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The frequency selected dichroic ultrafast responses of neat carbon tetrachloride are reported as a function of pump
and probe polarization orientations in a standard two beam experimental configuration. The recovery of the Raman spec-
tral density from these experimental observations is demonstrated. The influence of coherent coupling effects, in this one
color, electronically nonresonant class of ultratast pump—probe experiments is considered. While their contribution to
Raman spectral densities via birefringent observations can be neglected, these terms can only be eliminated from the dis-
persed dichroic technique for Raman spectral density recovery when two-color pump—probe studies are performed.

Measurements of polarization specific Raman spectra can
provide considerable information regarding the symmetry,
scattering mechanism and relaxation process for these polariz-
ability coupled nuclear degrees of freedom. In particular, time
domain experimental techniques based on the impulsive exci-
tation due to femtosecond pulses are conveniently well-suited
for the study of Raman spectral densities associated with inter-
molecular degrees of freedom in condensed phase samples.'™
The original two-beam optical heterodyne detected (OHD) op-
tical Kerr effect detection scheme® is inherently limited to
measurements of the anisotropic portion of the Raman scatter-
ing polarizability tensor (or equivalently response function).
Several methods have been demonstrated for the observation
of polarization specific responses based on either active or pas-
sive phase locked local oscillator pulse schemes or Z-scan
based analysis.””"* Since distinct scattering or relaxation
mechanisms may dominate different portions of the Raman
polarizability tensor, the observation of polarization specific
Raman responses provides some ability to distinguish these
different sources of Raman activity. Such identification, par-
ticularly when accompanied by theoretical models, such as
equilibrium'* and finite field'> molecular dynamics simula-
tions, and instantaneous normal mode (INM) calculations'®,
offers molecular based descriptions of the nature of these inter-
molecular responses.

We have recently demonstrated an alternative two beam
pump-probe technique based on the observation of frequency
selected portions of the nominally putative dichroic response
of transparent liquids for the observation of polarization spe-
cific ultrafast responses.!” By viewing a frequency selected
portion of the dichroic signal pulse, the nearly complete can-
cellation of signal intensity on the two sides of the probe pulse
spectrum is avoided and a robust dichroic response may be
readily observed. In liquid CS, the decay of the isotropic Ra-
man response is found to be dominated by an ~0.5 ps de-
cay.'*!7 The corresponding anisotropic decay exhibits a decay
constant due to diffusive reorientation at long times but also
contains this same ~0.5 ps decay component.'® Based on the

results of INM calculations, this decay was attributed to the
frequency inhomogeneity of the distribution of the intermolec-
ular Raman active modes of CS,.!”

Aside from the observation of decay time scales, the more
complete analysis of polarization specific Raman responses re-
quires the recovery of the nuclear impulse response function,
at least within the frequency regime of the incident pulses. For
birefringence based techniques, this is readily accomplished
by a normalization procedure utilizing the pulse autocorrela-
tion as first developed by McMorrow and Lotshaw.' In our
previous work,!” we briefly indicated how the nuclear response
function could be obtained for this dispersed dichroic tech-
nique. Here, we show a preliminary attempt to recover the nu-
clear impulse response function of liquid CCly via this proce-
dure.

The role of so-called coherence coupling terms can compli-
cate the analysis of electronically resonant pump—probe re-
sponses and has been explored by several investigators.!'2*-2
Such contributions arise only when pump and probe pulses are
temporally overlapped and result from field interaction histo-
ries where a probe field interaction precedes either the first or
second pump field interaction with the medium. The contribu-
tion of these non-sequential pump—probe terms has even been
employed as a measure of optical coherence decay times for
electronically resonant samples.”>?** The effects of such co-
herence coupling field time evolution histories for electronical-
ly nonresonant samples has been explicitly considered less of-
ten.>*”?® Here we explore the consequences for this contribu-
tion to the third-order polarization pump—probe signal in elec-
tronically (both in a one and two photon sense) nonresonant
media. The effects of these coherence coupling terms are con-
sidered for both the standard frequency integrated birefrin-
gence and dichroic responses as well as the dispersed dichroic
signals proposed!” for polarization specific Raman spectral
density measurements.

