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Effect of Pump and Probe Light Field on Picosecond Time-Resolved
Resonance Raman Spectra of S; trans-Stilbene. Disagreement between
Stokes- and Anti-Stokes Scattering Frequencies
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Picosecond time-resolved spontaneous resonance Raman spectra of the first excited singlet (S,) state of trans-stil-
bene were measured with various power densities of pump or probe light, for both the Stokes and anti-Stokes scattering
regions. Careful calibration of the peak positions of the 285 cm™' Raman bands reveals that the Stokes scattering band
and the anti-Stokes scattering band shift to the same direction in absolute wavenumber, or to the opposite directions in
Raman shift, when the pump or probe power density is increased. The direction of the wavenumber shift caused by the
pump light field is opposite to that caused by the probe. Because of these apparent peak shifts, the Stokes Raman band
and the anti-Stokes Raman band are recorded at different Raman shifts. The intrinsic change of the vibrational level
spacing and the apparent peak shift caused by the pump or probe light field can be clearly separated by calculating the
“symmetric” and “anti-symmetric”” components from the Stokes and anti-Stokes peak positions. The experimental re-
sults are not explained by the optical Stark effect in its simplest form. Possible mechanisms to account for the results are

discussed.

The presence of a strong light field affects optical processes
in various types of spectroscopy. The effect of the strong light
field on steady state optical absorption and emission processes
in a two-level system has been well formulated as the optical
Stark effect.!? In time-resolved spectroscopy, the deformation
of the absorption band caused by strong “pump” light field in a
“pump-probe” experiment has been explained well by the op-
tical Stark effect.” In Raman spectroscopy, the broadening or
peak shift of Raman bands under strong “probe” light field has
been explained by lifetime shortening of the initial state by op-
tical depletion* or by a non-perturbative approach in which the
time evolution of the density operator is estimated by solving
the Liouville equation.’® Picosecond time-resolved spontane-
ous resonance Raman spectra of the first excited singlet (S;)
state of p-terphenyl demonstrated that the position and the
width of its Raman band were changed by the pump light
field.” The dependence of the pump light field on time-re-
solved spontaneous Raman spectra, however, has not yet been
thoroughly examined. Nor has the effect of strong light fields
on the anti-Stokes scattering Raman bands been clarified.

The S, state of trans-stilbene is a precursor of the trans—cis
isomerization reaction, a well-studied unimolecular reaction
that can be triggered by photoexcitation.®? Tt is one of molecu-
lar species studied most thoroughly with time-resolved Raman
spectroscopy.'®!!  Many of its Raman bands have been as-
signed based on the observed spectral shifts on isotope substi-
tutions.'? It has been established that its Stokes peak positions
and bandwidths change depending on the probe laser power,'?
time delay between the pump and probe pulses,'*'® or temper-
ature of the bulk'®!” or micellar'® solutions. Anti-Stokes scat-

tering bands in the low wavenumber region!” as well as the fin-
ger print region'®? have been detected, although the reason
for the large enhancement for the anti-Stokes finger print re-
gion remains puzzling. It is ideal to use S; trans-stilbene when
studying a new phenomenon observed with picosecond time-
resolved Raman spectroscopy.

Intensities of anti-Stokes Raman scattering bands have been
utilized to probe the dynamics of population change in vibra-
tional levels.''®% We used the intensity of the 285 cm™!
band of S, trans-stilbene for tracing the vibrational cooling ki-
netics,'” together with the position of the 1570 cm™! band. In
the course of this study, we noticed that the peak position of
the 285 cm™! band changed depending on the pump or probe
power intensities and that the direction of the peak shift for the
Stokes and anti-Stokes scattering bands was not easily ex-
plained.

The peak position of a Raman band contains rich informa-
tion on the structure and dynamics of a studied molecule. Pi-
cosecond time-resolved Raman spectra of the S; state of trans-
stilbene have revealed that the position of the C=C stretch vi-
bration band at 1570 cm™' can be used as a “picosecond
Raman thermometer”.'” The newly obtained thermometer
made it possible to study the excess energy dissipation process
from S; trans-stilbene in detail and to establish a simple nu-
merical model to account for the process. For this study, deter-
mination of the peak position with a precision better than 1
cm™! was required. Reliable determination of the positions of
Raman bands is crucial when trying to extract maximum infor-
mation from a recorded set of Raman spectra.

