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Abstract. Coherent Raman scattering of delayed probing pulses after ultrafast excitation is
investigated under generalized polarization conditions. Three factors are shown to
contribute to the scattering signal:

(i) scattering off the isotropic part of the resonant material excitation via the isotropic
component of the Raman polarizability

(i) scattering via the anisotropic part of the Raman polarizability from a second, oriented
component of the resonant material excitation

(1ii) four-wave mixing via the non-resonant part yug of the third-order susceptibility.
We demonstrate theoretically and experimentally that different polarization conditions
lead to drastic changes of the signal transients in liquids. For the ring breathing mode of
C¢H;Br the ratio of non-resonant to resonant contributions is measured to be ¥ng/%res

=0.037+0.015.

PACS: 42.65.Cq, 78.30.Cp

Ultrafast excitation and subsequent probing of molec-
ular vibrations in liquids and gases and of lattice
vibrations in solids have received increasing interest in
recent years [1,2]. Two synchronized pulses of pico-
second or subpicosecond duration and proper fre-
quency difference drive the vibrational transition of
interest close to resonance. The vibrational excitation
is monitored by coherent Stokes or anti-Stokes scatter-
ing of delayed probing pulses. In numerous investi-
gations this time-domain spectroscopy was used to
study the dephasing of molecular vibrations [3] or to
determine the phonon lifetimes of lattice modes [4, 5].
It has been also shown that information can be
obtained on different parts of the third-order nonlinear
susceptibility ¥, e.g. separating resonant and non-
resonant contributions [6, 7]. Very recently a Fourier
transform technique has been demonstrated for pico-
second CARS of supersonic expansions achieving high
frequency resolution of 1073 cm™! [8].

Previous work on liquids has been performed under
special polarization conditions with parallel polari-
zation of the excitation pulses. These studies provided
information on vibrational dephasing. The present
paper is devoted to more general situations. Theoret-
ical and experimental data will be presented demon-

strating that the observed signal transients and the
obtained information are vastly different depending on
the specific polarization conditions for the liquid case.
This fact is connected to the varying contributions of
molecular rotation and of non-resonant four-photon
interaction to the measuring process. For solids with
essentially frozen molecular orientations the situation
is different [7] and will not be discussed in the
following.

Theory

The theoretical treatment of coherent Raman probing
is well established for parallel polarization of the
exciting laser and Stokes pulses (electric field ampli-
tudes E;, Eg, E, | Eg). Correspondingly, the anti-Stokes
scattering (E ,) of the delayed probing pulse (Ep) was
also discussed for parallel direction, E,|E, [9]. In
experimental studies the angle between the polariza-
tion planes of the excitation and probing process has
been often chosen to be 90° for practical reasons. This
polarization geometry is depicted in Fig. 1 as case la.
Figure 1 also includes the situation with all four field
vectors parallel (case 1b). More general conditions
with arbitrary angle between the pairs of pulses for
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excitation and probing may be represented by a linear
superposition of the two parallel cases la and 1b.
These situations (|, |) will be referred to as “parallel
polarization”.

Physically different is the situation with perpendicular
polarization planes of the two excitation pulses
E; L Eg, and correspondingly also of the two probe
field components E,LE, Such polarization con-
ditions (L, 1) will be termed crossed polarization in
the following. Two specific situations of this kind are
shown in Fig. 1 as cases 2a and 2b. Case 2b differs from
case 2a by a rotation of the probe fields by 90°. For
general pump and probe experiments finally the ques-
tion arises if parallel pump polarization may be
combined with perpendicular probe polarization (|, L)
and vice versa (L, ||). Four cases of this kind, which will
be called mixed polarization, are also depicted in the
figure. The examples of Fig. 1 are restricted to linearly
polarized fields. The general case of coherent probe
scattering involving four fields of elliptical polarization
may be evaluated by a superposition of the various
situations of Fig. 1 [9].

