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Optical control of elementary molecular motion through impulsive stimulated Raman scattering is enhanced by
means of timed sequences of femtosecond pulses that are produced by pulse-shaping techniques. In particular,
terahertz-rate trains of femtosecond pulses are used for repetitive impulsive excitation of individual phonon
modes in an a-perylene molecular crystal. When the pulse repetition rate is matched to the desired phonon
frequency, mode-selective vibrational amplification is achieved. A comparison of data acquired with the
transient-grating and the pump-probe experimental geometries reveals the timing dynamics of the induced
phonon oscillations with respect to the driving femtosecond pulse sequence.

1. INTRODUCTION

Ongoing advances in ultrafast laser technology have led to
the generation of optical pulses whose duration is shorter
than the time required for many nuclear motions. Spec-
troscopic use of such pulses has made possible direct time-
resolved observations of elementary microscopic motions,
such as collective vibrations of crystal lattices and mole-
cular vibrations and rotations, as well as chemical and
physical transformations that involve these motions.'™
Increasing attention is now being turned toward not only
observation but also control of molecular and collective
motion, often with the goals of reaching unusual nonequi-
librium states and facilitating chemical or structural
changes that may not occur under ordinary conditions.’®
With recently developed techniques for shaping ultrashort
laser pulses,® production of optical pulse sequences and
wave forms that are specially tailored to exercise such
control is becoming feasible. In this paper we report an
initial application of specially shaped femtosecond pulse
trains that achieves improved control over elementary
molecular motions. In particular, we demonstrate the
use of timed sequences of femtosecond pulses to drive se-
lected vibrations repetitively in an organic crystal in a
manner that is closely analogous to the way a child on a
swing may be repetitively pushed to reach an increased
amplitude of oscillatory motion.'

In our experiments we use impulsive stimulated Raman
scattering (ISRS), a spectroscopic technique in which an
ultrashort laser pulse initiates coherent vibrational motion
by exerting a sudden (impulse) driving force on Raman-
active vibrational modes. For ISRS to occur, the pulse
duration must be short compared with the vibrational os-
cillation cycle. The uncertainty-limited spectral band-
width of the pulse then exceeds the vibrational frequency,
and stimulated Raman scattering can occur through mix-
ing among frequency components contained within the
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bandwidth. ISRS is a completely time-domain analog
to the more usual frequency-domain coherent Raman ex-
citation techniques, in which the frequency difference
between two tunable lasers is adjusted to match the vi-
brational frequency. One advantage of the time-domain
approach is the ability to permit direct observation of time-
dependent phonon oscillations on a femtosecond time
scale. Thus ISRS provides a mechanism through which
femtosecond pulses can be used to influence and to ob-
serve elementary lattice and molecular motion.?

To date, however, the extent of control over nuclear mo-
tion has been limited. The coherent vibrational response
that is driven by ISRS is usually small, for example, of the
order of 10™* A for molecular displacements in transla-
tional optic phonon modes of crystalline solids. Far larger
coherent vibrational amplitudes could be driven by readily
available femtosecond pulses were it not for the sample
damage that would occur at the high peak intensities re-
quired. Furthermore, the degree of mode selectivity pos-
sible with ISRS is limited. Many Raman-active modes
may respond simultaneously to the impulse force that is
exerted by a sufficiently short pulse.

We achieved improved control over molecular motion
by using terahertz-repetition-rate trains of femtosecond
pulses, generated by using femtosecond-pulse-shaping
techniques, for repetitive impulsive excitation in ISRS ex-
periments. In particular, by matching the pulse repeti-
tion rate to the vibrational frequency, we demonstrated
selective amplification of individual phonon modes in an
a-perylene molecular crystal.’® This crystal is of special
interest in connection with an excited-state dimerization
(actually excimer formation) reaction that may be phonon
assisted.”® In the ground state the planar perylene mole-
cules align in sandwich pairs; on optical absorption two
molecules in a pair move closer together along a path that
is believed to coincide to a substantial degree with a 104-
cm™ translational optic phonon mode.'* Single-pulse
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Fig. 1. Experimental arrangement for multiple-pulse ISRS.