Theoretical Description

Nondispersed Pump-Probe Responses of Transparent
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Materials. The two-beam optical heterodyne detected
(OHD) signal due to the third-order polarization response of a
sample as a function of time delay, 7, between pump and probe
pulses is given by!

S(@) = =2 [* B (0P 7) M

where, the idices i, j, k, /, correspond to the polarization direc-
tions, in the lab fixed frame, of the time-ordered, active electric
fields (reading temporally from right to left). Dichroic (6 = 0)
and birefringent (6 = m/2) signals result from control over the
relative phase between the final probe pulse field (local oscilla-
tor) and the P® generated signal field.

The total observed signal predicted by Eq. 1, results from a
sum over all possible radiation field time orderings consistent
with the wavevector phase-matching conditions for a given ex-
perimental configuration. A} (z,7) is derived from the corre-
sponding third order impulse response function, Rl-,({?}(t). With-
in a Born—Oppenheimer description of molecular states, this
response function, which in general is a complex function,
may be written as a sum of contributions from electronic (e)
and nuclear (n) degrees of freedom: R = RG’ + R/ .
When the incident frequencies are not coincident with any re-
gions of one- or two-photon electronic absorption, the corre-
sponding nonresonant electronic response can be taken to be
instantaneous and proportional to a real constant.”’ Thus for
such transparent samples

RA(T) = yyud() + RGP (¥) 2

In general there are two types of time-evolution histories
which can contribute to pump-probe experiments.' These con-
tributions differ only in the temporal order of electric field in-
teractions that account for the third order polarization. They
are described as sequential and coherent coupling terms and
are defined below for two beam, one color experiments.

Paraey = BN =) drEFr ) EP (1= 7RG (7)
(3a)

PGty = Bl (0] dYEFT (1= 7)EN (1— 71— 7RG (D)
(3b)

P 1.r) = BT (0] dYEL (= )E) (- T IR(@)
= Y B (t)E,ﬁ"‘(l)Ef"(t —1)

(3c)
E%(t) is the pulse envelop of the pump or probe (& = pu, pr)
fields centered at carrier frequency 2. The Eq. 3 signal polar-
izations are given explicitly for the two pump pulse and the
two probe pulse interaction to be polarized along the same di-
rection. As seen above, the coherence coupling terms contrib-
ute only when the pulses overlap. Phase matching constrains
the nonresonant electronic contribution to a coherent coupling
history only (Eq. 3c). The third-order nuclear impulse re-
sponse function is formally described in terms of the two-time

correlation function of the transition polarizability by: RZ(7)

Polarization Specific Ultrafast Nuclear Responses

= i/h<[o4(1), 04, (0)]>.!

The effects of the coherence coupling term arising from two
distinct types of impulse nuclear response functions (R®"(r) =
sinwt exp(—1t/T,)) alone are illustrated in Fig. 1. The birefrin-
gent and dichroic coherence coupling signals due to an all real
nuclear impulse response function given by an overdamped (@
=125 cm !, T, = 0.12 ps) and an underdamped (@ = 400
cm™ !, T, = 1 ps) response, respectively, are compared in Figs.
la and 1b for 45 fs Gaussian pulses with transform limited
bandwidth, i. e. non-chirped pulses. The shape of the birefrin-
gent coherent coupling signal is identical to that of the pulse
autocorrelation function and the corresponding dichroic re-
sponse vanishes for nonchirped pulses regardless of the time
scale of the nuclear impulse response function. However,
when the 45 fs pulses are linearly chirped, as illustrated in
Figs. 1c and 1d for Gaussian pulses that have 1.3 times the
transform limited bandwidth, the coherence coupling dichroic
responses have a dispersive lineshape®® and the corresponding
birefringent response is narrower than the pulse autocorrela-
tion. These responses are dependent on the nature of the nu-
clear response function at least for the limits of overdamped
and underdamped nuclear response functions tested here (see
Figs. 1c and 1d).