In this article, we report the pump and probe power depen-
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dence of the Stokes and anti-Stokes Raman scattering of S,
trans-stilbene. As the power of the pump or probe light in-
creases, positions of the Stokes and anti-Stokes scattering
bands move to the same direction in absolute wavenumber, or
to the opposite directions in Raman shift. Possible mecha-
nisms that explain this unexpected event are discussed.

Experimental

The details of our picosecond time-resolved Raman spectrome-
ter has been described elsewhere.?® In short, output from a mode-
locked dye laser (Spectra Physics 3520), synchronously pumped
by a cw mode-locked Nd:YAG laser (Spectra Physics 3800S),
was amplified by a cw Nd: YAG regenerative amplifier (Spectra
Physics 3800RA). The output from the amplifier (588 nm, 2 kHz)
was frequency-doubled by a BBO crystal. The obtained second
harmonic (294 nm, 1-2 mW) was used as pump light. The re-
maining fundamental (588 nm) was used as probe. The amplified
probe light pulse was close to the Fourier transform limit (see be-
low).

The light scattered from the sample to the 90 degree direction
was collected with a pair of lenses, focused onto the entrance slit
of a single spectrograph (Instruments SA HR320), and detected
with a liquid-nitrogen-cooled CCD detector (Princeton Instru-
ments LN/CCD-1024 TKB). A holographic notch filter centered
at 588 nm (Kaiser Optical Systems) was placed in front of the en-
trance slit of the spectrograph to eliminate the elastic scattering
component.

By using a CCD detector, two-dimensional images at the focal
plane of the spectrograph were easily obtained. Each Raman sig-
nal appeared as a vertical image of the entrance slit, while the flu-
orescence from the sample formed a horizontal band, whose verti-
cal length corresponded to the penetration depth of the pump light.
The condition for the pixel binning of the CCD image was deter-
mined so that the scattering signals were collected only from the
area where fluorescence was observed, that is, where the S; state
of trans-stilbene was present. Scattering from other parts of the
sample would contribute only to the solvent Raman bands.

The sample solution was circulated through a dye laser nozzle.
The pump and probe laser pulses were focused on a flat surface of
the sample solution formed after the nozzle. Beam diameters for
the pump and probe light were measured by moving a razor blade
on a translational stage at the sampling point. Fitting the error
function to the recorded profiles of the transmitted light intensity
gave the beam diameter (FWHM) of 110 wm for the pump beam
and 40 um for the probe.

Results and Discussion

Pump and Probe Power Dependence of the Stokes and
Anti-Stokes Scattering Bands. In this article, we concen-
trate mostly on the 285 cm™! band of S, frans-stilbene, be-
cause it is one of the two anti-Stokes Raman bands we detect.
The other band located at 200 cm ™! has a smaller intensity.'”’
Internal standard bands from the solvent, for calibrating the
position or intensity of the solute bands, are available in this
spectral region. Both the Stokes and anti-Stokes bands, as well
as the Rayleigh band, can be recorded in a single exposure
with a sufficient wavenumber resolution. An example of a set
of time-resolved spectra of S; trans-stilbene in chloroform is
shown in Fig. 1. In the figure, panel (A) and panel (B) show
the Stokes scattering side and the anti-Stokes scattering side.
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Fig. 1. Time-resolved Raman spectra of S; trans-stilbene in
chloroform. Stokes scattering bands (A) and anti-Stokes
scattering bands (B). Raman bands from S; trans-stilbene
and solvent chloroform as well as time delay for each spec-
trum are indicated in the figure.

-220

Raman bands at 285 cm™! and 261 cm™! are assigned to S,
trans-stilbene and solvent chloroform, as indicated in the fig-
ure.

We selected chloroform as the solvent because we can use
its 261 cm™! band, located close to the 285 cm™! band of S;
trans-stilbene, as a good internal standard. It should be noted
that the probe light of 588 nm is in strong resonance with the
S,—S; transition of trans-stilbene,® but not in resonance with
transitions of chloroform.

