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Introduction
Raman spectroscopy provides valuable information on molecular vibrations and has been widely used to investigate chemical structure of molecule. Nevertheless, due to the notoriously small cross sections of

spontaneous Raman scatterings, conventional Raman technique often suffers from the weak spontaneous Raman signal, which has limited more in‐depth applications. Stimulated Raman scattering (SRS) spectroscopy
is an advanced Raman technique that involves a coherent multiphoton interaction making a significant Raman enhancement.
In this work, we perform an intensity‐dependent SRL spectroscopy for several organic solvents with variable Raman pump intensity. Aromatic (more polarizable) and non‐aromatic (less polarizable) molecules with

large and small optical Kerr non‐linearity, respectively, are considered to examine the dependence of their SRL spectra on the pump intensity. To account for the distorted spectral shape of the SRL at the high pump
intensity, we performed numerical simulation using a split‐step Fourier algorithm to calculate the SRL spectra including both the vibrationally resonant Raman susceptibility and non‐resonant XPM and compare the
numerical simulation and experimental results. In our narrowband picosecond (ps) pump‐broadband femtosecond (fs) probe SRL measurement, a scan of the time delay (Δt) between the pump and probe pulses allows
one to monitor an overall time‐ and frequency ‐resolved modulation in SRS. To investigate the pump‐probe delay time dependence of the XPM effect, the measured and calculated time‐resolved SRL spectra at the high
and low pump intensities are also compared.

Experimental Methods

1000 1010 1020 1030 1040 1050

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

No
rm

al
ize

d 
In

te
ns

ity
 (a

.u
.)

Wavelength (nm)

 Raman pump (before filter)
 Raman pump (after filter)

860 880 900 920 940 960 980 1000

0.0

0.2

0.4

0.6

0.8

1.0

1.2

No
rm

al
ize

d 
In

te
ns

ity
 (a

.u
.)

Wavelength (nm)

Raman pump 
after NBP filter

Δv (FWHM) 
= ~ 12 cm‐1

= ~ 1 nm

Fundamental
Raman pump

Δv (FWHM) 
= ~ 156 cm‐1

= ~ 12 nm

Anti-Stokes Probe spectrum

Raman pump spectrum

Δv (FWHM) 

= ~ 507 cm‐1

= ~ 39 nm

Gain

ωv

Loss

ωωp ωas

Raman
pump

Anti-Stokes 
probe

Stimulated Raman scattering process
in the frequency domain

t

Raman
pump

Anti-Stokes 
probe

Δt

Pulse overlap scheme of the Raman pump 
(ps) and anti‐Stokes probe (fs) for the 

Δt‐resolved SRL measurement

C

Regenerative amplifier
( PHAROS, Light 

conversion ) 

Non-Collinear OPA
(ORPHEOUS-N,

Light conversion)

1030 nm

930 nm
Anti-Stokes probe

1028 nm
Raman pump
(Δω ~ 14 cm-1)

λ/2
plate

CCD
(Andor)

Mono-
chromator

(SP2300i)

Pol

Pol

NBF

SPF

DML       S       L λ/2
plate

C
NBF
Pol
L
S
DM
SPF

Chopper
Narrow bandpass filter
Polarizer
Lens
Sample
Dichroic mirror
Short‐pass filter

( )3/2

3/2 2

8 2
 p p

p p

ln
I

d
ε

π τ
= 10

( , )
( , ) log

( )
pump on

SRL
pump off

I t
A t

I
ω

ω
ω

−

−

 ∆
∆ = −  

  

The pump intensity (Ip) The stimulated Raman loss spectrum

Δt
m

ax
(p

s)

Δt
m

ax
(p

s)

 

 

900 950 1000 1050 1100
-1

-0.5

0

0.5

1

0.6

0.7

0.8

0.9

1

1.1

1.2

 

 

900 950 1000 1050 1100
-1

-0.5

0

0.5

1

0.6

0.7

0.8

0.9

1

1.1

1.2

 

 

700 750 800 850 900
-1

-0.5

0

0.5

1

0.6

0.7

0.8

0.9

1

1.1

1.2

 

 

700 750 800 850 900
-1

-0.5

0

0.5

1

0.6

0.7

0.8

0.9

1

1.1

1.2

 

 

700 750 800 850 900
-1

-0.5

0

0.5

1

0.6

0.7

0.8

0.9

1

1.1

1.2

 

 

900 950 1000 1050 1100
-1

-0.5

0

0.5

1

0.6

0.8

1

1.2

1.4

1.6

Δt
m

ax
(p

s)

Δt
m

ax
(p

s)

Ip = 2.99 GW/cm2

Ip = 7.14 GW/cm2

Ip = 17.04 GW/cm2

Ip = 3.11 GW/cm2

Ip = 7.25 GW/cm2

Ip = 17.04 GW/cm2

Δt
m

ax
(p

s)

Δt
m

ax
(p

s)

Raman Shift (cm‐1) Raman Shift (cm‐1)