(A) Sketch of the transient-grating scattering geometry.
(B) Block diagram of the optical setup. CPM

ISRS experiments with a-perylené crystals were reported
previously.”® In those experiments simultaneous excita-
tion of the 104-em™ mode, together with low-frequency
librational modes at 33, 56, and 80 cm™, was observed.
As we shall see, multiple-pulse ISRS makes possible a
degree of mode selectivity that is not available with single-
pulse ISRS and opens the way for increased vibrational
amplitudes.

The remainder of this paper is structured as follows.
First we describe the experimental setup and briefly re-
view the femtosecond-pulse-shaping apparatus that makes
these experiments possible. We then discuss ISRS data
taken in the transient-grating geometry. Single-pulse
ISRS data are presented in order to illustrate some of the
limitations of this technique. Multiple-pulse ISRS data,
which clearly demonstrate mode selectivity and vibra-
tional amplification, are then presented and discussed in
detail. We also discuss detuning effects that occur when
the pulse repetition rate does not precisely match the vi-
brational frequency. We further report multiple-pulse
ISRS experiments performed in the forward or pump-
probe geometry, in which optical spectral shifts induced
by the coherent vibrational motion are detected. These
measurements elucidate the timing of the coherent vibra-
tional motion relative to the excitation-pulse sequence
that drives it. Finally, we discuss further prospects for
multiple-pulse ISRS spectroscopy; in Appendix A we com-
ment on the quantum-mechanical interpretation of our
experiments.
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2. EXPERIMENTAL SETUP

We have performed multiple-pulse ISRS measurements
in both transient-grating and pump-probe experimen-
tal geometries. The experimental arrangement for our
transient-grating measurements is depicted in Fig. 1 (see
Section 5 for details of the pump-probe measurements).
The source of femtosecond pulses was a colliding-pulse
mode-locked (CPM) ring dye laser’® and a copper-vapor
laser-pumped dye amplifier (OMA) system,'” which pro-
vided 75-fs pulses at a 0.62-um wavelength with a pulse
energy of several microjoules and an 8.6-kHz repetition
rate. A small portion of the output from the amplifier was
split off to serve as the probe beam. The remainder of
the amplifier output was passed through the pulse-shaping
apparatus (described below), where it was converted into a
terahertz-rate pulse sequence, and then split to yield two
identical excitation beams. All three beams were focused
to a common spot.in the sample, a 1-mm-thick crystal of
a-perylene molecular crystal. The a-perylene was puri-
fied by recrystallization and extensive zone refining, and
single crystals were grown from the melt by the Bridgman
method. The sample was mounted on a cold finger and
cooled to temperatures as low as 5 K. The absorption
edge of a-perylenie occurs near 480 nm, and therefore the
perylene is transparent to the 620-nm laser light. The
sample was cleaved along the ab crystallographic plane.
All the beams were linearly polarized, with all the polar-
ization directions parallel to each other and to either the a
or the b crystallographic axis. The energies of the excita-
tion and the probe beams were typically 200 and 35 nd,
respectively. The beams were crossed in a noncoplanar,
phase-matched geometry, with a full angle of ~5° between
them. The diameters of the focused pump and probe
beams were each ~90 um. The relative delay between
the two excitation beams was set to zero so that the beams
interfere in the sample to produce a standing-wave pat-
tern of coherent vibrational excitation through ISRS.
The time-dependent vibrational response was monitored
by measuring the coherent scattering (or diffraction) in-
tensity of the temporally delayed probe pulse from the
standing-wave grating. For data acquisition the probe
beam was chopped, and the diffraction intensity was mea-
sured with a power meter and a lock-in amplifier. The
probe delay was scanned under computer control by using
a stepper-motor-driven translation stage, and the output
of the lock-in amplifier was digitized and stored for each
setting of the probe delay. In a typical measurement a
single scan was accomplished in ~1 min, and five such
scans were averaged on the computer.

