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We demonstrate a low-cost-stimulated Raman scattering (SRS) microscope using continuous-wave (cw) lasers as
excitation sources. A dual modulation scheme is used to remove the electronic background. The cw-SRS imaging
of lipids in fatty liver is demonstrated by excitation of C─H stretch vibration. © 2013 Optical Society of America
OCIS codes: (140.2020) Diode lasers; (290.5910) Scattering, stimulated Raman; (180.4315) Nonlinear microscopy.
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Coherent Raman scattering (CRS) microscopy based on
coherent anti-Stokes Raman scattering (CARS) and
stimulated Raman scattering (SRS) has found important
applications in biology and medicine [1–3]. Current
CARS or SRS microscopy uses two synchronized pico-
second or femtosecond lasers as single-frequency excita-
tion sources, or a narrowband source synchronized with
a broadband source for multiplex excitation [4–6]. A big
hurdle against broad use of this label-free imaging modal-
ity is the very high cost and complexity of the ultrafast
laser sources. Photonic crystal fibers and all-fiber laser
sources were employed to lower the cost of CRS micro-
scopes, but they currently cannot reach the performance
of free-space ultrafast lasers. Here, we report a highly
cost-effective SRS microscope using continuous-wave
(cw) lasers as excitation sources.
cw lasers are widely used in fluorescence and Raman

spectroscopy, with the advantages of low cost, ease of
operation, and a high photodamage threshold. Hell and
co-workers employed a cw laser source for two-photon
fluorescence microscopy [7] and stimulated emission
depletion microscopy [8]. By cw laser excitation, SRS
spectroscopy of liquid benzene was shown in 1977 [9].
Recently, Wickramasinghe et al. demonstrated force
measurement of stimulated Raman effects induced by
two cw lasers [10]. In this work, SRS imaging of biologi-
cal tissue by using cw lasers as excitation sources is
demonstrated.
Considering that the pulsed laser beam has a

temporal shape of Gaussian function, the average SRS
signal by pulsed and cw laser excitation can be
written as

ΔIpulsig ∝ σIpISf ×
Z

∞

−∞
fexp�−4 ln 2�t∕τ�2�g2dt; (1)

ΔIcwsig ∝ σIcwp IcwS ; (2)

where σ is the Raman scattering cross section, Ip is the
pulsed pump beam peak power, IS is the pulsed Stokes
beam peak power, f is the laser repetition rate, and τ is
the pulse duration. We assume that the pump beam
has the same pulse width as the Stokes beam. By assum-
ing the same average power for the pulsed laser and the
cw laser, we have

Icwp � Ipf ×
Z

∞

−∞
exp�−4 ln 2�t∕τ�2�dt; (3)

IcwS � ISf ×
Z

∞

−∞
exp�−4 ln 2�t∕τ�2�dt. (4)

Combining the above equations, the ratio of the SRS
signal with pulsed laser excitation to that with cw laser
excitation is described as
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�
2 . (5)

Compared with pulsed excitation by a 5 ps, 80 MHz la-
ser source, cw laser excitation decreases the signal level
by 1.3 × 103 times. The major photodamage mechanism
in nonlinear microscopy is from two-photon absorption
[11,12], and linear absorption of water can be neglected
at 1 W power levels [13,14]. The cw laser avoids nonlinear
photodamage induced by the high peak power of the
pulsed laser [15,16]. Previous studies using optical tweez-
ers showed that 400 mW of 1064 nm cw laser power does
not damage living sperm cells [17]. Thus, it is promising
to bring the SRS signal back by using higher excita-
tion power.

