, measured with an autocorrelator (PulseScope, APE).
The intensity of the 200-fs Stokes beam was modulated by an
acousto-optic intensity modulator (AOM, 1205-C, Isomet) at
6.6 MHz, then sent to an acousto-optic programmable disper-
sive filter (AOPDF). To match the chirp rate, the AOPDF
(Dazzler, Fastlite) was programmed to chirp the Stokes to
0.96 ps while simultaneously being used as a delay line. A small
fraction of the pump beamwas photodetected and the signal was
used as an external clock to the Dazzler’s RF drivers to reduce
jitter. After the AOPDF, the diffracted rays were separated by
propagating spatially, and then a half-wave plate was used to
align the polarization parallel to the pump beam. The two beams
were combined by a dichroic mirror, and were then sent to the
laser-scanning microscope. The powers sent to the microscope
were 200 mw and 30 mw for the Stokes and pump, respectively.
A 60× water immersion objective lens (UPLSAPO 60XW,
Olympus) was utilized to focus the light into the sample, and
an oil condenser (N.A. 1.4,Nikon) was used to collect the signal.
A short-pass filter (980 sp, Chroma) passed the 798-nm beam,
and a stimulated Raman loss signal was detected by a photodiode
(S3994, Hamamtsu) equipped with a home-built resonant
circuit with a bandwidth of 2.4 MHz. The signal was recorded
using an oscilloscope (DS4024, RIGOL) for spectroscopy,
or an analog-to-digital converter (ATS460, AlazarTech) with
a sampling frequency of 20 MHz for imaging.

Figure 2 shows Raman spectra of four different substances:
dimethyl sulfoxide (DMSO), cyclohexanone, methanol, and
olive oil. The knownRaman peaks of these substances were used
to map the time delay axis to wavenumbers. In spectral focusing,

Fig. 1. (a) Concept of spectral focusing. Chirping the pulses focuses
the energy to excite a narrow Raman vibrational mode and results in
the beating frequency between the pump and Stokes becoming delay-
dependent. (b) The experimental setup: λ∕2, half-wave plate; PBS,
polarization beam splitter; AOM, acousto-optic modulator; DM,
dichroic mirror; SPF, short-pass filter; PD, photodetector; ADC,
analog-to-digital converter.

Fig. 2. SRS spectra of dimethyl sulfoxide (DMSO), cyclohexanone,
methanol, and olive oil. The spectra are shown after calibration and
normalization of the detection window using a two-photon absorption
signal of Rhodamine 6G.
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all the spectral energy is focused to excite a narrowband.
However, as one pulse is delayed with respect to the other,
the overlap between the pulses is reduced, and the driving force
term falls according to the intensity cross-correlation of the
pump and Stokes. Using 120-fs and 200-fs Gaussian pulses,
the 3-dB detection bandwidth is approximately 200 cm−1.
The two-photon absorption signal of Rhodamine 6G, which
closely resembles the cross-correlation of the pump and
Stokes, was used to normalize the detection window of the
SRS signal. The spectral resolution obtained is estimated for
the 2912 cm−1 peak of DMSO to be ∼25 cm−1. This spectral
resolution is similar to the resolution obtained with motorized
mechanical stages [19]. This also agrees with the theoretical re-
sults. Assuming linearly chirped Gaussian pulses, and that
�Δtch∕Δt�2 ≫ 1, where Δt and Δtch represent the trans-
form-limited and the chirped pulse duration, respectively, we
can write the driving force, F , as
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where E , B, and ω represent the electric field, amplitude, and
angular frequency, respectively. We define the parameter
�Δtch × Δt�−1 as the chirp rate. In our case, the chirp rate is
�Δtch;s × Δt s�−1 ≈ 5.21 THz∕ps ≈ �Δtch;p × Δtp�−1. Note that
if the chirp rate is matched, as in our experiment, the driving
force term becomes equivalent to the driving force of two
narrowband transform-limited picosecond pulses. And the
resolution, at full-width half-maximum of the driving force’s
magnitude in hertz, can be written as
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For the pulse widths used, this gives a resolution
of 25.26 cm−1.

Next, we performed spectroscopic imaging of a mixture of
two different types of microsphere polymers: polystyrene (PS)
and poly(methyl methacrylate) (PMMA). The Raman signal
was acquired within 12.8 μs with a 30-KHz scan rate at each
pixel. The data were digitized at a sampling frequency of
20 MHz, recording 256 frames (spectral points) with a laser
shot-to-shot delay step of ∼3 fs, corresponding to a ∼1.1 cm−1

step between each frame. The total acquisition time of the
400 × 400 pixel image was 5.28 seconds. A previously reported
MATLAB-based Multivariate Curve Resolution-Alternating
Least Square (MCR-ALS) algorithm was used to decompose
the three-dimensional data set to a product of spectra and con-
centration vectors [20,21]. The algorithm successfully outputs
a chemically selective map of the image, as shown in Fig. 3. The
output spectra matched the spontaneous Raman spectra of
PMMA and PS.