In Fig. 1, the 285 cm™! band from S, trans-stilbene changes
its position depending on the time after the photoexcitation,
while the 261 cm™! band from chloroform does not change its
position. This phenomenon is similar to the time dependent
wavenumber shift observed for some Raman bands in the fin-
ger print region.'*' However, the direction of the wavenum-
ber shift shown in Fig. 1 is totally unexpected. In the figure,
the Stokes band at 285 cm™' moves to the lower wavenumber
direction in Raman shift, approaching the Rayleigh line, as the
time delay increases. On the contrary, the anti-Stokes band for
the same vibrational mode moves to the opposite direction,
shifting away from the Rayleigh line, for the same period of
time. In ordinary cases, the Raman shift values for a Stokes
scattering band and the corresponding anti-Stokes scattering
band from the same vibrational mode are always equal. Even
if they change their positions as the time delay increases, we
expect them to keep the same Raman shift values.

A schematic diagram illustrating the observed time depen-
dence of the Raman bands from S, trans-stilbene and chloro-
form is shown in Fig. 2. A vertical arrow at the center of the
figure, from the top to the bottom, indicates the increase of
time delay between the pump and probe. Horizontal axis (not
shown) represents the energy of light. The energy of light be-
comes larger at the right-hand side of the figure. Peak posi-
tions of the solute and solvent bands are represented by solid
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Fig. 2. Schematic diagram showing the time dependence of
Raman bands from S, frans-stilbene and solvent chloro-
form. The Stokes scattering bands are shown in the left
half while the anti-Stokes scattering bands are in the right
half.
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Fig. 3. Time dependence of the peak positions of the 285
cm~! Raman band of S frans-stilbene measured in chloro-
form. Anti-Stokes scattering band with the probe power
density of 31 GW cm™? (a), anti-Stokes with 7.4 GW cm ™2
(b), Stokes scattering band with the probe power density of
7.4 GW cm ™2 (c), and Stokes with 31 GW cm ™2 (d).

traces. The figure shows that the “apparent excitation energy”
of the probe light changes as the time delay evolves only for
the S, trans-stilbene bands. The experimental result that the
Stokes and anti-Stokes scattering Raman bands of S; trans-stil-
bene move to the same direction in absolute light energy might
seem quite strange. It is not explained, however, by a simple
error in wavenumber calibration. The Stokes and anti-Stokes
scattering bands from chloroform were recorded at the same
positions throughout the measurement.

For further analysis of the experimental data, positions of
the observed Raman bands were calculated by fitting the
Lorentzian function to the recorded Raman bands. The ob-
tained peak position is plotted against the time delay in Fig. 3.
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In the figure, filled markers (a and b) indicate the anti-Stokes
scattering Raman bands while open markers (c and d) show the
Stokes counterparts. Two sets of data were measured under
the probe power densities of 31 GW cm™2 (a and d) and 7.4
GW cm 2 (b and ¢).

It is obvious from the figure that the Stokes Raman band and
the anti-Stokes Raman band change their positions depending
on the time delay. For the time region between O ps and 5 ps, a
steep decrease in Raman shift is observed for the Stokes scat-
tering Raman band, while a mirror image increase in Raman
shift is observed for the anti-Stokes scattering band. As illus-
trated in Fig. 2, the Stokes scattering band and the anti-Stokes
scattering band move to the opposite directions in Raman shift.
They reach stationary positions after 10 ps. One might claim
that this peak shift reflects the cooling process of S, trans-stil-
bene, because it has been established that the cooling process
causes a similar wavenumber shift in the Stokes side.'” This
possibility is denied, however, because the time constant for
the cooling process in chloroform was measured to be 12 ps
(see Fig. 7), much slower than the kinetics observed in Fig. 3.
It should be noted that the kinetics of the positional change of
the 1570 cm™' agrees with the anti-Stokes/Stokes intensity
change of the 285 cm ™! band."”

The observed time dependence of the Stokes and anti-
Stokes peak positions is quite similar to the cross correlation
function between the pump pulse and the probe pulse obtained
by difference frequency mixing of the two pulses (Fig. 3(e)).
This agreement suggests that the Stokes and anti-Stokes peak
shifts between O ps and 5 ps are caused by the presence of the
pump light field.

