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Development of a Simultaneously Frequency- and Time-Resolved Raman-Induced Kerr
Effect Probe

Mikhail N. Slipchenko,” Benjamin D. Prince, Samuel C. Ducatman,’ and Hans U. Stauffer*
Department of Chemistry, lowa State University, Ames, lowa 50011-3111

Received: May 14, 2008; Revised Manuscript Received: September 30, 2008

We detail the development of an optical probe technique based on time-resolved Raman-induced Kerr effect
polarization spectroscopy (tr-RIKES). This technique, termed fs/ps RIKES, combines an ultrafast pump pulse
with a narrowband probe that directly allows spectral resolution of low-frequency (0—600 cm ') modes typically
observable via RIKES. The narrowband probe pulse alleviates the need to scan the time delay between pump
and probe pulses to observe molecular coherences, thus making this multiplexed technique a convenient
probe for studying low-frequency molecular dynamics. An important distinguishing characteristic of this
polarization-sensitive technique arises from the fact that the delay between the impulsive pump pulse and the
picosecond-duration probe pulse is optimized to maximize suppression of nonresonant background signal.
Model systems, including the rotational spectrum of gas-phase hydrogen and the low-frequency vibrational
spectrum of neat bromoform, are used to compare fs/ps RIKES with the conventional time-resolved RIKES

technique.

I. Introduction

The successful development of ultrafast laser sources in the
past two decades has resulted in a wide range of applications
and the development of new time-domain-based spectroscopic
techniques.!? One well-established method for the observation
of ultrafast dynamics associated with low-frequency (0—600
cm™!) motions is Raman-induced Kerr effect [or optical Kerr
effect (OKE)] polarization spectroscopy (RIKES).>™> This
method has also been applied to the study of pure rotational
spectra of gases [often termed Raman-induced polarization
spectroscopy (RIPS)] with high resolution and sensitivity®’ and
can therefore be used as a noninvasive diagnostic of temperature
in combustion media®~'* or for concentration determination in
gas mixtures.'"'> In combination with optical heterodyne
detection (OHD-OKE, OHD-RIKES) via the introduction of a
local oscillator (LO) field, the optical Kerr effect is a highly
sensitive technique that is widely applied to studying low-
frequency inter- and intramolecular motions involving pure
molecular liquids"'*~!? and solvated species.?’"?? In addition,
the LO provides phase sensitivity, which allows the separation
of birefringent and dichroic responses of the samples.

More recently, nonlinear optical techniques have been used
as probes to observe the dynamics of impulsively stimulated
systems. Forexample, Scherer et al.?? and Blank and co-workers?*?
used polarization response spectroscopy and degenerate four-
wave mixing, respectively, to probe the evolution of low-
frequency solvent modes following optical excitation of solute
species. The time-resolved coherent anti-Stokes Raman scat-
tering (CARS) technique has been used to probe excited-state
vibrational coherences following excitation via an ultrafast pump
pulse.°~2 Note that these studies are inherently multidimen-
sional techniques, in which the temporal scan traditionally
associated with time-resolved nonlinear optical probes must be
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carried out for each time delay between the impulsive excitation
pulse and the nonlinear optical probe pulse combinations.

Multiplexing techniques, based on the use of combinations
of broadband and narrowband pulses within nonlinear optical
probes, have recently been implemented to great benefit.?’~3
A major advantage of these techniques arises from the removal
of one (temporal) dimension. As such, these multiplexed
techniques can be readily applied as probes in which a second
dimension, such as time,** sample position,?® temperature, and
SO on, is varied.

In this work, we demonstrate a multiplexed optical technique,
termed fs/ps RIKES, that is based on time-resolved homodyne
RIKES but allows direct detection of the frequency-domain
RIKES spectrum. This technique is not intended to supplant
traditional heterodyned OKE as an optimal technique for
detection of low-frequency intra- and intermolecular motion.
However, the fs/ps RIKES technique, which combines a
broadband (~80-fs duration) pump pulse with a shaped nar-
rowband (~1.5-ps duration) probe pulse, eliminates the need
to scan a time dimension and perform subsequent Fourier
analysis associated with time-resolved RIKES, making it a
convenient multiplexed probe for fast detection of low-frequency
modes in molecular dynamics studies.