The terahertz-rate pulse trains used as the excitation
beams were generated by means of Fourier-transform
pulse shaping. As described previously,” pulse shaping
was achieved by passing a single femtosecond pulse
through a simple optical system that consists of two grat-
ings, two lenses, and a spatially varying phase mask.
The gratings were placed at the (outside) focal planes of
the lenses, which were set up as a unit-magnification tele-
scope, and the mask was placed midway between the
lenses. After the first grating and lens spatially sepa-
rated the various optical frequency components contained
within the incident ultrashort pulse, the mask altered the
relative phases of the dispersed frequency components.
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Fig. 2. Layout of a phase mask, designed to produce pulse trains
with repetition rates ranging from 340 to 460 fs. Each individ-
ual pattern (from left to right) corresponds to a particular repeti-
tion rate. The repetition period is 340 fs at the top and increases
by 5 fs per pattern toward the bottom. The shaded regions in the
figure correspond to areas that are etched during the fabrica-
tion process (to a depth corresponding to a phase change of ap-
proximately ). The unshaded regions are not etched during
fabrication.
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(In general the mask can alter both phase and ampli-
tude,*® but in the present investigation we use pure phase
masking for high efficiency.) The second lens and grat-
ing recombined the optical frequency components into a
single collimated beam. The result was a shaped pulse
with a temporal profile that is given by the Fourier trans-
form of the pattern transferred by the mask onto the spec-
trum. The intensity profile of the shaped pulse was
measured by cross correlation, with 75-fs pulses directly
from the amplifier as the probe, and the spectral profile of
the shaped pulses was measured with a 0.32-m spectrome-
ter and a photodiode array.

In the current experiment the phase was patterned ac-
cording to periodic repetitions of a pseudorandom binary
phase code called an M sequence. The details of the mask
design are given elsewhere.”® In brief, the spatial period-
icity of the phase mask imparts a periodic modulation to
the optical spectrum, and this gives rise to a terahertz-
rate pulse train, with the pulse repetition rate equal to the
inverse of the spectral modulation frequency. The phase
masks are fabricated on 0.5-in- (1.27-cm-) diameter fused-
silica substrates with standard microlithography and
reactive-ion etching techniques.® A layout of one of the
masks is shown in Fig. 2. This mask contains approxi-
mately 25 distinct phase patterns, each with a different
spatial periodicity that is designed to produce a pulse
train with a different repetition rate. The phase pat-
terns shown produce sequences that consist of approxi-
mately 15 evenly spaced pulses under a smooth envelope,
with repetition periods ranging from 340 fs (top) to 460 fs
(bottom), selectable in 5-fs increments. The desired pulse
sequence is selected by translating the appropriate pattern
into the beam path. Other masks were also fabricated to
cover the ranges 170-245, 245-350, and 460-700 fs.
Thus essentially any pulse repetition rate that is needed
to match phonons in the range 1.4-6.0 THz (50-200 cm™)
could be selected. We note that more complex pulse se-
quences, including squared-off envelopes of pulses, have
also been produced,’® but these were not used in the
present experiments.

Weiner et al.

3. SINGLE-PULSE ISRS

As a control we recorded ISRS data from perylene excited
by a single pair of (unshaped) excitation pulses. The data,
shown in Fig. 3 for pulses polarized parallel to the b axis,
are similar to those published previously.’® The signal
consists of a sharp peak at ¢ = 0, arising from the essen-
tially instantaneous nonlinearity that is associated with
distortion of the electronic wave functions, followed by a
signal that is due to optic phonons excited through ISRS.
Two points are of note. First, the intensity of the ISRS
signal is only ~4% of that arising from the electronic scat-
tering peak, which provides an internal intensity calibra-
tion. Second, the ISRS diffraction intensity presents an
irregular pattern that is caused by beating among several
simultaneously excited phonon modes. A Fourier trans-
form of the scattering data is shown as the solid curve
in Fig. 4. Because the scattering signal is proportional to
the square of the time-dependent refractive-index change
induced by the phonons, the Fourier transform consists of
a complicated series of lines at frequencies corresponding
to sum and difference frequencies of the known perylene
modes at 33, 56, 80, and 104 cm™. Lines are also evident
at some of the fundamental phonon frequencies (e.g., at
80 cm™) because of mixing with a nonoscillatory compo-
nent of the signal arising from electronic excited states
generated through two-photon absorption. As a compari-
son, the dashed curve in Fig. 4 shows the Fourier trans-
form of the main, electronic scattering peak in the data.
This curve represents the instrumental response in our
experiments, showing that with 75-fs pulses the ability to
excite and monitor coherent vibrational motion rolls off for
frequencies above ~3 THz (100 cm™). Despite this roll-
off, the data show well-resolved features out to 5.5 THz.
Similar data are observed with the polarizations parallel
to the a crystallographic axis, although the details of the
oscillatory ISRS signal are altered because the various
modes are excited with different relative amplitudes. In
both cases it is difficult to work backward from the ISRS
data to determine which phonons are excited and with
what strength.
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Fig. 3. Single-pulse ISRS data recorded from a-perylene with
T < 10 K and with all pulses linearly polarized parallel to the b
crystallographic axis. The femtosecond excitation pulses drive
several phonon modes whose combined response yields a charac-
teristic beating pattern. The spike at ¢ = 0 is a purely electronic
response of the crystal to the excitation pulses.
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Fig. 4. Solid curve: Fourier transform of the scattering data
shown in Fig. 3. The electronic scattering peak at ¢ = 0 in the
time-domain data was suppressed before the Fourier transform
was performed. Dashed curve: Fourier transform of the elec-
tronic scattering peak, representing the instrumental response
function.
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4. MULTIPLE-PULSE ISRS