There is another unexpected observation in Fig. 3, besides
the direction of the time dependent peak shift. Although the
Stokes and anti-Stokes Raman bands reach the stationary posi-
tions after 10 ps, these Raman shift values are different from
each other. With the probe power density of 7.4 GW ¢cm 2, for
example, the Stokes band is located at around 286 cm™! while
the anti-Stokes band is at 287 cm ™', For the probe power den-
sity of 31 GW cm ™2, the discrepancy is even larger. As men-
tioned above, however, the Stokes and anti-Stokes scattering
Raman bands from the 261 cm™' vibrational mode of chloro-
form appear at exactly the same position. The probe light
field, as well as the pump light field, affects only the peak posi-
tion of the Raman bands of S, trans-stilbene, but not the sol-
vent Raman bands.

For clarifying the effect of the probe light field further, we
measured the Raman spectrum of S; trans-stilbene with vari-
ous probe power densities at a fixed time delay. The results for
the 285 cm™! bands are shown in Fig. 4. The time delay was
set to be 50 ps, when the vibrational cooling process of photo-
excited S; trans-stilbene was completed. In the figure, small
dots represent obtained data points, while the best fit Lorentz-
ian functions are shown with solid curves. As the probe power
density increased from 2.9 GW cm 2 (c) to 31 GW cm 2 (a),
the peak position of the Stokes scattering band moves down-
ward to the lower wavenumber direction. The corresponding
anti-Stokes scattering band, on the contrary, moves upward to
the higher wavenumber direction during the course of the
probe power increase.

The width of the Stokes or anti-Stokes scattering Raman
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Fig. 4. Probe power dependence of the Stokes and anti-
Stokes Raman bands of S, trans-stilbene. Spectral areas
for the 285 cm™! band are shown. The spectrum was mea-
sured in chloroform with the probe power density of 31
GW cm 2 (a), 10 GW cm 2 (b), and 2.9 GW cm 2 (c).
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Fig. 5. Dependence of peak position of the 285 cm ™! Stokes
Raman band of S, trans-stilbene in chloroform on probe
power density. The time delay was set at 50 ps.

band also shows probe power dependence. The width increas-
es when the probe power is increased. There is no significant
difference detected on the band broadening between the Stokes
scattering band and the anti-Stokes scattering band.

The peak position of the 285 cm ™! Stokes Raman scattering
band measured at 50 ps is plotted against the probe power den-
sity in Fig. 5. The peak position was calculated by fitting the
Lorentzian function to the observed Raman band, as demon-
strated in Fig. 4. The observed peak position is clearly affected
by the probe light field. When the probe power density is
changed from 0.62 to 31 GW cm ™2, the peak position of the
Stokes scattering band changes by 2 cm ™!, from 286.0 to 284.0
cm~!. With our experimental conditions (the probe beam di-
ameter of 40 um, the repetition rate of 2 kHz, and the pulse du-
ration of 3.2 ps), these power densities correspond to the aver-
age laser power of 0.05 to 2.5 mW.
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Fig. 6. Probe power dependence of the Stokes Raman bands
of S; trans-stilbene measured in heptane at t = 50 ps. The
Raman bands from S; trans-stilbene at 1570 cm™!, 1457
cm™ !, and 1426 cm™! are indicated by solid vertical lines
while the solvent band at 1453 cm ™! is indicated by a dot-
ted line. The probe power density was 260 GW cm 2 (a),
120 GW cm ™2 (b), 81 GW cm ™2 (c), 41 GW cm 2 (d), 26
GW cm™2 (e), 12 GW cm ™2 (f), 8.1 GW cm ™2 (g), and 4.1
GW cm ™2 (h).

In time-resolved or stationary resonance Raman measure-
ments, the obtained signal intensity is determined by the aver-
age probe power, regardless of the repetition rate. It is note-
worthy that the probe light power of 2.5 mW is not large at all
in standard resonance Raman measurements. Even larger laser
power is commonly used. Still, the probe laser power of 2.5
mW is large enough to cause a wavenumber shift of a Raman
band by 2 cm™!. This is the reason why we have been using
the probe power of 0.1 mW for measuring the picosecond
time-resolved Raman spectra of S, trans-stilbene. Because the
peak power density of an amplified picosecond or sub-picosec-
ond laser pulse can easily exceed 10 GW cm ™2, laser power
dependence should be examined carefully when measuring pi-
cosecond time-resolved Raman spectra. This is particularly
the case when a peak shift of a few wavenumbers has a signifi-
cant meaning.