In Fig. 2 the relative importance of the coherence coupling
term to the total calculated birefringent responses are shown
for these two types of nuclear response functions (overdamped
and underdamped). As seen in Figs. 2a and 2b, the relative
contribution of the coherence coupling term to the total (coher-
ence coupling plus sequential) response is much larger for the
underdamped nuclear impulse response function. This arises
from the larger overlap between the nuclear impulse response
function and the pulse envelopes for the higher frequency com-
ponents at the smallest delay times.

A less obvious feature regarding these coherence coupling
effects is illustrated in the lower panels of Fig. 2. For the two
nuclear impulse response functions illustrated in Fig. 2c, the
corresponding total (coherence coupling plus sequential) bire-
fringent responses are shown in Fig. 2d for 45 fs pulses. The
overdamped response function (solid line Fig. 2c) is the same
as described above (Fig. 2b). The birefringent response given
by the dashed line in Fig. 2d, results from a nuclear impulse re-
sponse function which has the same overdamped component
plus a high frequency (668 cm™') underdamped mode (Fig.
2c¢). This frequency is outside the width of a 45 fs pulse
(FWHH 360 cm™'). The calculated birefringent signals be-
yond the pulse overlap region are virtually identical for each of
these nuclear impulse response functions and 45 fs pulses.
However, the coherence coupling signal derived from the nu-
clear impulse response function with the additional high fre-
quency component is greatly enhanced even though it is barely
detectable in the signal due to the sequential field history as
seen in Fig. 2d.

These nuclear response simulations clearly indicate that
judging the relative magnitudes of the electronic and nuclear
contributions exclusively on the basis of the relative intensity
of an autocorrelation like feature at 7 = 0 can be in error due to
these coherence coupling terms derived from R®"(f). Further-
more, modes that are invisible to the sequential birefringent
signal will also contribute to this coherence coupling effect.
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Fig. 1. Coherent coupling contribution to birefringent and dichroic responses derived from an (a) underdamped (R® = sin (400
cm™'9)exp(—1/800 fs)) and (b) overdamped (R® = sin (12.5 cm™'7) exp(— /120 fs)) nuclear response function and 45 fs Gauss-
ian pulses are compared to the pulse autocorrelation function. The same comparison is shown in (c) and (d) for linearly chirped 45
fs pulses with 1.3 times the transform limited bandwidth (TLBW).

However, the contribution of these coherent coupling signals
will have no effect on the spectral densities recovered from bi-
refringence measurements due to the symmetry of the birefrin-
gent coherent coupling responses (Fig. 1). The now standard
procedure for normalizing observed birefringent responses for
finite pulse duration and thereby generating the nuclear im-
pulse response function, is to take the imaginary part of the
quotient of the Fourier transforms of the observed birefrin-
gence signal and the pulse autocorrelation.'® This procedure
has the added benefit of eliminating the coherent coupling con-
tribution due to the nuclear response function as well the non-
resonant electronic contribution on the basis of symmetry.

Dispersed Pump-Probe Dichroic Responses of Trans-
parent Materials. The dispersed optical heterodyne detect-
ed birefringent or dichroic response as a function of interpulse
delay, 7, and the selected probe pulse frequency, Ap, is given
by's!