The data in Figs. 3 and 4 illustrate the two main limita-
tions of single-pulse ISRS, i.e., small vibrational amplitude
and lack of mode selectivity. Multiple-pulse excitation
(multiple-pulse ISRS) can be used to help overcome these
limitations. We demonstrate this point by using multiple-
pulse ISRS to drive the 80-cm™ librational mode (an
in-phase libration of the molecule pairs) and the 104-cm™
translational mode selectively and individually in a-
perylene crystal. Figure 5(A) shows the intensity profile
of a 2.39-THz (79.6-cm™) excitation-pulse train, timed to
match the vibrational period of the 80-cm™ mode, and
Fig. 5(B) shows the resulting ISRS data recorded from
a-perylene with all pulses polarized parallel to the b crys-
tallographic axis. Initially the signal is dominated by
the crystal’s electronic responses to each of the pulses in
the sequence. However, the vibrational signal builds up
as the pulse train progresses. After approximately
10 pulses, the ISRS signal that is due to the amplified
80 cm™ mode becomes apparent. By the end of the input-
pulse train (¢ ~ 3 ps), the ISRS signal is approximately as
intense as the strongest electronic scattering peak. Fur-
thermore, the ISRS signal after the pulse train has ended
appears to be oscillatory at a single frequency that is equal
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|
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Fig. 5. Multiple-pulse ISRS data recorded from a-perylene with T < 10 K and with all pulses linearly polarized parallel to the b crystallo-
graphic axis. (A) Intensity cross-correlation measurement of 2.39-THz (79.6-cm™ ) pulse train used for resonant excitation of the
a-perylene’s 80-cm™ librational mode. ISRS data (B) for 79.6-cm™ excitation, (C) for 77.8-cm™ excitation, (D) for 88.7-cm™ excitation.
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Fig. 6. Fourier transform of ISRS data, corresponding to reso-
nant excitation of the 80-cm™ librational mode, as in Fig. 5(B).

to twice the vibrational frequency.?®'® This observation
is confirmed by Fourier analysis of the data, as shown in
Fig. 6. A single sharp line appears at 160 cm™ (4.8 THz).
Similar data are obtained with the polarizations parallel
to the a crystallographic axis, although both electronic
and vibrational signals are reduced by approximately a
factor of 3 compared with those for the case of b polariza-
tion. Clearly, these data demonstrate considerable mode-
selective vibrational amplification.

We also performed multiple-pulse ISRS experiments
with the repetition rate of the input-pulse train detuned
slightly from the 80-cm™ librational period. Examples of
our data are shown in Figs. 5(C) and 5(D). As the detuning
is increased, the strength of the phonon response gradu-
ally decreases, but the oscillations remain monochromatic
with the same 160-cm™ frequency. In Fig. 5(C) the exci-
tation repetition rate is changed to 2.33 THz (77.8 cm™),
corresponding to a relatively small detuning of 0.06 THz.
Vibrational amplification is still achieved, although the
strength of the vibrational signal is reduced by approxi-
mately a factor of 2 compared with that for resonant exci-
tation. For substantially larger detuning [Fig. 5(D),
2.66-THz excitation] the vibrational signal is strongly
suppressed, although instantaneous electronic scattering
peaks remain. These observations are consistent with a
simple picture of a forced harmonic oscillator. The re-
sponse of the oscillator depends on the overlap of the exci-
tation power spectrum with the natural frequency of the
oscillator. The finite duration of our excitation-pulse
train (~4.8 ps FWHM) leads to an excitation linewidth of
~0.09 THz (3.1 cm™') FWHM. Thus, for the data of
Fig. 5(C), the detuning is comparable with the half-width
of the excitation spectrum, in accord with the 50% reduc-
tion of the phonon response. We may equivalently con-
sider the requirement that the driving pulse train must
remain in phase with the natural vibrational frequency
(within 7 radians) in order for vibrational amplification to
occur. For the detuning of 0.06 THz in Fig. 5(C) a phase
difference of 0.587 accumulates during a 4.8-ps time in-
terval, equal to the excitation FWHM; therefore amplifi-
cation can be achieved, though with some decrease in
efficiency. The 0.27-THz detuning in Fig. 5(D) corre-
sponds to an accumulated phase difference of ~2.57; and
therefore vibrational amplification is not observed. For
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detunings such that amplification can be achieved, the vi-
brational signal remaining after the end of the driving
pulse train is expected to reflect the natural response of
the harmonic oscillator. This is exactly what is observed:
the vibrational signal oscillates at the same 160-cm™ fre-
quency, independent of the excitation frequency.