This article is organized as follows: First, a theoretical
description of time-resolved RIKES is presented to allow a
comparison of the signal obtained in spectrally resolved
tr-RIKES experiments to that observed in fs/ps RIKES, followed
by a description of the experimental method and optical setup.
This is followed by a comparison of fs/ps RIKES to conven-
tional RIKES (i.e., RIPS) in measuring the rotational spectrum
of gas-phase Hj; subsequently, we demonstrate the application
of fs/ps RIKES in the condensed phase in neat bromoform
(CHBr3).

II. Theory

A full theoretical consideration of the off-resonant birefrin-
gence observed in time-resolved RIKES experiments can be
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Figure 1. Wave-mixing energy level diagrams for contributing
molecular response terms, Ry(t3,1,11) (left) and Ri(t3,t,t) (right), that
survive the rotating-wave approximation for pump (w;) and probe (w>)
pulse carrier frequencies under the conditions described in the text.
States laUand IcOdepict, respectively, an initial state and a Raman-
accessible state contained within the bandwidth of the pump pulse.
Interactions are time ordered from left to right. Solid vertical arrows
represent ket-side interactions with the density operator, dashed arrows
represent bra-side interactions, and wavy arrows represent the signal
field.

found, for example, in Cho et al.** and Kinoshita et al.,*> and
Ziegler and co-workers subsequently discussed the nature of
spectrally dispersed heterodyne-detected Kerr effect signal.'73
In this work, the detected fs/ps RIKES signal and the spectrally
dispersed tr-RIKES data presented in section IV contain
homodyne-detected signal. As such, expressions are derived for
the expected spectrally dispersed homodyne-detected signal
under two limiting cases: that of a short broadband probe pulse
and that of a narrowband probe.

In the frequency domain, the observed homodyne-detected
signal associated with the complex third-order polarization (P®)
is given as a function of signal frequency, ws, and pump—probe
delay, 7, by*’

(w,7) OIP (0 ,1) (1)

whereas the observed heterodyne-detected birefringence is

N homodyne

Shelerodyne(ws’r) u Im[EnIiO(ws) P(S)(ws"[)] (2)

where Ejo(w,) is the frequency-domain local oscillator electric
field. Under the rotating-wave approximation (RWA), the
resonant contribution to P’ can be expressed in the time domain
as the sum of two surviving time-evolution components**3’

POty =PP(1,0) + PY(t1) 3)

in which
1\3 o0 0 0
pf)(m):(%) Jod [ dt, [ dn Rttty Ex(t— 1) X

E{t+T1—t,— ) E(t+T1—t,—t,— 1) (4)

and
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and E; and E, are the electric field envelopes of pulses 1 (pump)
and 2 (probe), respectively, temporally separated by delay 7.
In these expressions, w; and w, represent the carrier frequencies
associated with these respective pulses, R; and R, are the
relevant molecular response functions that survive the RWA,
and the carrier frequency, w,, associated with this detected
polarization has been suppressed.’’” Figure 1 depicts wave-
mixing energy level diagrams®* for the R; and R contributions
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to the third-order polarization,’” which correspond, respectively,
to the collinear Stokes and anti-Stokes scattered components
of the RIKES signal.'” Assuming that the electronic dephasing
time scales are fast compared to the pulse durations, the
variations of pulses 1 and 2 during the electronic coherence
times, #; and 3, can be neglected, giving

RS (%)3@(:)[ S dty Ry(0,6,0) IE, (1 + 7= 1,)1)] (6)

An analogous expression for P{(#,7) contains R3(0,1,,0) in place
of R4(0,1,,0). These reduced-dimensionality third-order response
functions, R; and R4, can be assumed to take the form