Similar power dependence was also observed for other spec-
tral regions. Transient Raman spectra of S; trans-stilbene
measured with various probe power densities are shown in Fig.
6 for the spectral region of 1350 to 1650 cm™"!. The time delay
was fixed at 50 ps. An intense Raman band at 1570 cm™ !, indi-
cated with a solid vertical line, has been assigned to the central
C=C stretch of S, trans-stilbene. The Raman bands at 1457
cm™ ! and 1426 cm ™! are also from S, trans-stilbene. Although
chloroform was used as solvent for all the other spectral data
presented in this article, heptane was selected for this measure-
ment. This is because heptane has a Raman band at 1453 cm ™!,
as shown in the figure with a dotted line, which can be used as
a good internal intensity standard. In this spectral region, there
is no good solvent band available from chloroform. As the
probe power density is changed from 260 GW cm™? (Fig. 6a)
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Fig. 7. Time dependence of the peak positions of the 1570
cm~! Raman band of S, trans-stilbene measured in chloro-
form. The best fit of the peak position after 7 ps with a sin-
gle exponential decay function is also shown with a solid
curve. The best fit was obtained when the decay time con-
stant was 12 ps.

to 4.1 GW c¢cm ™2 (Fig. 6h), the width of the 1570 cm™! band
from S, trans-stilbene is decreased whereas its peak position is
shifted to the higher wavenumber direction.

The relative intensity ratio of the 1570 cm™' band to the sol-
vent band at 1453 cm ™! is decreased by a factor of 5 or more in
Fig. 6 when the probe power density is increased. A possible
reason for this large intensity change is depletion of the S,
state due to effective optical pumping from the S, state to the
S, state caused by strong probe light field. After complete sat-
uration of the S,—S; transition, however, the S, state should
have a population equal to that of the S, state. This mechanism
does not fully account for the observed large change of the rel-
ative intensity. It is likely that the S; population is lost in a
sub-picosecond time scale because the S, state is converted to
other states than the S state very rapidly, well within the dura-
tion of the probe pulse.

The peak positions of several Stokes scattering bands of S,
trans-stilbene change depending on the time delay,'"'® as
mentioned above. This temporal shift is caused by the cooling
of S, trans-stilbene to which excess vibrational energy has
been given upon the photoexcitation from the ground state. An
example of the peak shift measured for the central C=C stretch
band in chloroform is shown in Fig. 7, where the observed
peak position is plotted against time delay. As the time delay
increases, the peak position changes by as large as 5 cm™'. Al-
though the cooling kinetics is well explained by the solution of
the macroscopic diffusion equation of heat,!” it is convenient to
assume a single exponential decay when evaluating the cooling
rate. The least squares fitting analysis with the single exponen-
tial decay function shows that the time constant for the cooling
process is 12 ps.

Symmetric Component and Anti-Symmetric Compo-
nent. It is possible that the observed temporal shift of the
peak position of the 285 cm™' band, shown in Fig. 3, includes
contribution from the vibrational cooling process as well as the
effect of the pump light field. We try to extract the two inde-
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pendent effects, vibrational cooling and pump field interfer-
ence, from the obtained data. For this purpose, recorded posi-
tions of the Stokes and anti-Stokes scattering Raman bands, Vg
and Vs, are converted to a new pair of variables: the symmetric
component Vymm and the anti-symmetric component Vypgi-symm.
These new variables are defined as

- 1, -
Vsymm = E(‘VS‘ + ‘VaSD (1)

. 1, -
Vanti-symm = *(‘VS‘ - ‘vaSD' (2)
2

In Egs. 1 and 2, |Vs| or |V,s| represents the absolute value of
the Raman shift for the Stokes or anti-Stokes scattering band,
that is, the distance between the Stokes or anti-Stokes Raman
scattering band and the Rayleigh scattering band on the wave-
number axis.

The symmetric component, Vyymm, is equal to half the energy
difference between the anti-Stokes scattering band and the
Stokes scattering band. It gives the intrinsic energy spacing
between the vibrational levels associated with the Raman pro-
cess. The anti-symmetric component, Vyni.symm, indicates the
relative position of the apparent excitation energy for the ob-
served pair of the Stokes and anti-Stokes Raman scattering
bands. This value becomes zero if the Raman shift for the
Stokes scattering band is equal to that for the anti-Stokes scat-
tering band, which is considered to be true for most of the
measurements. By converting a pair of Vs and V,5 to a new pair
of Viymm and Vyngi-symm, W€ can extract the “true” energy spacing
for the vibrational transition and the “apparent” excitation en-
ergy from the observed data.