Because multiple-pulse ISRS results in selective ampli-
fication of a single phonon mode, the phonon decay dy-
namics can easily be determined. Figure 7(A) shows
scattering data for resonant excitation of the 80-cm™ mode
plotted over a sufficient time interval that the phonon de-
cay is evident. The coherent oscillations decay with a 1/e
time of 14.3 ps, indicating a phonon dephasing time of
28.6 ps at 10 K. Note that the oscillations in the signal
occur at twice the vibrational frequency and decay at
twice the decay rate because the diffraction intensity is
proportional to the square of the dielectric response (and
therefore to the square of the vibrational displacement) in
the medium. Figures 7(B)-7(E) show multiple-pulse ISRS
data taken at several different temperatures. As the tem-
perature is increased the phonon dephasing time T de-
creases. From our data we estimate that T3 = 19 ps
at 20 K, 7 ps at 50 K, and ~3.8 ps at 100 K, in reason-
able agreement with estimates previously obtained from
single-pulse ISRS data.’® We note that when the phonon
dephasing time becomes comparable with or shorter than
the duration of the driving pulse train, the vibrational
amplification becomes less effective, and the phonon re-
sponse becomes harder to distinguish from the electronic
responses. At room temperature T is of the order of
1 ps,’ and the vibrational signal persists only during the
trailing portion of the exciting pulse train. These data
point to one fundamental constraint governing multiple-
pulse ISRS, namely, that the number of pulses that can be
effectively used for vibrational amplification is limited by
the phonon dephasing time. Increasing the duration of the
pump-pulse train beyond the dephasing times of Raman-
active modes leads neither to increased vibrational ampli-
fication nor to increased mode selectivity.

In addition to the 80-cm™ mode, we use multiple-pulse
ISRS to drive the 104-cm™ mode, whose motion is essen-
tially a vibration of a pair of neighboring perylene mole-
cules against each other. Examples of data taken at low
temperature are plotted in Fig. 8. For pulses polarized
along the a crystallographic axis, the degree of vibrational
amplification achieved for the 104-cm™ mode is compa-
rable with that for the 80-cm™ mode (although the in-
tensity of the 104-cm™ signal relative to the maximum
80-cm™! signal is reduced by approximately a factor of 6,
indicating a smaller differential polarizability for this
mode). As with the 80-cm™ mode, a slight detuning of
the multiple-pulse timing led to a vibrational response
with the same frequency and dephasing rate but of weaker
amplitude. For pulses polarized along the b crystallo-
graphic axis, the vibrational signal appears to be quite
weak. The difference in appearance between Figs. 8(A)
and 8(B) arises because the ISRS signal from the 104-cm™
mode is two times lower for b-polarized pulses than for
a-polarized pulses, whereas the electronic scattering sig-
nal is three times higher for b polarization.

We carried out numerical simulations to model our
experimental results. Our modeling is an adaptation
of an analysis that was previously developed for single-
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pulse ISRS experiments and that was described in detail

elsewhere.® We treat the individual vibrational modes
as classical harmonic oscillators. Recently a quantum-
mechanical analysis of multiple-pulse ISRS excitation was
presented.? In Appendix A we discuss the relation be-
tween the classical and the quantum-mechanical interpre-
tations of ISRS excitation.