S (Ap,T) = — 2Im[€7iegf*pr (4p )P,y('/?f(AD,T)] 4

Ap is the detuning of the detected probe pulse frequency, wp,
from the carrier frequency of the probe pulse (£2), i. e. Ap = 2
— Wp. E';/?])(AD,T) is the Fourier transform of the third-order
polarization response of the material,

~ 1 = o
P3P (Ap, 1) = —— |  drexp(—iApt) P (2,7
ik (Ap,T) e J-_m exp(—idpt) By (1,7) 5)

and, correspondingly, E;*""(Ap) is proportional to the Fourier
transform, i.e. spectrum, of the probe field

B (a) = — [ diesptian G- o

The sequential pump-probe dichroic response due to an all real
nuclear impulse response function vanishes when all probe fre-
quencies are detected.'” However, we have previously shown
that for such nonresonant, i. e. transparent media, a significant
dichroic pump-probe response can be observed when only a
frequency selected portion, on one side of the probe pulse
spectrum, is detected.!” This frequency selected dichroic tech-
nique thus allows the observation of polarization specific re-
sponses for transparent materials with a simple variation of the
standard two beam setup. Placement of a filter that transmits a
portion of the probe pulse spectrum before detector allows the
observation of these polarization specific dichroic responses.

The impulse response function can be recovered from the
frequency selected sequential contribution, which dominates
the response when the pulses are no longer overlapped, when
the corresponding frequency selected purely electronic re-
sponse is observed under the same experimental conditions.
The impulse response function is then formally given by!”

R(3n)(a)) — _ImS{RGn)(T)} = _Im|:

3{S(Ap, 1)} ]
S{Su(Ap, DY (7)
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(a) The birefringence due to both sequential (seq) and coherence coupling (cc) terms for an underdamped nuclear response

function (R® = sin (400 cm™'7)exp(— /800 fs)) and 45 fs Gaussian pulses. (b) Same as in (a) for an overdamped nuclear re-
sponse function (R® = sin (12.5 cm™ '7) exp(—1/120 fs)). (c) Two nuclear response functions are shown. The solid line is the
overdamped response function described above. The dashed line corresponds to a response function that is a sum of the over-
damped response and an additional overdamped mode contribution (R® = sin (12.5 cm™!7) exp(—7/120 fs) + 0.15sin (668
cm™!'7)exp(—1/800 fs). (d) The total (coherence coupling and sequential) calculated birefringent response due to 45 fs Gaussian

pulses and the two response functions given in 2c¢ are shown.

The operator, 3, corresponds to Fourier transform with respect
to 7. S(Ap, 7) and S.(Ap, T) are the observed frequency select-
ed dichroic (or birefringent) sample and electronic only re-
sponses respectively. When the numerator and denominator in
Eq. 7 are summed first over all frequencies, Ap, the usual state-
ment about the recovery of the nuclear spectral density' is ob-
tained. This expression is exact for chirped or nonchirped
pulses and holds as long as homodyne (|P®|?) and any other
higher contributions can be neglected. The frequency selected
purely electronic response required for the implementation of
this procedure, S.(Ap, 7), may be obtained by repeating the
measurement with a material that has only a putative nuclear
response such as quartz. The effects of coherence coupling
terms on this Fourier transform recovery scheme will be con-
sidered below. This method will be tested initially here by the
polarization responses of CCly liquid.

Results and Discussion

Experimental Summary. Details of the experimental
procedure and setup have been described previously.!” Briefly,
these responses were obtained with 50 fs pulses with ~1.25
transform limited bandwidth centered at 600 nm. A Schott
RG610 red transmitted cutoff filter was placed between the
sample and detector in the probe beam path. Polarizations of
the pump and probe beams were controlled by A/2 plate/polar-
izer combinations. Spectroscopic grade CCl, was flowed
through a 1 mm path length quartz cell. A 1 mm thick suprasil

quartz plate was used to obtain the corresponding electronic
response.