To demonstrate the speed advantage of our platform, we
successfully identified live pathogenic microorganisms, specifi-
cally the fungal cells Candida albicans, mixed with blood. C.
albicans is an opportunistic pathogen that imposes a serious

threat to immunocompromised individuals. It is the most
common human fungal pathogen and constitutes an important
public health issue [22]. Live C. albicans are highly dynamic,
and hyperspectral images cannot be taken by motorized stages
or techniques with long acquisition time because the free move-
ment of the C. albicans causes spectral distortions. Using our
platform, we acquired a 400 × 400 pixel image. Without aver-
aging, MCR analysis was applied and the algorithm successfully
separated C. albicans from red blood cells. The concentration
map and obtained spectra are shown in Fig. 4. Blood cells are
shown in red, C. albicans in green, C. albicans lipid droplets in
yellow, and water in black. Red blood cells are rich with hemo-
globin, a globular protein that absorbs photons and generates
heat. This generates a photothermal signal [8] that results in a
broad spectrum, as shown in Fig. 4(b). In addition, hemoglobin
has been reported to exhibit two-photon absorption [23],
which also leads to a broad spectrum in our spectral window.
C. albicans is rich with lipid droplets. The lipid spectrum shows
signals at 2920 cm−1 and 2850 cm−1 contributed by CH3 and
CH2 vibrations, respectively [24], while C. albicans cells
exhibit a strong Raman signal at 2920 cm−1 contributed by
the CH3 vibrations from protein. There is growing scientific
interest in studying the metabolism and biogenesis of this active
organelle [25]. This activity can be seen in Visualization 1,
which shows a sample containing C. albicans isolates in phos-
phate-buffered saline. The sample was sealed between two
cover glasses and one of the cover glasses was coated with
poly-lysine. Twenty hyperspectral images were taken. Each hy-
perspectral image was analyzed by MCR and reduced to one

Fig. 3. Hyperspectral imaging of a mixture of PMMA and PS beads.
(a) MCR concentration map output, polystyrene (yellow), and
PMMA (blue); (b) decomposed spectra; (c), (d), and (f ) raw SRS
images at 2920 cm−1, 2944 cm−1, and 3050 cm−1, respectively.
Scale bar: 20 μm.
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frame: the output MCR chemical concentration map (shown in
color, left) or the sum of all spectral intensities at each pixel
(shown in greyscale, right). Next, those images were combined
to make the animation shown in Visualization 1.

Another approach for rapid delay scanning is using resonant
mirrors to introduce a periodic difference in path length. This
method has been deployed in optical coherence tomography
[26] and recently in CARS and SRS spectroscopy [27–29].
Compared to this method, our proposed platform is faster
by a factor of 2.5 while offering a more robust and compact
setup. While the AOPDF scans the delay linearly, the nonlinear
motion of resonant mirrors results in a nonlinear delay, requir-
ing further effort to linearize the Raman signal. The ability to
program the applied chirp using the AOPDF significantly sim-
plifies matching the chirp rates between the Stokes and the
pump. Furthermore, if a larger delay range is needed, the pulse
can be chirped by other means to allow using most of the
AOPDF’s 7.9-ps pulse shaping capability for delay. More im-
portantly, to convert these spectroscopic techniques into stan-
dard clinical tools, a compact and robust all-fiber setup is
preferred. The Dazzler can be easily coupled to fiber; on the
other hand, applying the scanning resonant mirror setup in
an all-fiber setup would be more difficult to achieve.

In conclusion, we have presented a real-time hyperspectral
SRS platform using acousto-optic delay lines. A 3-dB spectral
window of ∼200 cm−1 was recorded within 12.8 μs with a scan
rate of 30 KHz and a spectral resolution of 25 cm−1. The spec-
tral resolution can be enhanced by chirping the pulses to longer
durations and using the AOPDF’s full pulse shaping capability
for delay. To demonstrate the speed advantage of our platform,

we performed label-free hyperspectral imaging of highly
dynamic living cells. MCR analysis successfully identified
pathogenic microorganisms mixed with blood cells. This plat-
form shows the potential of applying Raman spectroscopy in
microorganism identification and in the study of metabolism
and biogenesis of lipids.
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fungi. Blood cells are shown in red, C. albicans in green, C. albicans
lipid droplet in yellow, and water in black; (b) decomposed spectra;
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