‘We begin our analysis of multiple-pulse ISRS by describ-
ing the intensity profile I(x,t) of the shaped pump-pulse
train that is incident upon the sample, using the following
approximate form:
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Fig. 7. Multiple-pulse ISRS data, showing decay of the 80-cm™
mode at various temperatures. Note that a shorter time scale is
used for plots (D) and (E). (A)T =10K,(B)T = 20K,(C)T =
50K,(D)T =100K, (E) T = 295 K.

2 2
I, ) = 31, exp[——(t—znﬂ - lz]cos2 kx. (1)

n tP NP
Here T is the spacing between the pulses, £, is a measure
of the pulse duration of the individual pulses in the se-
quence, N, is a measure of the number of pulses within the
pulse train, and I, is the peak intensity. The index n
takes on both positive and negative values. The first term
in the exponential gives the temporal profile of the indi-
vidual pulses (assumed to be Gaussian), and the second
term describes the temporal profile of the pulse train (also
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Fig. 8. ISRS data for resonant multiple-pulse excitation of the
104-cm™ vibrational mode in a-perylene. The temperature is
T =10 K. (A) All pulses polarized along the a crystallographic
axis. (B) Polarization along the b axis.

assumed to be Gaussian). The cos? kx term describes the
spatial interference of the two crossed pump beams. The
vibrational response of the sample that is due to the ith
vibrational mode is characterized by an impulse response
function (Green’s function) G;(¢), given by

Gi(?) = C; exp(—yit)sin wit, (2)

where v;, »;, and C; are, respectively, the damping rate, the
natural vibrational frequency, and the relative strength of
the ith mode. The convolution of I(x, #) and Gi(¢) gives the
time- and space-dependent vibrational response, @i(x,?),
that is due to the ith mode, i.e.,

t
Qi(x,2) = '[ drIe)Gi(E - ¢t)). 3)
The change in the dielectric constant, 8e(x, z), is given by
de
belx,t) = 3 ~=Q + 2nunl(x, ), 4)

where the summation is carried out over all the modes of
the crystal. The term 2nyyI(x, £) describes the essentially
instantaneous index change that is due to the bound elec-
tron nonlinearity of the material. v is the usual nonlin-
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ear index coefficient in square centimeters per watt, and
no is the low-intensity refractive index. The ISRS diffrac-
tion efficiency is proportional to the square of the dielec-
tric response at the grating peaks, i.e., to de*(x = 0,%).
The actual ISRS signal is taken to be the convolution of
de%(x = 0,t) over the probe-pulse intensity profile (as-
sumed to be identical to the profile of the individual pulses
in the pump-pulse sequence).

In Fig. 9 we show simulation results for multiple-pulse
excitation of the 80-cm™' mode of a-perylene. For these
simulations we set C; equal to zero for modes other than
the 80-cm™ mode. Our omission of the contributions of
the other vibrational modes is justified because of the
strong mode selectivity of the multiple-pulse ISRS tech-
nique, as evidenced by the excellent agreement between
data and simulation. For Fig. 9(A) the excitation-pulse
repetition rate exactly matches the 80-cm™ natural vibra-
tional frequency, and the numerical results are in close
agreement with the experimental data [Fig. 5(B)]. For
the parameters in Eq. (1) we used ¢, = 42 fs, N = 7, and
T = 419 fs, in accordance with our measurement of the
excitation-pulse train shown in Fig. 5(A). In addition, we

(A)
-6 -3 0 3 6 9 12
Time (psec)
(B)
6 -3 0 3 6 9 12
Time (psec)

Fig. 9. Simulation results for multiple-pulse excitation of the 80-
em ™! mode in a-perylene. (A) Onresonance, 2.39-THz (796-cm™)
pulse repetition rate. (B) Detuned from resonance, 2.33-THz
(77.8-cm™) pulse repetition rate.
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Fig. 10. Experimental arrangement for forward (or pump-probe)
ISRS experiments with multiple-pulse excitation.

used y ! = 28.6 ps~* for the 80-cm ™ mode, and we adjusted
the relative strength of the vibrational and electronic non-
linearities to give the best fit with the data. Numerical
simulations were also performed for excitation-pulse repe-
tition rates detuned from resonance. Figure 9(B) shows
the simulation results for a 2.33-THz pulse repetition
rate, corresponding to 7 = 429 fs (all the other parame-
ters were identical to those used for the resonant excitation
simulation). Again the simulation is in close agreement
with the data [Fig. 5(C)].