The time dependence of the positions of the Stokes scatter-
ing band and the anti-Stokes scattering band at 285 cm™!, once
shown in Fig. 3, is converted to the symmetric and anti-sym-
metric components, Veymm and Vynisymm. The results are shown
in Fig. 8. In the figure, Viymm for three different probe power
densities ((a), (b), and (c)) and the averaged values of the three
(d) are plotted. Within the experimental uncertainties, no dif-
ference was observed among the Vyymm values for three probe
power densities. The symmetric component, or intrinsic Ra-
man transition energy, does not depend on the probe power
density. The least squares analysis of the averaged Voymm val-
ues revealed that their time dependence between 7 ps and 50 ps
was well explained by a single exponential decay function
with a time constant of 12 ps. The obtained time constant
matches the one already obtained by the analysis of the 1570
cm™! Stokes band (Fig. 7), which reflects the cooling process
of S, trans-stilbene. Without calculating the symmetric com-
ponent, it would not have been possible to extract the temporal
behavior corresponding to the cooling process from the ob-
served peak shift of the 285 cm™! band.

The anti-symmetric component, Vyni.symm, indicates the ap-
parent position of the excitation light. In Fig. 8, the Vini-symm
value for the probe power density of 43 GW cm ™ is plotted in
trace (e). With this power density, the time dependent change
Of Vinii-symm appears most distinguished. The plot starts from
0.5 cm ™' at —2 ps and shows a steep decrease until 10 ps when
the Vynii-symm value reaches a stationary value at —1.7 cm™ L
The symmetric and anti-symmetric components of the 261



1080 Bull. Chem. Soc. Jpn., 75, No. 5 (2002)

288.0-& - 0.5
A
2875 A - 0.0
g © 7
0-a .05 2
S 287.0-8, s 08 o
N
= | | v
7 205 E:;/o 10 2
+ 2860-] a4 o fs §
(_’)J A, A A N
285.5- 2.0
285.0- .25

I I T T I

I
0 10 20 30 40 50
Time delay / ps

Fig. 8. Time dependence of the symmetric component Vgymm
(left axis) and anti-symmetric component Viyi.symm (right
axis) of the 285 cm ™! band of S, frans-stilbene in chloro-
form. The probe power density for the symmetric compo-
nent was 31 GW cm 2 (a), 12 GW cm™? (b), and 7.4 GW
cm™2 (c). Values of the symmetric component averaged
for the three probe power densities are shown in (d). The
anti-symmetric component is plotted only for the probe
power density of 31 GW cm 2 (e). The best fit of the aver-
aged symmetric component after 7 ps with a single expo-
nential decay function is also shown with a solid curve.
The best fit was obtained when the decay time constant
was 12 ps.
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(open circles, left axis) and anti-symmetric component
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chloroform. The probe power density was 31 GW ¢cm ™2

cm™! band from the solvent chloroform are also calculated.
Their time dependence is shown in Fig. 9. The probe power
density for the measurement was 43 GW cm ™2, the same value
as that for Fig. 8(a) and Fig. 8(e). Unlike the S, trans-stilbene
Raman band, however, the Vymm value (open circle) or the
Vanti-symm Value (filled triangle) of the chloroform band shows
little change. Within the experimental uncertainties, the anti-
symmetric component shows a constant value with or without
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Fig. 10. Dependence of the temporal shift of the anti-sym-
metric component of the 285 cm™! band of S, trans-stil-
bene on the pump power density. See text for the evalua-
tion of the shift.

the presence of the pump light field. Its value is 0 cm ™', show-
ing no apparent change of the excitation energy. The Raman
shift for the Stokes scattering band is equal to that for the anti-
Stokes scattering band. The results shown in Fig. 9 confirm
the conclusion that the solvent Raman bands are not affected
by the pump or probe light. Time and probe power depen-
dence observed for the S| trans-stilbene Raman band is not the
result of a trivial error in wavenumber calibration.

