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ABSTRACT: Broadband stimulated Raman scattering (SRS) is often observed in applications
that use nonlinear spectroscopy to probe the composition or dynamics of complex systems.
Whether the SRS response is measured intentionally or unintentionally, as a background
signal, the relative scattering intensities provide a quantitative measure of the population
profile of target molecules. Solvent scattering is a valuable internal reference for determining
absolute concentrations in these applications, but accurate cross sections have been reported
for only a limited number of transitions in select solvents and were measured using
spontaneous Raman scattering with narrowband continuous wave or nanosecond light sources.
This work reports the measurement and analysis of absolute Raman scattering cross sections
spanning the frequency range of 500—4000 cm™ for cyclohexane, DMSO, acetonitrile,
methanol, water, benzene, and toluene using broadband SRS with femtosecond and
picosecond Raman pump pulses at 488 nm. Varying the duration of the Raman pump pulses
from ~80 fs to >1 ps confirms that the cross sections are independent of the spectral

S

bandwidth across the range of ~250 to <20 cm™". The cross sections and depolarization ratios measured using broadband SRS agree
with the limited number of previously reported values, after accounting for overlapping transitions in the lower-resolution
femtosecond and picosecond spectra. The SRS cross sections reported here can be used with confidence as internal reference
standards for a wide range of applications, including nonlinear spectroscopy and coherent microscopy measurements using ultrafast

lasers.

C oherent spectroscopy and microscopy techniques based
on SERS, CARS, FSRS, two-photon absorption and
fluorescence, and other methods are now widely used in
measuring chemical dynamics,'~* probing the properties of
inhomogeneous materials’ ® and imaging biological sys-
tems.””"> Absolute cross sections are important for quantita-
tive analysis of these measurements, particularly in cases where
several components are present and contribute to the coherent
scattering or absorption signeil.l4_19 In most cases, accurate
cross sections of target compounds are not directly available
from a measurement but may be inferred based on the relative
amplitude compared with the background signal from a solvent
or other internal standard.'”~>* Given the relatively strong
Raman response of many liquids,”* >® stimulated Raman
scattering (SRS) bands of a solvent provide a convenient
reference for calibrating the intensity of a coherent signal. In
this context, it is critical to know the absolute Raman scattering
cross sections for specific vibrational bands of common
solvents as well as the dependence of the scattering signal on
the properties of the incident light.

Absolute Raman scattering cross sections have been
reported for several liquids, but those measurements are
limited to only one or two select vibrations of a molecule and
were measured using spontaneous Raman scattering with
narrowband continuous wave (cw) or nanosecond la-
sers.”?*7 730 I contrast, most coherent spectroscopies take
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advantage of the high peak intensity of femtosecond or
picosecond laser pulses, which limits the spectral resolution
due to the broader bandwidth inherent to short pulses. In
order to provide a better reference for emerging coherent
spectroscopy and microscopy applications, we measured
broadband SRS cross sections for several common solvents
using both femtosecond- and picosecond-duration Raman
pump pulses. While the pulse duration affects the frequency
resolution of the Raman spectrum, we show that accurate cross
sections can be measured independently of the pulse width and
that the measured cross sections are in excellent agreement
with the handful of values available from spontaneous Raman
scattering with higher frequency resolutions.

Specifically, we measure the differential Raman scattering
cross sections of cyclohexane, dimethyl sulfoxide (DMSO),
acetonitrile, methanol, water, benzene, and toluene using
femto- and picosecond Raman pump pulses at 488 nm. In
order to confirm that the cross sections are independent of the
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pump pulse duration, we compare the differential Raman cross
sections while varying the spectral bandwidth of the Raman
pulses from 250 cm™' to <20 cm™', corresponding to the
typical range of bandwidths used in coherent spectroscopies. In
addition to the transitions that were reported previously, we
also report new Raman cross sections for several key
vibrational bands in each of the seven solvents, including
frequency-integrated cross sections covering the full range of
C—H stretching vibrations measured using both femtosecond
and picosecond pulses. We compare the full range of
experimental SRS cross sections with theoretical values
obtained from DFT calculations. The broad range of
transitions that we report provides valuable quantitative
information for a wide range of applications using nonlinear
spectroscopy.