5. PUMP-PROBE EXPERIMENTS

In addition to the transient-grating experiments reported
in the sections above, we also performed forward ISRS (or
pump-probe) experiments using multiple-pulse excitation.
The experimental geometry is sketched in Fig. 10. The
single pump beam, consisting of an appropriately timed
terahertz-rate sequence of femtosecond pulses, resonantly
drives a desired phonon mode in the Raman-active sample.
Depending on its delay, the probe pulse can arrive at
the sample either in or out of phase with the excitation-
pulse train and so can either amplify or oppose, respec-
tively, the coherent vibrational motion. When the probe
is timed to amplify the motion, it gives up energy to the
vibrational mode and emerges from the sample Doppler
shifted to the red. Conversely, when the probe is timed
to oppose the coherent vibrational motion, it removes en-
ergy from the sample and emerges Doppler shifted to the
blue.® We emphasize that, unlike conventional pump-
probe measurements in which the pump modifies the ma-
terial absorption seen by the probe, our experiments are
performed with wavelengths for which the sample is non-
absorbing. The change in the probe frequency induced by
the pump actually results from the time-varying refrac-
tive index 8n(¢) accompanying the coherent vibrational
motion, which can shift the probe to either longer or
shorter wavelengths, depending on the sign of dén/dt. We
detect this spectral shift by passing the probe through a
bandpass filter placed after the sample. With the filter
passband set to the blue extremum of the spectrum, for
example, a shift to the blue (red) translates into an in-
crease (decrease) in the average transmitted probe power.
The experiment then consists of measuring the probe
power transmitted through the filter as a function of the
relative probe delay. Similar forward ISRS experiments
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were reported for single-pulse excitation.? The current
study constitutes the first report to our knowledge of for-
ward ISRS with multiple-pulse excitation.

We demonstrated this technique by detecting spectral
shifts induced by a-perylene’s 80-cm™ librational mode.
Except for the difference in the optical arrangement, the
experimental setup is similar to that used in the transient-
grating measurements. The pump beam is a 2.39-THz
pulse train, as in Fig. 5(A), which resonantly drives the
80-cm™ mode, and both the pump and the nearly collinear
probe beams are polarized along the b crystallographic axis.
The crystal is maintained at low temperature (~10 K).
The optical bandpass filter is essentially identical to our
optical pulse-shaping apparatus. A grating and a lens are
used for spatial dispersion of the optical frequencies con-
tained within the probe pulse, and an iris placed one focal
distance away from the lens is used to select the desired
portion of the spectrum. A second lens reassembles the
remaining frequency components into a single spatial
beam, which is incident upon a single detector. When the
iris is removed, the detector measures just the total power
of the probe beam. Thus this setup provides an easily ad-
justable bandpass filter.??

Examples of our data are shown in Fig. 11. For
Tigs. 11(A) and 11(B), the iris is positioned to pass only the
shortest-wavelength portion or the longest-wavelength
portion of the spectrum, respectively. In each case the
opening of the iris is adjusted so that it transmits one
third of the total power in the probe. Both curves show a
well-defined series of oscillations that build up during the
excitation-pulse train. The oscillation is monochromatic
with a 2.40-THz (80 cm™) frequency, in contrast to the
earlier transient-grating data, which showed oscillations
at twice the phonon frequency (160 cm™). This difference
is expected, since the pump~probe experiment measures a
signal that is directly proportional to the vibrationally in-
duced index change (more precisely, to the time derivative
of the index change), while the transient-grating experi-
ment measures a signal that is proportional to the square
of the index change. For time delays such that the probe
arrives after the end of the excitation-pulse train (¢ > 4 ps),
the oscillations in the two curves are essentially equal in
amplitude but precisely out of phase, confirming that the
signal corresponds to a periodic shifting of the probe spec-
trum alternately to the red and to the blue. From the
magnitude of the pump-probe signal (~1% transmission
change), we estimate that the spectral shift amounts to
~0.1 nm (~1% of the probe bandwidth).