Ry(0,5,0) = K, P(@) 0(t) exp(Hiw, by~ Tty (1)

a,c

and

Ry(0.5,0) = k. ,P(a) (1) exp(—iw, 1, ~ T, 1) (8)

a,c

where the summation is carried out over initial states lalJand
accessible Raman active states Ic[] k., is a constant containing
products of transition dipole moments associated with the
nonresonant electronic transitions; P(a) is the population of
initial state lal] 6(¢) is a Heaviside step function; and w,., and
T, are, respectively, the Bohr frequency and the dephasing rate
associated with the lc0< laOtransition.”” Upon transforming
into the frequency domain and focusing first only on the anti-
Stokes scattered component, the third-order polarization takes
the form

PPAD = (] [ Exoe [ ats Ry 0,0 %

E,(t+ 17— z2)|2] ©)

where A = (ws — w,) represents the detuning relative to the
detected signal carrier frequency, w,.

Equation 9 and the analogous expression for P{’(A,7) can,
of course, be numerically integrated for any forms of pulse 1
and pulse 2 electric fields, and simulated data shown in section
IV directly use these expression in combination with eqs 1—3.
However, to derive analytical expressions that emphasize the
expected signal in two limiting cases—one case involving the
use of a short (broadband) probe pulse that is well separated in
time and the other involving a narrowband probe pulse—it is
instructive to consider additional simplifications of this expres-
sion. Assuming that the pulse 1 intensity envelope [/;(¢) [
|E,(£)P] is impulsive compared to the time scales associated with
the molecular response during #, [i.e., [;(t + 7 — 1) ~ 0t + 7
— 1], eqs 7 and 9 can be combined to give

PID = (5] [ B0 P x

a,c

exp[—iw (t+1) =T (+7] (10)

If the pulse 2 electric field envelope is additionally assumed to
have a short [full width at half-maximum (fwhm) =
2(In 2)275] Gaussian temporal profile, then for pump—probe
delays 7 that are longer than the pulse 2 duration, the lower
integration limit in eq 10 can be set to —oo. Thus, the frequency-
domain third-order polarization is
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PP(AT) = (%)32 keaP(@) exp(—iwe,T = T 1) Ex(@,, = A)

exp(T,,'767/4) exp(ill (@, — A)g21} (1)

where E5(A) is the Gaussian frequency-domain pulse 2 electric
field envelope defined by

i 1 ® iAt

E\A)=— [ Ey(ne™dt (12)

\/271‘[ ®
In contrast, for the case in which pulse 2 has a narrowband

spectral profile (as is the case in fs/ps RIKES), the limiting case
of a monochromatic (continuous-wave) field 2 can be explored
by assuming E,(f) = 1. In this case, eq 10 reduces to

3) _ 1 IV iar 1
POAD) @(h) oY kPO R (1)

Application to a Four-Level System (Room-Temperature
H, Gas). To further explore the homodyne-detected signal
observed in these two extreme cases, we use the populated
rotational states of room-temperature normal H, as a simple four-
level system (two pairs of coupled transitions). Assuming that
only initial states |/Chre populated, where J = 0 or 1, and using
the AJ = =+ 2 selection rules for pure Raman transitions in this
homonuclear diatomic, eq 11 can be written

- -
PO(AT) = (%) [Cao exp(— iyt — Dy Ey(@y — A) +

Cy; exp(—iwy T — T3 DENwy —A)] (14)

where the coefficients C,y and Cs; collect constants, including
transition dipole moments and spin-statistics weighted initial
populations, and we have assumed that the dephasing time
constants (I';)) associated with these coherences are long
compared to the probe pulse duration, causing the final two
exponential arguments in eq 11 to be negligible. In this case,
the observed homodyne-detected signal (resulting purely from
the P{¥ term) can be expressed as