B METHODS

We report the absolute stimulated Raman scattering cross
sections for seven solvents, each with >99.9% purity. The
organic solvents were used as received and without further
purification, including cyclohexane (Fisher, certified ACS),
dimethyl sulfoxide (Fisher, certified ACS), acetonitrile (Fisher,
certified ACS), methanol (Fisher, HPLC grade), benzene
(Sigma-Aldrich, HPLC grade), and toluene (Fisher, certified
ACS). The water was deionized using an ion-exchange column.

Our broadband SRS measurements use the output of an
amplified Ti:sapphire laser (Coherent, Legend Elite HP) that
produces 35 fs pulses at a 1 kHz repetition rate. The
fundamental is split into separate beams for generating the
Raman pump and white-light probe pulses. We use an optical
parametric amplifier (OPA) with two additional stages of
second harmonic generation (SHG) to generate the Raman
pump pulses at 488 nm, and we focus a small portion of the
800 nm fundamental into a circularly translating CaF,
substrate to produce the broadband probe pulses via white-
light continuum generation. Circular translation (rather than
rotation) of the substrate maintains the alignment of the crystal
axis and therefore preserves the vertical polarization of the
probe light.

The pump pulses initially have <80 fs duration and >250
cm™! bandwidth. Passing through a 4f spectral filter consisting
of a grating, a cylindrical lens (f = 200 mm), and an adjustable
slit reduces the bandwidth of the pump pulses to anywhere
from ~100 cm™' when the slit is fully open (S mm) to <20
cm™! for a slit width of 0.15 mm. The spectral bandwidth for
the 0.15 mm slit width is comparable to what we achieved
previously using a 25 mm BBO crystal for the second stage of
SHG, along with the 4f spectral filter.”" Spectral compression
using the longer BBO crystal results in higher transmission
through the spectral filter but does not improve the frequency
resolution (see Figure S1). Regardless of the bandwidth, we
use a variable neutral density filter to attenuate the energy of
the pump pulses to 0.40 + 0.02 yJ at the sample.

The vertically polarized pump and probe beams overlap with
a crossing angle of 4° in a 1 mm quartz cuvette containing the
liquid sample. After the sample, the probe beam passes through
a 750 nm short-pass filter and into a 1/8 m imaging
spectrograph with an 1800 line/mm grating that disperses
the light onto a 2068-pixel linear CCD array (Hamamatsu).
The transmitted probe light is measured at 1 kHz, with the
Raman pump being modulated at 500 Hz for active
background subtraction. We use a delay stage to scan across
the full interaction between the pump and probe pulses,

averaging 3000 laser pulses per time delay for 3 consecutive
scans. The result is a two-dimensional transient absorption
spectrum, A(7, w), that reveals the instantaneous Raman
response as a function of the pump—probe delay and probe
frequency, as shown in Figure S2. Using a pump pulse that is
not resonant with any transitions in the sample ensures that
there is no residual transient absorption signal when the pump
and probe pulses do not overlap in time.

Integrating over the time delay between the pump and probe
pulses at each probe frequency removes any contribution from
dispersive interactions, such as cross-phase modulation,”* and
gives the full Raman response as a frequency-dependent SRS
spectrum, A(®). The amplitude A(w) is proportional to the

. . . . 0%
differential Raman scattering cross section, (m), at probe
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where E, is the energy of the incident Raman pump pulse, L is
the path length of the sample, N is the number density of the
liquid, n is the index of refraction, @, is the Raman pump
frequency, and f,, represents the intensity-weighted spatial
overlap of the pump and probe beams passing through the
sample. The overlap factor, f,, assumes colhnear pump and
probe beams with Gaussian spatial profiles.”® We measure the
profile of each beam in both x and y dimensions at the position
of the sample using the knife-edge technique (see Flgure S3).
Fitting each profile to an error function gives the 1 /e? half-

widths, wy, and wy,, from which we obtain the overlap factor
2
fy =
Ny )

where w, , =, lwpuz + wpr2 are the half-widths in the x and y

dimensions from a convolution of the two-dimensional
Gaussian pump and probe beams. The pump—probe overlap
is the primary source of uncertainty in determining absolute
cross sections from SRS measurements, as we discuss below.
Table S1 gives the number density and index of refraction that
we use for each solvent.