The effect of the pump laser field was examined by analyz-
ing the Vigmm values. Difference between the averaged
Vanti-symm Value for the time delays of —1, 0, 1, and 2 ps and that
for 7, 10, 15, and 20 ps, A.ymm, is plotted against the pump
power density in Fig. 10. The value becomes positive if
Vanti-symm 18 larger for smaller time delays. Because the pump
pulse and the probe pulse are temporally overlapped from —1
to 2 ps, and because they are not overlapped at 7 ps or later, the
Ausymm Value shows the effect of the pump laser field on the ap-
parent excitation energy. The A,ymm value converges on zero
when the pump power density approaches zero. It increases as
the power density increases, and reaches a value of 0.55 cm™!
at the power density of 8 GW cm™2. For the temporal region
when the pump and probe light pulses are overlapped with
each other, the apparent excitation energy depends not only on
the probe power density, but also on the pump power density.

Because the molar extinction coefficient of the S;—S, transi-
tion of frans-stilbene at 294 nm is 3.1 X 10* dm’*/mol cm,
which corresponds to the cross section of 5.2 X 107" cm?, the
excitation rate estimated for the pump power density of § GW
cm 2is 6.2 X 10" s7L Tt takes 1.6 ps for a trans-stilbene mol-
ecule to be excited to the S, state under this condition of photo-
excitation.

As shown in Fig. 10, the Vyuisymm value increases when the
pump power density increases. The value, however, decreases
when the probe power density increases. The direction of the
power dependent peak shift caused by the pump pulse is oppo-
site to that caused by the probe pulse.

Possible Mechanisms. The effect of off-resonant light
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field on an optical transition is generally described by the opti-
cal Stark effect. The optical Stark effect is formulated by the
second-order perturbation on energy eigenstates caused by the
interaction between the transition dipole and the external light
field! or by the third order non-linear susceptibility commonly
used in non-linear optics.> Observed spectral changes in rota-
tional or vibrational bands caused by intense probe light have
been explained by the optical Stark effect in stimulated Raman
spectroscopy,”®?° inverse Raman spectroscopy,’® and
CARS.*'*? In our experimental conditions, however, the probe
light is in resonance with the S,—S; transition of trans-stilbene.
The standard optical Stark effect is not applicable for the ob-
served probe power dependence.

Deformation of the spontaneous resonance Raman bands
under arbitrary probe light field was simulated by non-pertur-
bative methods.>® Correlation functions responsible for the
band shapes of various optical processes involving spontane-
ous resonance Raman scattering were estimated by calculating
the time evolution of the density operator, or by solving the Li-
ouville equation. The polarization for the emission process is
modulated by the Rabi frequency as well as the incoming
probe electric field, which splits or broadens the observed
Raman bands. The correlation between the Stokes scattering
peak position and the anti-Stokes scattering peak position,
however, has not been shown explicitly yet. The effect of the
pump light field was not explained by this treatment, either.

The pump light in this study is not in resonance with the
Raman process. It is possible that the optical Stark effect from
the pump light affects the observed Raman signals. Becker et
al. reported the deformation of the ground state absorption
band of rhodamine B caused by the optical Stark effect from
the off-resonant intense “pump” pulse.® The difficulty of the
optical Stark effect in explaining the results obtained in this
study is that the pump light field deforms only the Raman
bands from S; frans-stilbene. It does not affect the solvent
Raman bands. The ordinary formalism of the optical Stark ef-
fect derived for a two-level system does not explain the dis-
agreement between the positions of the Stokes Raman scatter-
ing band and the anti-Stokes scattering band, either. The opti-
cal Stark effect, in the simplest form, does not explain either
the probe power dependence or pump power dependence of the
observed Raman spectra in the present study.