St nomodyne(A,7) U (C2028—2F20r12(w20 —A)+

Cy e (w4, — A)+2C,)Cy, X

(W4 — W,)T: |2
exp{— %} }12{[(w20+w31)/2] —

A}cos[(ws, — a)zo)r]) (15)

where I,(A) = IE;(A)P? is the pulse 2 spectral distribution
(intensity level). The first two terms of this expression therefore
represent Gaussian spectral distributions (with bandwidth
dictated by the probe pulse spectral width) centered at the Bohr
frequencies, w,, and wsj;, relative to the pulse 2 carrier
frequency, the intensities of which decay with time constants
(2Ty)~! and (2T'3;) 7!, respectively. The final term corresponds
to oscillations at the difference frequency, ws; — wy, over a
spectral profile centered at the average Bohr frequency, />(wa
+ w3). Note that these observed components are all centered
on the blue side of the pulse 2 carrier frequency. In fact, the
more general expression for Shomodyne, including both PP and
P gives rise to oscillations both at difference and sum
frequencies of the Raman transition frequencies, wyy and ws;.
Furthermore, this expression can be extended to include several
Raman active transitions (including the AJ = 0 Rayleigh
transitions); each additional term in eq 14 will give rise to an
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Figure 2. Principal setup for fs/ps RIKES experiments (schematic).
Abbreviations used: BS, beam splitter; BBO, frequency doubling
crystal; PS, pulse shaper for narrowband filtering of the w, beam; HWP,
half-wave plate; QWP, quarter-wave plate; P, polarizer; S, sample; A,
analyzer. The inset shows relative polarizations of the beams and the
relative timing between pump and probe pulses.
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additional population decay term in eq 15 and coherence terms
with corresponding difference frequencies between pairs of
Raman active transition frequencies.

In contrast, in the limit of a long, narrowband pulse 2, the
homodyne-detected signal resulting purely from the P{¥ term
is

2
C20

S > > +
[(wyy = A) + 1Ty

(A1)

I,homodyne

C 2
312 2 +
[(@s) — A + T3]

2Re{ CaCa } (16)
[(wy— A) F Tyl [(wy, — A) — Ty, ]

For transition frequencies, @, and w3y, that are well separated
relative to their respective linewidths [lws; — @yl > 2(Iyy +
I'51)], the final cross term can be neglected, and the observed
signal is simply a pair of Lorentzian lineshapes centered at the
wyo and w3, anti-Stokes-shifted transition frequencies relative
to the pulse 2 carrier frequency, with respective linewidths 21,
and 2I';; (fwhm). Again, a more general expression for Shomodyne,
including both Pf¥ and P{ terms, results in additional peaks
centered at Stokes-shifted frequencies relative to the pulse 2
carrier frequency. Thus, as is clear from eq 16, the use of a
narrowband pulse 2 allows direct observation of the experi-
mental transition frequencies. Despite the inherent homodyne
detection necessitated by the use of a narrowband probe pulse
in a conventional RIKES experimental setup, no sum or
difference frequencies are observed in this narrowband case,
as is the case for homodyne-detected signal obtained using
conventional RIKES detection schemes.

III. Experimental Setup

The optical system used in these experiments has been
described previously.?! For these particular experiments, the
optical layout was modified to allow both conventional tr-RIKES
and fs/ps RIKES studies using a standard tr-OKE optical
configuration.** The relevant aspects of the fs/ps RIKES
experimental setup, beam polarization, and timing scheme used
are shown schematically in Figure 2. Studies were confined to
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the use of two pairs of three beams (experiment-specific details
are discussed in section IV): the 795-nm fundamental output
(duration: 60 fs, 1 kHz repetition rate) from a Ti:sapphire
amplifier (Spectra Physics Spitfire-HPR), the frequency-doubled
fundamental beam (A = 398 nm, 80 fs), and a tunable visible
beam (512 nm, 85 fs; not shown in Figure 2). This visible beam
is produced via mixing of the fundamental amplifier output with
the infrared signal beam emanating from an optical parametric
amplifier (Spectra Physics OPA-800CF) that is pumped by the
Ti:sapphire amplifier. For the fs/ps RIKES probe setup, a
narrowband probe centered at 795 nm was obtained by directing
the broadband 795-nm pulse into a 4f pulse-shaping configu-
ration.*! An adjustable slit (width typically ~250 um) was
placed in the focal plane of this pulse shaper, resulting in a
pulse bandwidth of approximately 20 cm™!. This frequency-
domain square pulse profile gives rise to a sinc? pulse temporal
profile, as described previously.*!