Polarization Considerations. In an isotropic medium
there are only four nonzero third order response functions and
they obey the well-known relationship:*> R®,,,, = R,y +
R%,x + R® ;. For (electronically) nonresonant Raman
transitions, R®",,x = R®",yz, and consequently there are
only two linearly independent polarization specific polarizabil-
ity/scattering components. These components are often recast
in terms of the trace and traceless symmetric portions of the
scattering tensor, i. e. the isotropic and anisotropic response
functions, R®";,, and R®",,;,. The experimentally observed
polarization orientations are given by: R®",,,, = 4/3 R®" .,
+ R(3n)ism R(3n>zzxx = R(3")iso - 2/3 R(3n>am'sn and R(3n)Zme =
R®",,, in terms of these two components. The m subscript
designation corresponds to the magic angle orientation (54.7°)
of pump and probe pulses and the resulting (sequential) signal
is exclusively derived from the isotropic portion of the scatter-
ing tensor/response function.

Dispersed Dichroic Responses. The polarization specif-
ic frequency selected dichroic responses of liquid CCly are
shown in Fig. 3 for the parallel, perpendicular and magic an-
gle relative polarization orientations of pump and probe pulses.
CCl, has three low frequency intramolecular Raman active
modes at 218 cm ™!, 313 cm ™ 'and 459 cm ™! that can be impul-
sively excited by ultrafast pulses. The 218 cm ™! and 313 cm™!
modes are nontotally symmetric and hence are derived, only
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Fig. 3. Observed frequency selected dichroic responses of CCl, obtained with 50 fs pulses at 600 nm. Pump and probe pulse rela-
tive polarizations are indicated for each response. m corresponds to magic angle orientation. Responses are offset by 2.5 units to
facilitate viewing.
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Fig. 4. Spectral densities recovered by procedure described in the text (Eq. 7) for each of the observed partially integrated polariza-
tion specific dichroic responses shown in Fig. 3.

from the anisotropic part of the polarizability response func- sively from the isotropic part only of the Raman response
tion. The 459 cm™! band, in contrast, is a totally symmetric function.
mode which, by symmetry in the T, group, is derived exclu- The corresponding nuclear spectral densities, determined by
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Fig. 5. Dispersed dichroic coherence coupling response due to a nuclear impulse response function of the form: R®”() = sin 459
cm~ 't exp(—#/1 ps) for 45 fs Gaussian pulses (1.2 transform limited bandwidth) is shown in the upper panel. The corresponding
dispersed dichroic signal is integrated over all the probe frequencies or half the probe frequencies in the middle panel. The spec-
tral density determined by Eq. 7 for this partially integrated dichroic coherence coupling response.

the quotient given in Eq. 7, are shown in Fig. 4. The purely
electronic response required for the recovery of the spectral
density was obtained by replacing the CCl, sample cell with a
piece of suprasil quartz. The nuclear response of quartz is
quite weak in comparison with the nonresonant electronic por-
tion of the response at least for pulses of 40 fs or greater and is
hence used in pulse characterization procedures (e. g. PG
FROG?™). As seen in this figure this spectral density recovery
scheme appears to do a reasonably good job of recovering the
polarization specific spectral densities. For example the rela-
tive amount of isotropic component should be the same in each
response, the depolarized modes at 218 cm™! and 313 cm™!

should be of opposite sign in the R...® and R_,.,® polarizabili-
ty elements and a factor of two different in intensity. In addi-
tion, a weaker low frequency (< 100 cm™') component, corre-
sponding to the intermolecular Raman response of CCly is also
evident in the experimental responses containing the anisotro-
pic scattering component and shows the same sign changing
behavior as the two depolarized intramolecular modes. These
observations are in agreement with the polarization consider-
ations described above and previous results.>!

However, some discrepancies between the recovered Raman
spectral densities reported here and those published previously
are evident®*'® In particular, the spectral density associated
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with the intermolecular modes rises too slowly at the low fre-
quency end and the relative intensity of the 218 and 313 cm™!
modes appears somewhat too small in the recovered spectral
density. Furthermore, the baselines (Fig. 4) of the spectral
densities could not be flattened by simply shifting the t = 0
point. We attribute these errors in the implementation of the
spectral density recovery procedure outlined above (Eq. 7) pre-
dominantly to the effects of dispersed coherence coupling
terms derived from the nuclear response function contributions
to the observed responses. These terms will appear both in the
dispersed response of the sample (numerator Eq. 7) and poten-
tially, in the dispersed response of the electronic only normal-
ization response (denominator Eq. 7).