. . . . 0%
The differential Raman scattering cross section, ( ame ),

represents scattering into solid angle Q, at frequency w. The
Raman scattering cross section is an intrinsic property of a
material, and is the same for both spontaneous and stimulated
Raman scattering.2’24’3’5’37 We report the cross sections for

individual Raman bands, ( % ) by integrating over a frequency

range that encompasses the full band. For overlapping
transitions, we label the band according to the mode with
the largest contribution. In the case of the C—H stretching
vibrations, we report only the full integrated intensity of all
Raman-active modes in the range ~2800—3200 cm™!

We obtain theoretical Raman scatterlng cross sections from
B3LYP/aug-cc- pVDZ calculations™ using the GAUSSIAN
software package.”” The calculations give unpolarized Raman
activities, S,, in A* amu™, from which we calculate the

. . . . d .

differential Raman scattering cross sections, (é) , in cm?
unp

st™' molecule In order to match our experimental

conditions, we use depolarization ratios from the DFT
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calculations, p,, to convert the unpolarized Raman cross
sections to the values for parallel polarized light.”®

60) _1 ( 9o
s
(69 I 0/ 3)

We restrict the geometry of each molecule in the calculations
to retain the highest-symmetry point group.

B RESULTS AND DISCUSSION

The SRS spectra for cyclohexane, DMSO, and acetonitrile are
presented in Figure 1. The figure compares the spectra

701 cyclohexane

Acetonitrile

1000 2000 3000
Raman Shift (cm)

Figure 1. SRS spectra of cyclohexane, DMSO, and acetonitrile
measured with 488 nm Raman pump pulses. In order to facilitate a
comparison with the picosecond spectra (red lines), the intensities of
the spectrally broadened femtosecond spectra (blue lines) are scaled
by the indicated amounts.

obtained using both pico- and femtosecond Raman pump
pulses. The spectra measured using the narrower bandwidth
picosecond pump pulses have well-resolved transitions,
whereas the femtosecond pump pulses give spectra that are
much broader due to the larger bandwidth of the pulse. The
strongest feature in each spectrum is the collection of C—H
stretching vibrations near 3000 cm™'; however, we also resolve
lower-frequency vibrations depending on the structure of the
molecule.

Similarly, Figure 2 shows the SRS spectra for methanol and
water, where the probe range is shifted in comparison with the
other solvents in order to show the full range of the O—H

Methanol

25

6

Water

1600 2400 3200 4000
Raman Shift (cm™)

Figure 2. SRS spectra of methanol and water measured with 488 nm
Raman pump pulses. In order to facilitate the comparison with the
picosecond spectra (red lines), the intensities of the spectrally
broadened femtosecond spectra (blue lines) are scaled by the
indicated amounts. The inset shows the lower-frequency bands of
methanol.

stretching vibration. The hydroxyl stretch is broad in both the
picosecond and femtosecond spectra of each solvent due to
hydrogen bonding.”® For methanol, the O—H stretching band
centered near 3400 cm ™" partially overlaps the C—H stretching
modes in the femtosecond spectrum due to the broader
bandwidth of the femtosecond pump pulses. In order to
account for the overlapping intensity in the femtosecond
spectrum, we determine the frequency-integrated cross
sections of the C—H and O—H bands using a deconvolution
with two Gaussian functions (Figure S4). The spectrum of
water includes only the broad O—H stretching vibrations, for
which we observe a distinctive double-peaked structure in the
picosecond spectrum that matches previously reported
spectra.”® The structure is absent from the femtosecond
spectrum of water due to the lower frequency resolution.

The SRS spectra for benzene and toluene are presented in
Figure 3. The measurement in these solvents is complicated by
overlapping two-photon absorption (2PA) bands at this
combination of Raman pump and probe wavelengths.’* The
2PA bands contribute to the time-integrated signal, A(®), and
result in additional features that are broader than the Raman
transitions. The 2PA bands are more evident in the lower-
resolution spectra, where we have expanded the scaling to
compensate for the broadening and shortening of the Raman
bands. However, the intensity and bandwidth of the 2PA signal
is similar in both the high- and low-resolution spectra when
viewed on the same scale (Figure SS) because the 2PA bands
remain broad even at the higher resolution. In principle, the
contributions from SRS and 2PA could be separated by
changing the Raman pump wavelength, because the two signals
shift in opposite directions in the probe spectrum. However,
given the lower intensity and broader line widths of the 2PA
features, we neglect the minor contribution to the Raman band
integrals when calculating the cross sections.

https://dx.doi.org/10.1021/acs.analchem.0c01785
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Figure 3. SRS spectra of benzene and toluene measured with 488 nm
Raman pump pulses. In order to facilitate the comparison with the
picosecond spectra (red lines), the intensities of the spectrally
broadened femtosecond spectra (blue lines) are scaled by the
indicated amounts.