In this pilot study, we used two laser diodes as the
excitation sources. The setup is shown in Fig. 1. A
shot-noise-limited diode laser (TLB6712, Newport), tun-
able from 765 to 781 nm, was used as the pump beam. A
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single-mode laser diode (M9-980-0300, Thorlabs) at
982 nm was used as the Stokes beam. The pump and
Stokes beams were collinearly overlapped and directed
into a home-built laser-scanning microscope equipped
with a galvo scanning mirror system (GVS002, Thorlabs)
controlled by LabVIEW code. A 40× water-immersion ob-
jective lens (UPlanSApo, Olympus, NA of 0.8) was used
to focus two laser beams into the sample. The stimulated
Raman loss (SRL) signal at pump wavelength was col-
lected by an oil condenser (U-AAC, Olympus, NA of
1.4) and detected by a photodiode (S3071, Hamamatsu).
The output of the photodiode was amplified by a reso-
nance amplifier and then sent to a lock-in amplifier
(HF2LI, Zurich Instruments). The SRS signal was col-
lected by a data acquisition card (National Instruments).
To demonstrate cw-SRS spectroscopy, we scanned the

wavelength of the pump beam from 766 to 772 nm
(0.6 nm per step) and recorded the SRL spectra of cyclo-
hexane in a Raman shift window from 2780 to 2890 cm−1

at a time constant of 300 ms. Initially, we used single
function generator (Agilent 33210A) to modulate the
Stokes beam at 5.4 MHz, then used the lock-in amplifier
to extract the SRL signal from the pump beam at the
same frequency. The reference spectrum (Fig. 2(a), black
curve) was obtained by blocking both lasers. With this
single modulation scheme, a large offset was found in
the cw-SRS spectrum [Fig. 2(a), red curve]. The offset
(∼2200 nV) was ∼5 times larger than the SRL signal

(∼400 nV). This offset originated from the modulation,
which leaked into the power supply of the pump laser
at the same frequency as the detected SRS signal.
Although acceptable for spectroscopy, the offset would
produce strong artifacts in cw-SRS imaging. To remove
the parasitic modulation of the pump beam, we used a
dual modulation scheme in which the pump beam was
modulated at 0.8 MHz and the Stokes beam was modu-
lated at 4.6 MHz. The SRS signal was detected at the
sum frequency of 5.4 MHz. To remove any high-frequency
components in the pump beam, two low-pass 1.9 MHz
filters (BLP-1.9+, Mini-Circuits) were inserted between
the function generator and the pump laser. As shown
in Fig. 2(b), the offset was eliminated and the cw-SRS
spectrum agrees with the Raman spectrum. Meanwhile,
the SRS signal also reduced about 4 times due to detec-
tion at the sum frequency. By dual modulation of both
laser beams at megahertz, shot-noise-limited detection
was reached in our cw-SRS imaging scheme [Fig. 2(c)].

To prove the concept of cw-SRS imaging, we used an
olive oil droplet sandwiched between two coverslips to
perform cw-SRS imaging. Figure 3(a) shows the cw-SRS
spectrum of olive oil (red curve), which agrees with the
spontaneous Raman spectrum (black curve). The oil/air
interface was imaged by a 40× water immersion objec-
tive, with the pump beam tuned to 767 nm to resonate
with the C─H vibration at the Raman shift of
2850 cm−1. Figure 3(b) shows a cw-SRS image of the in-
terface of oil and air. A bright contrast from the oil was
observed. The SRS signal from the oil was about 1.8 nV.
As the cw-SRS signal was detected at sum frequency, the
actual SRS signal by cw excitation is 4 times larger,
which is about 7.2 nV. The ratio of signal from the oil
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Fig. 2. cw SRS spectrum of cyclohexane liquid and shot noise
detection. (a) A large offset was found in the single modulation
scheme. The reference curve (black) was recorded by blocking
both laser beams. (b) In the dual modulation scheme, the elec-
tronic offset was removed. The cw-SRS spectrum is consistent
with the spontaneous Raman spectrum. The pump and Stokes
powers were 20 and 108 mW, respectively. (c) Shot noise limit
of the pump laser. Noise is square root dependent on the laser
power, the fit r-square value is 0.99.
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Fig. 3. cw SRS imaging of the interface between air and an
olive oil droplet. (a) cw SRS spectrum (single modulation;
the pump and Stokes powers were 20 and 108 mW) of olive
oil is identical with the spontaneous Raman spectrum in the
CH2 stretch vibration region. (b) cw SRS image of oil at the
CH2 stretch vibration mode at 2850 cm−1. (c) Off-resonance
cw-SRS image recorded at 2765 cm−1. Pixel dwell time: 1 ms.
Image size: 100 × 100 pixels. Frame averaged 100 times. The
pump and Stokes powers were 6 and 35 mW, respectively. Scale
bar: 10 μm. (d) SRS image recorded by a picosecond pulsed la-
ser. Pixel dwell time: 4 μs. Image size: 512 × 512 pixels. The
pump and Stokes powers were 6 and 35 mW, respectively. Scale
bar: 10 μm.