The w, beam polarization is set to 45° relative to the
polarization of the w, probe beam using a half-wave plate. The
induced birefringence of the sample resulting from interaction
with the w; pump pulse is detected by observing the perpen-
dicular component of the w; pulse passing through the analyzer,
which is recollimated and focused into a spectrometer (Ocean
Optics USB-2000). To compensate for static birefringence from
the samples, the relative orientations of the w, pulse polarizer,
quarter-wave plate, and analyzer are optimized to maximize the
extinction of the w, probe beam prior to measuring OKE-
induced birefringence.? The achieved extinction of the probe
beam was better than 10°.

In the hydrogen gas-phase experiments, a 40-cm-long room-
temperature gas cell, equipped with high-quality 1-mm fused
silica windows (CVI), was filled to 2 atm with hydrogen
(99.99%). Room-temperature neat bromoform (=99%, Sigma-
Aldrich) studies were carried out using a windowless liquid jet
of ~100-um thickness to eliminate window-induced static
birefringence; the jet setup is based on that described by Mathies
and co-workers.*?

IV. Results and Discussion

A. Gas-Phase Hydrogen Rotational Spectrum. Hydrogen
gas was used as a sample for comparison of the traditional tr-
RIKES and fs/ps RIKES techniques in the gas phase. In both
cases, the pump pulse was the frequency-doubled fundamental
centered near 400 nm (20 uJ/pulse). A 512-nm probe (10 uJ/
pulse) was used in the heterodyned tr-RIKES studies, based
primarily on improved detector sensitivity in this spectral region,
whereas a narrowband 800-nm probe (5 pJ/pulse) was used in
the fs/ps RIKES technique for optimal spectral resolution
dictated by our spectrometer. In the tr-RIKES configuration,
the bandwidths of the pump and probe beams are sufficient to
excite and probe coherences involving the two lowest Raman-
active rotational transitions of hydrogen at 354 and 586 cm™'.#
Because of static birefringence in the gas cell windows, the
intensity of the residual probe beam after extinction was about
10 times larger than that of the signal and served as an LO
field in the tr-RIKES experiments. For these experiments, no
steps were taken to remove the homodyne contribution to the
signal.

In this conventional tr-RIKES configuration, spectral disper-
sion allows additional selectivity of detected coherences, as the
beat frequencies between molecular states have maxima at
different detunings from the probe-beam central frequency.!”
Figure 3 shows the spectrally dispersed tr-RIKES signal of
hydrogen at two wavelengths: 516 nm (close to the 512-nm
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Figure 3. Comparison of experimental and simulated spectrally
dispersed tr-RIKES spectra of gas-phase hydrogen at room temperature.
Panels a and e show the dispersed (~1-nm resolution) birefringence
of hydrogen at two wavelengths detuned from the probe central
wavelength (512 nm), after subtraction of the LO background. Panels
¢ and g show the respective simulated data assuming the molecular
parameters described in the text. Panels b, d, f, and h show Fourier
transform (magnitude) spectra of the 250 fs—6.5 ps time range of the
data in panels a, c, e, and g, respectively. These data were obtained in
roughly 500 s; a signal-to-noise ratio of roughly 10 was obtained for
the most intense observed beat frequencies in the Fourier transform
spectra and was limited by laser power fluctuations.