The absolute Raman scattering cross sections for select
bands in the spectrum of each solvent are summarized in Table
1. The table includes values that we obtain using both
femtosecond and picosecond Raman pump pulses. The values
for each band are in good agreement, within 20% on average,
confirming that the integrated Raman cross sections are
independent of the temporal pulse width and therefore the
frequency resolution. The small discrepancies between the
cross sections that we measure with femtosecond and
picosecond pump pulses are likely a result of variations in
the pump—probe overlap (f,,) between the measurements and
possibly also due to small contributions from baseline artifacts
in the femtosecond spectra due to cross-phase modulation.

Table 1 also compares our Raman cross sections with values
that were previously reported in the literature.*"*>*%~3°
Absolute Raman scattering cross sections have been reported
for only a limited number of vibrational bands of each solvent,
and we are not aware of any previously reported values for
DMSO at 488 nm. All of the previously reported values were
measured using spontaneous Raman scattering at a collection
angle of 90°. In general, our SRS cross sections are within
+20% of the literature values, which is a typical value of the
uncertainty for absolute Raman measurements.'”>" While our
measurements are sensitive to the overlap between the pump
and probe beams, spontaneous Raman measurements require
precise knowledge of both the incident beam profile and
collection conditions for the Raman scattering signal and often
rely on comparisons with a photometric standard.”* In any
case, absolute cross sections typically have ~20% or larger
uncertainty, as is reflected in the variation between values
reported by different authors.

The polarization dependence of the Raman cross sections
complicates the comparison between values from different
measurements. The literature values in Table 1 were measured
with either parallel or unpolarized detection with respect to the

incident light,”"*>*"~* but we only report SRS cross sections
measured with parallel polarization. Although depolarization
ratios have been reported for all of the solvents in Table
1,"*=* it can be difficult to compare the polarization
dependence for measurements with different frequency
resolutions, especially in cases where there are overlapping
bands.*"*” This issue is particularly acute for the lower-
resolution spectra measured with femtosecond (and pico-
second) pulses, where there are often several transitions
underlying a single band. For example, the C—H stretching
band of benzene consists of two closely spaced transitions that
are only partially resolved even in higher-resolution spectra due
to the natural line widths.*'

We measure the polarization dependence of the benzene C—
H stretching band in the SRS spectrum by rotating the
polarization of the picosecond pump pulses using a zero-order
wave plate. Integrating over the full Raman band at each
polarization (Figure S6) gives a depolarization ratio of p = A,/
Aj =0.312 + 0.013 (20). This value is in good agreement with
the average value of 0.32 from the individual depolarization
ratios of the 3045 and 3062 cm™' bands that were reported
previously at a higher resolution.’ The comparison is
complicated by the overlapping bands and requires a weighted
average of the two transitions, which is not straightforward to
obtain from tabulated values in most cases. For the comparison
with the experimental depolarization ratio, we obtain a value of
0.347 from DFT calculations (see below) by considering all of
the transitions in the region of the C—H stretching modes. The
discrepancy compared with the experimental values is due, at
least in part, to the contributions from two weak shoulders in
the experimental spectrum due to combination or overtone
modes that are not present in our (harmonic) calculations.
These complications highlight the difficulty in determining the
polarization dependence for Raman cross sections in the
femtosecond and picosecond spectra based on older measure-
ments, providing additional motivation for new broadband
SRS measurements.

For a comparison with the experimental values, Table 1
shows the calculated Raman cross sections from B3LYP/aug-
cc-pVDZ for all of the solvents. The calculated values are
converted from unpolarized Raman activities, S,, to parallel-
polarized Raman cross sections to match the experimental
conditions (eq 3). A full list of values for the calculated
vibrational frequencies, Raman activities, parallel and perpen-
dicular cross sections, and depolarization ratios for each
solvent are available in Table S2. The Raman cross sections,
calculated for gas-phase molecules with a static incident
frequency, are an average of ~2.5 times smaller than the
experimental values. The discrepancy is not surprising, because
cross sections are known to be 2—4 times larger for liquids
compared with isolated molecules, due to local field
effects.””*>* Pre-resonance enhancement is also likely to
increase the experimental cross sections slightly, even for 488
nm excitation.’ Nevertheless, the intensities within each
spectrum are relatively insensitive to solvation in most cases,*®
allowing us to use the gas-phase calculations for comparison
with the relative amplitudes and polarization dependence of
our experimental spectra.