Fig. 1. Schematic of a cw-SRS microscope. The orange and
blue lines represent the Stokes and pump beams, respectively.
FG, function generator; LPF, low-pass filter; GSM, galvo scan-
ning mirror; PD, photodiode; RA, resonant amplifier; LIA,
lock-in amplifier.
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region and noise from the air region was about 3.7. In
comparison, the SRS signal of the oil nearly disappeared
in the off-resonance image taken at 2765 cm−1 [Fig. 3(c)].
To compare the SRS signal produced by cw and pulsed
laser excitations, two synchronized picosecond Ti:sap-
phire oscillators (Tsunami, Spectra-Physics) producing
80 MHz pulse trains with 5 ps pulse duration were used
to perform picosecond SRS imaging of olive oil
[Fig. 3(d)]. The picosecond SRS signal from oil is about
12.6 μV. The ratio of the SRS signal produced by picosec-
ond pulsed excitation and cw excitation is 1.8 × 103,
which is close to our theoretical calculations.
For biological applications, we employed our cw-SRS

microscope to image lipid droplets in a fatty liver. A slice
of fatty liver of 50 μm thickness was prepared by a vibra-
tome. Figures 4(a) and 4(b) depict cw-SRS images of the
tissue at Raman shifts of 2850 and 2765 cm−1, respec-
tively, corresponding to on and off resonance with the
symmetric stretching mode of CH2 groups that are abun-
dant in lipid droplets. A large number of droplets were
discerned in the on-resonance image [Fig. 4(a)] but
not in the off-resonance image [Fig. 4(b)]. The cw-SRS
signal from the lipid droplet was ∼1 nV. The resonant
cw-SRS image was compared to the transmission image
of the same area. The transmission image showed that
the morphology of the droplets was identical to that in
the cw-SRS image, but without chemical selectivity
[Fig. 4(c)].
In summary, we demonstrated a highly cost-effective

SRS imaging platform using cw lasers as excitation

sources. The feasibility of cw-SRS imaging of biological
tissues is shown through the mapping of lipid droplets in
fatty liver. In this pilot study, the pump and Stokes
powers were 6 and 35 mW, respectively. We anticipate
that the power of each beam can be increased by 10 times
using high-power diode lasers, which will allow increas-
ing the imaging speed to 1 ms per pixel at a signal-to-
noise ratio of more than 10 for lipid bodies. As shown
in this work, the cw-SRS microscope is highly cost effec-
tive, and it is a promising modality for label-free spectro-
scopic imaging of biological samples.
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Fig. 4. cw SRS imaging of a fatty liver slice. (a) cw SRS image
of a 75 μm × 75 μm area of fatty liver. The cw-SRS signal gen-
erated a clear and identical contrast contour for lipid droplets.
(b) Off-resonant imaging of fatty liver, which the Raman shift
beat at 2765 cm−1. Pixel dwell time: 1 ms. Image size: 100 ×
100 pixels. Frame averaged 100 times. The pump and Stokes
powers were 6 and 35 mW, respectively. (c) The transmission
image of the same area showed some lipid droplets inside. Scale
bar: 20 μm.
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