Our theoretical discussion adopts the notation of [2].
We consider an approximately collinear geometry
with linearly polarized light pulses propagating in the
x-direction. Without loss of generality, the input
Stokes pulse is assumed to be polarized in the
y-direction. The interaction between the electromag-
netic field and the vibrational transition is described by
the Raman polarizability tensor (0x/dg). We restrict
the discussion to molecules with axial symmetry,
where only two quantities, the isotropic part, a, and the
anisotropic part y of (Jo/0q) have to be considered.
The orientation of the molecular symmetry axis is
treated purely classically and represented by the
direction cosines cosf,, cosd,, and cosf, with respect
to the x, y, and z axis of the laboratory frame. In liquids
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Fig. 1a and b. Polarization geometries of coherent
-k Raman scattering; E;, Eg: excitation pulses; Ep, E 4:
-, incident and scattered probe field

the angles 6, are rapidly changing functions of time.
Following [2] the amplitudes of the resonant part of
the nonlinear polarization connected to the vibra-
tional excitation are evaluated to be

1= E,Na(0s; > (1a)
and

P=E,Na{Qs,). (1b)

Pi*(P"*) denotes the component parallel (perpendic-
ular) to the linearly polarized probe field E,. The
brackets ( > represent ensemble averages over the
orientational distribution. Q is the amplitude factor of
the expectation value of the normal mode operator and
represents the coherent vibrational excitation. sy, s,
are time-dependent factors containing the ratio y/a of
the coupling parameters and the direction cosines

si(0)=1+7 (cos?03 -,
@

5,()= %}‘;cose2 cosf,.

We note that the molecular orientation enters the
calculation only for a non-vanishing anisotropy
y/a=+0. The non-resonant contribution to the non-
linear polarization is written by the help of the non-
resonant part ysg Of the third-order susceptibility
tensor.

Evaluating a two-level model we find the vibrational
excitation produced by the pump fields E; and Eg

(i=1,2).
(@sy=1c; | dt expl(t'—0)/T, ~ 4ot TEL)
ESCs08,O + B s 05,601 O)
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The coupling coefficient x, combines several material
parameters. The subscripts ||, L of Eg here indicate the
Stokes field direction with respect to the pump field
E;. Aw denotes the (small) frequency mismatch of the
excitation fields. Assuming optical Kerr effect to be
negligible (ie, for sufficiently weak fields) the
orientational average in (3) can be carried out over the
equilibrium distribution. As a result, the factors {s;s;)
in (3) may be expressed by the (equilibrium) rotational
autocorrelation functions ¢, and ¢,

<s1(t>s1(w>=1+z%<—§> AEDE

CIO =~5(§) #alt 1), @
(510521 = (5205:0)>=0.

A simple exponential time dependence will be assumed
below for the rotational autocorrelation functions

¢1 ¢y >exp(—|t'—1l/tg), (5)

where 7z denotes the rotational relaxation time. The
different time behaviour of {s,s,> and {s,s,> should
be noted according to the ratio y/a. Inspection of (3 and
4) shows that the material excitation {Qs,> is pro-
duced only for parallel polarization of the pump fields
E;, E5 and depends on the correlation factor {s;s;>.
Similarly the excitation {Qs,)» occurs only for per-
pendicular pump polarization and is related to the
correlation factor {s,s,>. As a result the time evo-
lutions of {Qs, > and {Qs, > are different depending on
the ratio y/a and the rotational time constant .
For coincident laser and probe pulse of equal fre-
quency (o, =w,) the two light pulses can interchange
their roles for excitation and interrogation. Additional
components of the material excitation are therefore
produced (j=1,2).

t

(Osp,=x, | dt’exp[(t' —1)/T,—idot1E,(tp—1)

— o0

- LEF, Cs(08:()) + E5, (si(Ds2(1))] - (6)

The subscripts ||, L of the Stokes field here refer to the
polarization of the probe pulse E,. Scattering of the
laser field E; from the vibrational excitation of (6) leads
to a coherence peak: an enhanced probe scattering
signal is expected for small delay time ¢, of the probe
pulse [10].

Using the nonlinear wave equation and following the
treatment of [2, 11] we derive the differential equation
for the anti-Stokes field E, generated by coherent
Raman scattering.

Case |, |

For parallel polarization of the pump pulses, probe
scattering occurs in the k-matching direction with
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polarization parallel to the incident probe field:

iEA” = %[«QSOEP-F {Qs;>,Er)N aexplidor)

ox’
+6 e ELELES] - d

The subscript j=1 and 2, respectively, refers to
cases 1b and la of Fig. 1.