A key experimental parameter in our measurements is the
duration of the Raman pump pulses, ranging from ~80 fs to >1
ps. Raman scattering cross sections are an intrinsic property of
the liquid, and the integrated intensity of a given Raman band
should be independent of the pulse duration, and therefore

https://dx.doi.org/10.1021/acs.analchem.0c01785
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Table 1. Differential Raman Scattering Cross Sections at 488 nm

(:—S) (107%° cm? sr™! molecule™)

solvent band ps pump”
cyclohexane 801 cm™ S.14
1028 cm™! 2.12
1267 cm™ 1.64
1444 cm™ 2.14
C—H° 47.70
DMSO 667 cm™! 8.22
1043 cm™ 2.02
1420 cm™ 1.42
C—H° 22.14
acetonitrile 919 cm™! 0.78
1380 cm™* 1.14
2254 cm™! 2.84
C—H° 7.70
methanol 1037 cm™ 0.80
1460 cm™ 0.46
C—H° 7.20
O-H 1.84
water O—-H 3.52
benzene 992 cm™! 18.88
1175 cm™ 2.12
1572 em™! 2.14
C—H° 29.10
toluene 785 cm™! 5.80
1002 cm™ 12.08
1210 cm™ 4.40
1378 cm™ 0.90
1604 cm™ 1.68
C—H° 37.94

fs pump” literature calculated”
9.06°, 11.3" 2.61
5.37° 0.78
4.61° 0.74
6.17¢ 0.88
60.06 75.2¢ 20.10
622
0.66
0.57
23.74 8.03
L11¢ 0.48
0.57
2.10 3.71¢ 1.79
8.12 8.2° 4.62
1.5¢, 2.5/, 1.3¢ 0.49
0.32
8.50¢ 10.79¢, 5.7% 447
2.04¢ 4.06° 0.76
442 82" 131
11.52 32.5%, 36.5 7.25
0.47
0.75
27.72 3299 57.1° 8.86
2.00
18.3¢ 3.93
0.96
0.45
0.84
38.14 13.41

“Estimated 26 uncertainties are +£15% of the value. “B3LYP/ aug-cc-pVDZ with parallel polarization. “Sum of all bands in the C—H stretching
region. 9From Gaussian deconvolution of C—H and O—H bands. °Ref 21, unpolarized. TRef 27, unpolarized. Ref 22, unpolarized. hRef 28,

unpolarized. ‘Ref 29, parallel. /Ref 30, unpolarized.

spectral resolution, provided all other experimental parameters
remain constant (eq 1). To illustrate this point, Figure 4 shows
the variation of the SRS spectrum in the C—H stretching
region of cyclohexane (2400—3400 cm™') as we vary the
spectral bandwidth of the Raman pump pulses. Closing the slit
in the spectral filter narrows the bandwidth and increases the
pulse duration, resulting in a higher frequency resolution and a
better resolved Raman spectrum. Importantly, we attenuate the
pump pulse energy to be the same for each measurement,
regardless of the bandwidth.

The increasing spectral resolution with the pulse duration is
evident in Figure 4a, where the spectrum of cyclohexane
evolves from a single broad band encompassing all of the C—H
stretching modes to a collection of bands comprising two, well-
resolved peaks with an additional underlying structure due to
the C—H stretching vibrations. The higher-resolution measure-
ments also resolve a collection of weaker Raman bands near
2650 cm ™" due to overtones of the ring deformation modes.**
Figure 4b shows the frequency-integrated SRS signal, A, for the
full range of the C—H bands as a function of the spectral
bandwidth of the Raman pump pulses. The inverse of the pulse
duration provides an indirect measure of the spectral
bandwidth due to the inverse relationship between the time
and frequency. The pump pulse duration is easy to determine
from the temporal profile of the Raman bands in the 2D
spectrum, A(z, @), as shown in Figure $8.3!