The effect of the laser field on stimulated Raman spectra has
been investigated by Zinth and Kaiser.** Strong laser light can
become positively chirped because of the self-phase-modula-
tion at glass optics and at the sample solution. The stimulated
Raman signal can also become chirped through the term
){mELEL*ER, where E; and Ey are the electric fields for the la-
ser input and the stimulated Raman light (crossfield modula-
tion). Because the stimulated Raman signal builds up at the
later part of the input light pulse, the observed Stokes scatter-
ing band is up-shifted in absolute wavenumber, or down-shift-
ed in Raman shift. Although we employ the 90 degree scatter-
ing geometry for the signal collection, it is possible that the ob-
served spectra include contribution from the scattered light of
stimulated Raman light as well as spontaneous Raman sig-
nals.** This mechanism can explain the observed up-shift of
the Stokes and anti-Stokes Raman scattering bands in absolute
wavenumber when the power of the probe light is increased.
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For solvent bands, the chirped probe pulse does not cause the
wavenumber shift if they do not have contribution from the
stimulated Raman process. However, there are some difficul-
ties when applying this mechanism to the present study. The
spectrum of the probe laser from the sample, as we recorded as
the Rayleigh line, did not show the splitting or broadening ex-
pected as the result of self-phase-modulation (data not shown).
Also, the width of the detected Raman bands was increased
when the probe power was increased (Fig. 4). If the contribu-
tion from the stimulated Raman signal is increased as the
probe power is increased, the bandwidth can become narrower,
but not wider, than the spontaneous Raman signals.* Tt is not
likely that this mechanism explains the observed effect of the
pump light field. For the time region where the pump and
probe pulses are temporally overlapped, the population of the
S, state is still growing within the duration of the probe pulse.
Because the stimulated Raman signals have even more contri-
bution from the rear part of the probe light than later time de-
lays when the S; population level can be regarded as constant
throughout the duration of the probe pulse, the Stokes scatter-
ing band and the anti-Stokes scattering bands will move to the
higher wavenumber direction, as opposed to the experimental
observation.

It seems possible to explain the pump and probe power de-
pendence of the observed Raman bands from S, trans-stilbene,
if we assume that the probe light pulse is negatively chirped
and that the probe light field causes the effective depletion of
the S, state.*® In a negatively chirped light pulse, the wave-
length is shorter at the front edge of the pulse. At the begin-
ning, the excitation energy for the Raman scattering is larger.
If the probe power density is large, the probe light depletes the
S, state quickly. When the central part of the probe pulse ar-
rives, there is no more S; state left in the laser spot. The
Raman spectrum of the S, state is measured only with the larg-
er excitation energy. This causes the apparent shift of the exci-
tation energy to the higher wavenumber direction, or the down-
shift of the V,ni.ymm value, which agrees with the observation.
The pump power dependence can be explained in a similar
way. For negative time delays of a few picoseconds, the S;
population is generated only in the rear part of the probe pulse
where there is a temporal overlap with the pump. In the rear
part of a negatively chirped pulse, the wavelength is longer,
which results in the lower excitation energy for the Raman
transition. This explains the observed positive shift of the
Vanti-symm Value when the pump power is increased (Fig. 10).

The results shown in Fig. 6 mean that the second assump-
tion for the mechanism presented in the previous paragraph,
the rapid depletion of the S; state by the probe light, is ful-
filled, at least qualitatively. The relative population of the S;
state is decreased by a factor of 5 or more when the probe pow-
er density is increased from 4.1 to 260 GW cm™ 2 However,
the validity of the first assumption, a negative chirp in the
probe pulse, is not clear. It has been confirmed that our probe
light pulse is close to the Fourier transform limit. Its time-en-
ergy product, when assuming a sech® pulse shape, is 11.2 ps
cm™ !, while the value for the ideal Fourier transform limited
pulse is 10.5 ps cm ™!, If the power dependent peak shift of 2.5
cm™!is caused by this mechanism, there should be a chirp of
2.5 cm™! or larger for an almost Fourier transform limited
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pulse of 3.5 cm™'. This situation is fulfilled if the chirp is

present only at the front and rear wings of the probe light pulse
and if the main part of the pulse is chirp-free. In this case, a
negative chirp as large as 2 cm~! may not appear when analyz-
ing the light pulse. The depletion of the S, state by the probe
light, however, should be effective enough that the Raman
spectrum is measured only by the wing part of the probe pulse.
Determination of the cross section of the S,—S; transition of
trans-stilbene will allow quantitative estimation of the deple-
tion rate of the S, state, which is needed for clarifying the chirp
structure required for this mechanism.

Concluding Remarks

From the present study, it is obvious that the Stokes and
anti-Stokes peak positions strongly depend on the pump and
probe power densities, although the exact mechanism has not
been clarified yet. Careful examination of the pump and probe
power dependence is essential when interpreting the time-re-
solved resonance Raman spectra, especially for the time region
where the pump and probe pulses are temporary overlapped. It
is safer to set the experimental conditions so that the pump and
probe pulses would not saturate the S1—S, and S,—S; transitions
for avoiding the undesired anomalous effects reported in this
article.
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