The yng; represent the relevant elements of the non-
resonant third order susceptibility; one finds
ANR1 = XNRyyyy( = XNRezzz) DA Y2 = XNRzyzy( :XNRyzyz)'
The notation of [12] is adopted here for the nonlinear
susceptibility. The factor 6 in the second term on rhs of
(7) is a consequence of the frequency degeneracy
wp=w,. The retarded time frame is used here with
x'=x, t'=t—x/v (group velocity v, laboratory frame
X, t).

Case 1,1

For crossed polarization planes of the excitation fields,
probe scattering occurs with polarization perpendic-
ular to the incident probe field

0 W L,
aw Ear = [K@s)E,+ Qs EQNaexp(idor)

+6 xar;ELE, ES], (8)

where j=1 or 2, respectively, for the polarization
geometries 2b and 2a of Fig. 1. The x** components of
interest are

XI/\IR 1= XNRzzyy ( = XNRyyzz)

and
Xll‘JR 2= XNRyzzy . (9)

Case ||, Land L,| (Fig. 1)

For mixed polarization, no coherent scattering signal
is predicted. This finding is a direct consequence of the
approximation used in context with (4) and of the
properties of the ¥ tensor of liquids. It was discussed
in the literature that the isotropy of liquids require that

[113
ANR zz2z = XNR yyzz + ANRyzyz + ANR yzzy - (10)

Because of the frequency degeneracy w;, =, we have

XNRyzyz = XNRyyzz . (1 1)

In the following we also use Kleinman’s symmetry
condition (applicable for negligible dispersion) which
yields [13]

XNR yzzy = XNR yzyz * (12)

The frequency arguments {—w 4, 0, w;, —wg) of the
tensor elements have been omitted in (7-12) for brevity.
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Fig. 2a and b. Calculated coherent scattering signal vs. delay time

for parallel (a) and crossed (b) polarization (solid curves). Non-

resonant and resonant contributions are marked by dashed and

dotted lines, respectively; near-resonant excitation with fre-

quency detuning Aw/2rc=7cm™'; Gaussian pulses of 4.5ps

(laser) and 3 ps (Stokes); yng/Ares=0.037; y/a=0.8

Experimentally the time-integrated scattering signal
-+ oo
Seh(tp)oc [ |E (tp, t)|2dt is observed.

Some calculated results are presented in Fig. 2. A
strongly polarized Raman transition equivalent to a
small anisotropy of the scattering tensor (9,=0.04,
y/a=0.8) with dephasing time T, =7.6 ps and a rather
slow rotational motion (rz=15ps) is considered.
Parameter values of g=1.5x 1072 cm/W (steady-state
gain factor) and gz, = 1.1 x 107 '* cm®/erg are used
for the resonant and non-resonant coupling, respec-
tively. Gaussian pulses of 4.5ps (laser) and 3ps
(Stokes) duration are assumed in accordance with our
experimental conditions.
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The situation for parallel polarization (case la of
Fig. 1) is depicted in Fig. 2a. The resonant interaction
via the isotropic part, a, of the scattering tensor
dominates for ¢,>0, while the non-resonant part via
Znr (broken curve) gives only a minor contribution to
the total scattering signal S°(z,) (solid line). The
signal curve decays slowly with a decay time T,/2
representing the isotropic material excitation
[{0s;>|>. The effect of the orientational motion is
insignificant because of the small anisotropy y/a
considered.

For crossed polarization (case 2a of Fig. 1) the signal
transient is drasticly different. Here the resonant
contribution to the scattering signal (dotted curve)
originates from the small anisotropic part y of the
scattering tensor, which has only little effect on the
total scattering signal S°°®(z,) (solid line) for small
delay time. The non-resonant coupling via yyg domi-
nates and generates a signal overshoot with rapid rise
and decay around t,~0. For larger values of ¢, the
non-resonant part has disappeared and the signal
curve decays with time constant (2/T, +2/tz) " ;i.c. the
anisotropic material excitation [{Qs,>|* survives. A
comparison of experimental data on the decay of S§™
and S5 for large 1, offers the possibility to determme
the rotational time constant 7.