The integrated SRS signals in Figure 4b are the same within
the 10—15% uncertainty of the individual measurements,
confirming that the measured cross section is independent of
the bandwidth (or duration) of the pump pulse. The value for
the uncertainty was determined based on our best estimate of
the uncertainty in the spatial overlap of the pump and probe
beams (f,,), which is the primary source of the uncertainty in
our measurement. Importantly, this is not the uncertainty from
any single determination of the overlap using the knife-edge
technique but rather our estimate (at 95% confidence) of the
uncertainty for the method itself based on the variation across
many independent measurements. Although we assume that
both pump and probe beams have Gaussian spatial profiles, the
variation of the pump beam leads to subtle differences in the
measured signal strength. Filamentation in the white-light
continuum generation process typically produces a very regular
and Gaussian beam profile, but the mode of the pump beam
generated in the OPA and two subsequent stages of the SHG is
often distorted and may include “hot spots” that are difficult to
characterize. Tuning the slit width in the spectral filter further
distorts the beam profile, leading to variation in the weighted
pump—probe overlap. These differences in the pump beam
profile between measurements are too subtle to distinguish
using the knife-edge technique and therefore are not properly
accounted for in the weighted overlap factor, f,,.

https://dx.doi.org/10.1021/acs.analchem.0c01785
Anal. Chem. 2020, 92, 10686—10692


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c01785/suppl_file/ac0c01785_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c01785?ref=pdf

Analytical Chemistry

pubs.acs.org/ac

60

= 1.07 ps
(a) — 490fs
274fs
- 209 fs
207 fs
184 fs
= 165 fs
404 — 168 fs
3
<
1 1 1 1 1 1
2400 2600 2800 3000 3200 3400
Raman Shift (cm™)
1.4x10"°
(b)
1.2
<
104 %
0.8

1 2 3 4 5 6
Pulse Width™! (ps™1)

Figure 4. (a) Stimulated Raman spectrum of the C—H stretching
region of cyclohexane for several different Raman pump pulse widths.
(b) Frequency-integrated SRS signal in the range 2400—3400 cm™".

The variation of the beam profiles, and therefore of the
pump—probe overlap, determines the overall uncertainty in the
absolute Raman cross sections from our SRS measurements.
We offer two examples to illustrate this variation, which is
typical of any absolute Raman cross section measurement. On
the basis of 24 independent measurements of the C—H
stretching modes of cyclohexane (including two different
experimental configurations), we estimate the uncertainty to be
+15% (26), giving a Raman cross section of 56 + 8 X 107%°
cm? st~ molecule™. We find a similar uncertainty based on 16
independent measurements of the C—H stretching modes of
benzene, for which we obtain a cross section of 26 + 4 X 107°
cm? sr™" molecule™. These absolute cross sections for parallel
polarization are slightly smaller than the unpolarized values
previously reported in the literature, which are the sum of
parallel and perpendicular polarization. However, our reported
cross sections include small contributions from additional weak
transitions that are not resolved in the lower-resolution
femtosecond measurements in order to allow a direct
comparison between the values measured with different pulse
widths.

B CONCLUSIONS

We measured and analyzed differential Raman scattering cross
sections for seven common solvents using broadband SRS with
picosecond and femtosecond pump pulses at 488 nm. A key
result of this work is that the Raman cross sections measured
using SRS are independent of the pulse width and are in good
agreement with previously published values from spontaneous
Raman scattering after accounting for overlapping transitions

in the lower-resolution femtosecond (and picosecond) spectra.
We also discuss the polarization dependence of the SRS bands
with respect to the frequency resolution and the role of
overlapping transitions. The solvent Raman bands provide a
useful metric to determine the in situ polarization purity for
any pump—probe or nonlinear spectroscopy measurement, but
this approach requires careful consideration of the overlapping
bands in the spectra measured with femtosecond and
picosecond pump pulses compared with tabulated values
from higher-resolution measurements. The broadband meas-
urements reveal absolute cross sections for all Raman-active
transitions in the range of 500—4000 cm™, allowing us to
report accurate cross sections for several modes where they
have not been reported previously. The wide range of accurate
cross sections provides a useful reference for using Raman
scattering as an internal standard. The internal standard
technique has been widely used for measuring absolute cross
sections from spontaneous Raman scattering, and the
stimulated Raman values reported here will be especially
valuable for applications in coherent spectroscopy and
microscopy.
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