As an example of the kind of distortion that may arise in the
spectral density recovered from (one color) dispersed dichro-
isms, the calculated dichroic response due to the coherence
coupling term derived from a response function of the form
R®",y ~ sin (459 cm™ )t exp (—#/1.1ps) and 45 fs Gaussian
pulses with 1.2 transform limited bandwidths, are shown in
Fig. 5 (upper panel) as a function of 7 and Ap. In the middle
panel the coherence coupling dichroic signals integrated over
all the probe frequencies or integrated over just half the probe
pulse spectrum are displayed. The effective spectral density
contributed by this history of field interactions determined by
implementing the normalization indicated in Eq. 7 is given in
the lower panel of Fig. 5. As evident here the coherent cou-
pling terms will contribute some low frequency distortions as
well as alter the baseline to these deconvoluted responses. The
exact appearance of these coherence coupling terms in the de-
termined nuclear spectral density is difficult to quantitatively
estimate since these terms can affect both the normalizing
“purely” electronic dispersed response and the dispersed sam-
ple signal. This distortion will also be dependent on the pre-
cise chirp characteristics of the pulses and the detected fre-
quencies. As shown in Fig. 1, the integrated dichroic response
vanishes for nonchirped pulses and purely real response func-
tions.

Furthermore, for a sequential contribution that is derived
from the R®";;, impulse response function, the overlapping co-
herence coupling contribution will be determined by the R®";;;
and R®";,; polarizability responses. Thus except for the all
parallel polarized configuration R...,, the coherence coupling
term will be driven by different combinations of isotropic and
anisotropic scattering than the sequential response. For exam-
ple, for the magic angle observation the sequential features are
controlled by R®"_ = R®",  In contrast, the corresponding
nuclear coherence coupling contribution is derived from
ROM_, = R4, 13 + 10R®",,:,/3.3* Thus, in order to insure
that these coherence coupling terms do not distort the nuclear
spectral densities recovered via this frequency selected dichro-
ic technique, this procedure must be carried out on nonreso-
nant responses obtained with different color pump and probe
pulses. Due to the mismatch in carrier frequency, the nuclear
coherence coupling terms vanish in two color pump-probe re-
sponses and hence the interference from this term will no long-
er be a contributor to this procedure. The mismatch in pulse
frequencies (£2,—£2,) must be sufficient to eliminate finite con-
tributions from the nuclear response formally arising from Eq.
3b, 1. €. |Ql—Qz| > Wyib-
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Conclusions

In order to avoid contamination from coherence coupling ef-
fects in the recovery of Raman spectral densities quantitatively
via the previously described frequency selected dichroic tech-
nique two color pump-probe responses must be obtained. It
remains to be demonstrated whether polarization specific re-
sponses obtained via these two-color pump probe dichroisms
provide additional advantages over passive phase-locked or Z-
scan approaches either in terms of ease of implementation or
improved dynamic range and signal to noise ratio. Although,
the nuclear response function contribution to the coherent cou-
pling signal may distort simple estimates of the relative elec-
tronic and nuclear contributions based on the intensity of the
“autocorrelation-like” feature around 7 = 0, the contribution
of this field history to recovered nuclear spectral densities via
the (standard) Fourier transform normalization method is van-
ishing owing to the symmetry of this feature. The dichroic
contribution however, derived from this coherence coupling
term provides a direct measure of the linear chirp of ultrafast
pulses and this diagnostic aspect will be further explored in a
future study.

The support of the National Science Foundation and the
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edged.
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