Experimental

Out theoretical results have been verified by an
experimental investigation. The experimental system is
schematically shown in Fig. 3. Single bandwidth-
limited pulses are generated by a Nd:glass laser
system, consisting of a mode-locked laser oscillator,
pulse selector and amplifier stage and are subsequently

Oscillator Selector Amplifier

SP

A probe
Y

——=F

~— ==z N/2

% P2

Fig. 3. Schematic of experimental

VD set-up for coherent Raman
probing with adjustable
polarization conditions. Variable
delay VD, fixed delay FD,

a photodetector PD, dielectric

I> mirrors M1 to M3, polarizers P1

g

Sampie

il

D and P2, aperture A, filter F,
N2 spectrometer SP, photomultiplier

PM
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converted to the second harmonic by a KDP crystal.
Passing a first beam splitter, 10% of the green laser
pulse are removed to serve as a probing pulse with
well-defined time delay. By the help of a second beam
splitter, 50% of the remainder are directed into a
Raman generator. Passing two liquid cells (length
Sem) a Stokes shifted pulse builds up from quantum
noise by high gain stimulated Raman scattering. CCl,
and benzene are used to generate pulses of proper
frequency position. The Stokes pulse and the rest of the
green pulse arc simultancously directed into the
sample cell (1-5cm length). They serve for the exci-
tation of the vibrational transition of interest by
transient stimulated Raman scattering with small
amplification factor and low scattering efficiency.
The coherent anti-Stokes scattering of the probe pulse
is detected in a small solid angle of acceptance by a
photomultiplier and a small grating spectrometer.
Adjusting a well-defined off-axis geometry for the three
input beams, k-matching of the probing process is
achieved as calculated from available refractive index
data. Crossed polarization planes are maintained in
most of our experiments between the exciting Stokes
and the probing pulse by the help of polarizer P1, while
parallel (|]) or crossed (L) polarization can be adjusted
for the input “laser” pulse with respect to the Stokes
beam. This is achieved by two orientations of the
mirror M, and two different dielectric mirrors M, and
M, which alternatively direct the laser beam into the
sample (Fig. 3). The polarization of the detected scat-
tering signal is controlled by a second crossed polarizer
P2 which is carefully rotated perpendicular with
respect to the polarization plane of the green pump
pulse in the different experiments. For part of our
investigations more general polarization conditions
are established by means of a /4 plate inserted in front
of the sample cell. High quality components practically
free of stress birefrigence are used achieving small
transmission factors <107° through crossed
polarizers.

Results and Discussion

The drastic change of the signal transients predicted
for different polarizations has been observed experi-
mentally. Figure 4 presents an example. The totally
symmetric tetrahedron vibration v; of neat CCl, at
459 cm ! isinvestigated. The same substance is used in
the Raman generator to produce a suitable Stokes
shifted pump pulse. The data for parallel pump and
probe polarization (||, |) are depicted in Fig. 4a. The
rapid increase and subsequent exponential decay of the
scattering signal S)(t;) over nearly six orders of
magnitude represent the time evolution of the isotropic
material excitation. The vibrational dephasing time
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Fig. 4a and b. Coherent anti-Stokes scattering of CCl, vs. delay
time: (a) parallel polarization (0}; (b) crossed polarization (e};
open triangles (A) refer to a C4H,, sample with non-resonant
excitation. Calculated curves assuming Gaussian pulses of 4.8 ps
(laser) and 3.2ps (Stokes) duration; yng/¥res=0.016 [15,171;
yla=0.19 [14]

T,=6.740.6ps is directly obtained from the signal
transient in good agreement with earlier results[2].
The solid line represents the calculated data obtained
from the above theory. The isotopic multiplicity of the
vibrational transition has been omitted in the compu-
tation for the sake of simplicity. Because of the small
depolarization factor g,~0.0023 [14] of the v, mode
corresponding to y*/a*~0.035 the effect of the orien-
tational motion on the material excitation {Qs;)> via
the correlation factor {s;s,) is negligible, see (3, 4).
Since the non-resonant contribution (parameter yyg) is
also small [15], the resonant interaction via the
isotropic part, g, of the Raman polarizability is domi-
nant and the data of Fig. 4a represent purely vibra-
tional dephasing, as noted previously [2].