maximum of the LO) and 530 nm (where the LO field is
negligible) together with the corresponding Fourier transform
(FT) magnitude spectra. The experimental data are accompanied
by simulated heterodyne and homodyne tr-RIKES signals and
their corresponding FT (magnitude) spectra, assuming the four-
level system discussed in section II. The simulations were
carried out using eq 1 (homodyne) or eq 2 (heterodyne)
following numerical determination of P¥(A,7) using eq 9 and
an analogous expression for P{{'(A,7). Pump and probe pulse
durations were set to ~70 fs to approximate the experimentally
determined pulse durations, and room-temperature Boltzmann
statistics (including nuclear spin statistics) were assumed for
the initial / = 0 and J = 1 H, state populations. The heterodyne-
detected contribution of the J =2 <—J = 0 beat at 354 cm™! is
dominant in the dispersed signal at 516 nm (150 cm™' Stokes
detuning from the probe central frequency), whereas contribu-
tions of the J = 3 < J = 1 beat at 586 cm™! together with
homodyne signal expected at the beat difference frequency of
232 cm™! are not observed above the noise level. At a larger
Stokes detuning of 660 cm™! from the probe central frequency
(Figure 3e—h), the contribution from the 354 cm ™' beat is much
weaker and is comparable in intensity to the contribution of
the 586 cm™! beat. Because of the absence of LO field at this
detuning, this detected signal results solely from homodyne
contributions. Thus, a 232 cm™! beat difference frequency,
resulting from cross terms in the squared magnitude of the third-
order polarization function (see eq 15), is clearly observed.
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Figure 4. Rotational spectrum of hydrogen gas using the fs/ps RIKES
technique (solid curve), after subtraction of background signal from
the residual probe beam. The anti-Stokes shift is measured relative to
the narrowband probe pulse central frequency. The experimental artifact
at zero frequency is a result of subtraction of the intense narrowband
probe beam, which was not completely extinguished because of static
birefringence in the gas cell windows. A simulation of this spectrum
is also shown (dashed curve; see text for details), offset vertically for
clarity.

To implement the fs/ps-RIKES setup, a narrowband 795-nm
beam was used as a probe. The spectrum of hydrogen obtained
using this technique is shown in Figure 4. We note that, for
probe pulse delays longer than ~1.0 ps, negligible contributions
from a broad nonresonant background were observed in the fs/
ps RIKES signal. In the data shown in Figure 4, the peak of
the narrowband probe beam was fixed at a 3-ps delay relative
to the peak of the ultrafast pump pulse. Two coherences are
clearly observed at 354 cm™! (J =2 <— J = 0) and 586 cm™!
(J =3 ~—J = 1) relative to the narrowband probe-beam central
frequency, initiating from the two thermally populated states
of H,. The data shown in Figure 4 represent a 300-s data
acquisition time, and other than background subtraction of the
narrowband w; pulse spectrum, these data are presented as
measured. Simulated data included in Figure 4 were calculated
using eq 1 following numerical determination of P®(A,7), as
was carried out in the tr-RIKES simulations described above.
In this case, the probe pulse was assumed to be the FT of a
frequency-domain chirp-free (constant phase) square pulse with
22 cm~! width, and the simulation was carried out at a fixed
pump—probe delay, 7, of 1.5 ps. This delay corresponds to a
node in the sinc? probe pulse intensity profile for a 22 c¢m™!
spectral width and represents the time delay at which the
nonresonant contribution to the fs/ps RIKES signal is mini-
mized.?' To match experimental conditions, the simulated fs/
ps RIKES spectrum was convoluted with a 14 cm™! (fwhm)
Gaussian spectrometer response. The ~20 cm™! widths of the
experimentally observed lines are limited by the w, pulse line
width and the spectrometer resolution, rather than by the narrow
linewidths expected for H, gas (eq 16), based on the long-lived
coherences shown in Figure 3.