Cyclohexane
n2 = 3.0 x 10‐22 m2/V2

Benzene
n2 = 3.0 x 10-21 m2/V2

Experimentally measured
∆tmax‐resolved stimulated Raman loss (SRL) spectra

 

 

900 950 1000 1050 1100
-1

-0.5

0

0.5

1

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 

 

900 950 1000 1050 1100
-1

-0.5

0

0.5

1

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 

 

900 950 1000 1050 1100
-1

-0.5

0

0.5

1

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 

 

900 950 1000 1050 1100
-1

-0.5

0

0.5

1

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 

 

900 950 1000 1050 1100
-1

-0.5

0

0.5

1

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 

 

900 950 1000 1050 1100
-1

-0.5

0

0.5

1

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Δt = 0.35 ps

Min(GSRL)

Ip = 7 GW/cm2

Ip = 25 GW/cm2

Ip = 50 GW/cm2

Ip = 7 GW/cm2

Ip = 25 GW/cm2

Ip = 50 GW/cm2

Raman Shift (cm‐1) Raman Shift (cm‐1)

Small non-linear refractive index
n2 = 3.0 x 10‐22 m2/V2

Large non-linear refractive index
n2 = 3.0 x 10-21 m2/V2

Δt
m

ax
(p

s)

Δt
m

ax
(p

s)

Δt
m

ax
(p

s)

Δt
m

ax
(p

s)

Δt
m

ax
(p

s)

Δt
m

ax
(p

s)

Numerically simulated
∆tmax‐resolved stimulated Raman loss (SRL) spectra

Time-integrated stimulated 
Raman loss (SRL) spectra

The SRL spectral shapes of the aromatic compounds are
significantly modified from the original ones at the high
pump intensity.

These nonlinear increasing pattern and spectral distortion
of the SRL signal upon increasing pump intensity imply
that other nonlinear optical effects such as XPM should be
properly taken into account because they start to
interfere with the SRS process at high pump intensities.

Benzene Toluene

800 900 1000

0.0

0.2

0.4
 2.26 (GW/cm2) 
 3.49 (GW/cm2) 
 5.28 (GW/cm2)
 6.65 (GW/cm2)

850 900 950 1000 1050

0.0

0.5  1.92 (GW/cm2)
 2.81 (GW/cm2) 
 4.25 (GW/cm2)
 5.62 (GW/cm2)

A SR
L

A SR
L

A SR
L

A SR
L

Raman Shift (cm‐1) Raman Shift (cm‐1)

Low pump intensities Low pump intensities

High pump intensitiesHigh pump intensities

Spectral modulation of the stimulated Raman loss

Results and Discussions Pump-probe delay time-dependence of SRL spectrum

0 20 40 60 80 100
0.0

0.2

0.4

0.6

 

 

A SR
L

Raman Pump Intensity (GW/cm2)

 Benzene  Cyclohexane
 Toluene   Acetonitrile

0.00

0.05

0.0

0.2

0.0

0.5

700 800 900 1000 1100 1200 1300

0.0

0.5

 

 

In
te

ns
ity

 (a
.u

.)  Benzene
 Toluene
 Cyclohexane
 Acetonitrile

 
 

A SR
L

 
 

Raman Shift (cm‐1)

Ip = 0.2 GW/cm2

Ip = 1.0 GW/cm2

Ip = 3.4 GW/cm2

Ip = 6.8 GW/cm2

Stimulated 
Raman

Spontaneous 
Raman

For the low pump intensities
(0.2 GW/cm2 and 1.0 GW/cm2),
all the SRL peak shapes of the
four samples do not change
significantly except for an overall
increase in their SRL signals as
the pump intensity increases.

At 3.4 GW/cm2 for the pump
pulse intensity, the absorptive
line shape of the SRL peak at 992
cm‐1 is significantly distorted
with a dispersive feature.

The SRL spectra of benzene, toluene, cyclohexane, and acetonitrile measured at ∆tmax = 0

Conclusions
1. One should be careful in choosing a proper set of experimental parameters, such as probe frequency and bandwidth. Without prior information on the entire spectral characteristics, any inappropriate choice of
them could give rise to quantitatively undesired results (even sign of the loss signal could be reversed).
2. The SRL spectra taken at positive delay times are less contaminated by the strongly modulated interference signal. Therefore, SRS measurement at a slightly positive time delay could be more favorable for
obtaining a better SRS signal.
3. Molecules with aromatic rings (large n2) might be less suitable as imaging probe for super-resolution SRS imaging because the undesired XPM effect is large and the SRS signal is more vulnerable to the intense
pump beam. Through this study, the unusual spectroscopic features in SRS observed beyond the weak Raman pump limit and their possible origin have been elucidated. We anticipate that our results will provide
useful information for SRS application employing an extremely intense pump beam, for example, super‐resolution SRS imaging.

Results and Discussions Pump intensity dependence of SRL spectrum

Numerical Simulation Methods
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Applying the slowly varying envelope approximation in time and
space, the wave propagation equation can be written as
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Using the split‐step Fourier algorithm,
Fourier‐transform

Spectral field Aas(ω)Time field Aas(t)

Numerically simulated SRL spectra of the model cases 
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