Of particular interest are the data of Fig.4b with
rotated polarization plane of the green pump pulse and
rotated polarizer P2 (crossed polarization). The ob-
served coherent scattering S5°®(¢;) is shown in the
figure. We note a rapid increase and also decay of the
scattering signal (full points). Because of the smallness
of y*/a* and the short rotational time constant
(rg=1.7 ps [16]) the material excitations {Qs,> and
{Qs,», are negligible and the contribution via the
non-resonant part yng,,,, dominates. For the
Gaussian shape of our light pulses, the calculated
signal transient (solid curve in Fig. 4b) is also
Gaussian in good agreement with the experimental
results (full points). Consistently we have measured
the same time dependence replacing CCl, in the
sample cell by CgH,,, where the excitation process is
far off resonance [6] (open triangles in Fig, 4b).

A comparison with the data of Fig. 4a gives informa-
tion on the relative magnitude of the non-resonant
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Fig. 5. Coherent anti-Stokes scattering of C¢HsBr vs. delay time;
full points (®): crossed polarization; open circles (0): more
general polarization by A/4-plate in front of the sample cell;
theoretical curves calculated for the values of Fig. 2

and resonant contributions to the scattering process.
For quantitative purposes we introduce the ratio

XNR/Xres Whﬁre ANR = XNRyzzy and [1 1]
KXres = Xresyzyz E%NaKZ T2 = CZ :U'LtuSg/(?’znZwS) (13)

(for y<a; refractive indices py g, steady-state gain
factor g). From the measured ratio ST**/ST**~107>
we estimate yng/Xres~ 1072 in satisfactory agreement
with a value of 1.6 x 1072, which can be calculated
from reported data for g [17] and yng [15].

More accurate data on the ratio yng/fr. may be
obtained when the two signal transients S$°%(¢p) and
S5°%(tp) are measured with only minor changes of the
experimental system. An example is shown in Fig. 5.
The ring breathing mode of bromobenzene at
1000 cm ! is investigated. As generator substance we
use benzene (992cm~'). The observed scattering
S<°b(t,) for crossed polarization is represented by the
full points. We note a rapid rise and decay similar to
Fig. 4b during the measured time interval of less than
8 ps in good agreement with the calculated curve. Also
for the small depolarization factor g;~0.04 of the ring
mode [18], the non-resonant contribution dominates.
Now, a low-order A/4 quartz plate (surface AR coated)
is placed in front of the sample cell keeping the other
experimental parameters constant. The specific plate
[length: 3.25 A; /(1o — 1)1 generates circular polariza-
tion for the pump and probe fields E; and E,, while a
well-defined elliptical polarization is produced for the
input Stokes pulse. The adjusted experimental situ-
ation combines parallel and crossed polarization con-
ditions discussed above (cases 1 and 2, Fig. 1). The
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measured scattering signal is indicated by the open
circles in Fig. 5. We note a first rapid increase and
decay of the signal curve, which receives large contri-
butions from the non-resonant excitation: for larger
values of t, the more slowly decaying resonant
excitation {Qs,> survives which decreases according
to the dephasing time T,. The signal asymptote in
Fig. 5 is consistent with the value of T,=7.4+0.5ps
determined in an independent measurement with
parallel polarization [19]. The solid line in Fig. 5 is
calculated extending the theory discussed above to the
more complex polarization conditions considered
here; it represents a linear combination of S°* and S§™
and additional interference cross terms.

Comparison of the two signal curves of Fig. 5 allows to
determine the non-resonant susceptibility. The ratio
¥NR/ Xres 18 the only fitting parameter for the computed
signal transients in Fig. 5 which agree well with the
experimental points. The result iS yur/Xes=0.037
+0.015. Using the value for the steady-state gain
factor g=1.5x10"°cm/W [20] for bromobenzene
and (13) we arrive at yp=(1.1+0.4)x 10~ *cm3/erg
in satisfactory agreement with published data
[13,21, 15].

The theory discussed above predicts that a coherent
scattering signal occurs either for parallel polarization
(Il II) or for crossed polarization (L, L). For a mixed
situation (|}, L or 1, ||) the scattering signal is expected
to vanish. We have verified this result for the case L, |
studying bromobenzene and also H,O. No measur-
able scattering signal was detected; i.e., the signal level
decreased by at least three orders of magnitude in
comparison with crossed polarization (L, 1).

In conclusion, we point out that we have investigated
time-resolved coherent Raman scattering in liquids
under generalized polarization conditions. Basic fea-
tures of our theoretical treatment have been verified
experimentally. The observed signal transients depend
drastically on the chosen polarization geometry
because of the varying role of different components of
the involved material excitation.
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