Note that this purely homodyne-detected RIKES signal is
essentially background-free outside the narrowband w, pulse
spectral window, yet allows direct observation of the Raman-
active transitions accessed by this polarization-sensitive fs/ps
RIKES technique. In particular, these measurements are not
obscured by the presence of sum and difference frequencies
between coherences that are observed in conventional homo-
dyne-detected RIKES studies,!! as shown by comparing eq 15
(broadband probe) to eq 16 (narrowband probe). As is demon-
strated in Figure 4, the major limitation of fs/ps RIKES
technique is the quality of the narrowband w, pulse extinction,
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Figure 5. fs/ps RIKES spectrum of CHBr; taken at a probe pulse delay
of 1.4 ps relative to the peak of the pump pulse. The high-frequency
region of the spectrum, magnified 1000 times, is also shown in order
to emphasize the low noise level and the magnitude of nonresonant
signal contributions.

which can obscure signal within the bandwidth of the narrow-
band w, pulse spectrum.

B. Condensed-Phase Bromoform Vibrational Spectrum.
To investigate the performance of the fs/ps RIKES technique
in condensed-phase systems, neat bromoform at room temper-
ature was used as a sample. As in the above fs/ps RIKES
detection of H, gas, a pump pulse centered near 400 nm (10
wuJ/pulse) and a narrowband 800-nm probe (5 uJ/pulse) were
used, providing optimal spectral resolution. The spectrum of
low-frequency vibrational modes of bromoform liquid obtained
with the fs/ps RIKES technique is shown in Figure 5, taken at
a fixed pump—probe delay of 1.4 ps. Because of a significantly
larger contribution of nonresonant signal for this condensed-
phase sample relative to that observed in the gas-phase H,
sample described above, a more precise optimization of this
pump—probe delay, such that the pump beam coincided with
the first node of the sinc? temporal profile of the narrowband
probe beam,?! was necessary in this case. A total acquisition
time of 50 s was used for the data shown in Figure 5. The
observed intramolecular vibrational modes of bromoform at 153
and 222 cm ™! are v (asymmetric C—Br bend) and v; (symmetric
C—Br bend), respectively,* with measured spectral widths (18
cm™!) that are limited predominantly by the spectrometer
resolution. The peak at 0 cm™! contains the Av = 0 transitions
of bromoform, which, in the time domain, is attributed to a slow
diffusive reorientation component.*** The signal-to-noise ratio
for the 153 cm™! peak is on the order of 10* after about 1-min
integration time and is limited by the spectrometer. Note that
the spectrometer used here is a handheld device with low
sensitivity, and large dark current and 2—3 orders of magnitude
better signal-to-noise ratio for the same integration time is
expected for a scientific-grade spectrometer. Furthermore,
because of the optimized delay of 1.4 ps between pump and
probe pulses, the remaining background signal shown in the
magnified region of Figure 5, which includes nonresonant
contributions, is about 1000 times less intense than the 153 cm™
bromoform peak.

The major advantage of fs/ps RIKES over traditional time-
resolved Kerr effect polarization spectroscopies is the removal
of a time-domain scan and the necessity for subsequent spectral
analysis; frequency-domain spectra are directly observed via
the fs/ps RIKES scheme. Despite the quadratic dependence of
signal on sample concentration owing to homodyne detection,
the dynamic range of the fs/ps RIKES technique demonstrated
here ensures its applicability to low-concentration samples.
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Furthermore, it is expected that introduction of a broadband LO
beam at the probe frequency should remove the limitations
associated with homodyne detection, including the quadratic
dependence of the detected signal on sample density, although
such steps were not taken in these experiments.

V. Conclusions

In this work, we demonstrate a multiplexed optical technique
based on Raman-induced Kerr effect polarization spectroscopy.
This fs/ps RIKES technique alleviates the need to scan the time
delay between pump and probe pulses to observe low-frequency
molecular coherences, while preserving time-resolution as a
probe of Raman-active motions. The technique was applied to
both gas-phase hydrogen and liquid bromoform, and in both
cases, it showed a large dynamic range and signal-to-noise ratio,
while allowing rapid detection of low-frequency Raman-active
modes.
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