We note that the portions of Figs. 11(A) and 11(B) for
which the probe overlaps the pump sequence (¢ < 4 ps) are
quite different, and this suggests that there is an addi-
tional contribution to the pump-probe signal during this
time. Figure 11(C) shows pump-probe data taken with
the iris removed from the bandpass filter, so that the sig-
nal reflects changes in the transmitted probe energy but
is insensitive to spectral shifts. The data show a series of
sharp dips in the probe transmission, with the same, time
signature as the excitation pulse sequence. We attribute
these dips to two-photon absorption (TPA), occurring when
the probe coincides with individual pump pulses. Thus
we surmise that the data in Figs. 11(A) and 11(B) consist
of contributions from both TPA and ISRS spectral shifts.
We separate out these distinet contributions by noting
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that the TPA signal should be identical and of the same
polarity for both curves, whereas the ISRS signal is of op-
posite polarity from one curve to the other. By looking at
the sum of the curves in Figs. 11(A) and 11(B), we obtain
the TPA contribution, plotted in Fig. 11(D), which is es-
sentially identical to the curve of Fig. 11(C). By looking
at the difference of the curves of Figs. 11(A) and 11(B), we
eliminate the TPA contribution and isolate the oscillatory
ISRS signal. The result, Fig. 11(E), shows quite clearly
that the ISRS oscillations observed in the pump-probe
geometry build up throughout the pump-pulse sequence in
much the same way as do oscillations observed in the
transient-grating geometry.

It is now of interest to comment on the timing relation-
ship between the ISRS oscillations and the coherent vibra-
tional motion induced in the sample by the multiple-pulse
excitation. As discussed elsewhere,® each excitation pulse
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Fig. 11. Pump-probe ISRS measurements of a-perylene at T' =
10 K, in conjunction with resonant multiple-pulse excitation of
the 80-cm™ librational mode. (A) Shortest-wavelength portion
of the probe detected. (B) Longest-wavelength portion detected.
(C) Entire probe spectrum detected. (D) Sum of (A) and (B).
(E) Difference of (A) and (B).

exerts an impulse force, which pushes the material system
along its vibrational coordinates in the direction leading
to a positive refractive-index change. For resonant multi-
ple-pulse excitation, the material will have maximum vi-
brational velocity and minimum vibrational displacement
at the time of the exciting pulses. Furthermore, because
dén/dt > 0 at the time of the exciting pulses, the probe
pulse will experience a maximum red shift when it arrives
in phase with the pump-pulse train and a maximum blue
shift when it arrives exactly out of phase with the pump-
pulse train. This is exactly the timing relationship indi-
cated by the data in Fig. 11.

The timing relationship is somewhat different for
transient-grating ISRS experiments, which are sensitive to
the refractive-index change én, not to its time derivative.
Maximum diffraction occurs when the probe arrives at
times of maximum vibrational displacement (and hence
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minimum vibrational velocity). Therefore ISRS oscilla-
tions measured in the transient-grating geometry should
be in quadrature with oscillations measured in the pump-
probe geometry. Figure 12 shows grating and pump—-probe
data plotted together over the same 1-ps time interval.
As expected, extrema in the pump-probe data correspond
to minima in the diffraction data, and maxima in the dif-
fraction data correspond to zero crossings of the pump-
probe data.

6. DISCUSSION

At this point we outline several limitations of the multiple-
pulse ISRS technique. First, ISRS requires that the indi-
vidual excitation pulses be significantly shorter than one
vibrational period, and this sets an upper limit on acces-
sible vibrational frequencies. Similarly, in order to gen-
erate bursts of clean, well-isolated pulses it is necessary
that the pulse repetition period should be at least twice
the pulse width. To date, using 75-fs input pulses, we
have generated bursts of pulses at repetition rates of up
to 6 THz, and therefore vibrations at frequencies of up to
200 cm™! should be accessible. By using pulse-shaping
techniques in conjunction with shorter pulses, it should be
possible for one to generate pulse trains to drive vibrations
in the 1000-cm™ range.

A second limitation is imposed by the dephasing rate of
the vibrational mode of interest. As mentioned in Sec-
tion 4, modes that are damped after just a few oscillations
can be driven by only a small number of pulses and there-
fore cannot be amplified so much as lightly damped modes
can be. Both pure dephasing and the inhomogeneous
dephasing that is associated with local variations in
condensed-phase structure, leading to local shifts of the
vibrational frequency, can contribute to damping, which
will limit multiple-pulse ISRS.2 In general, one can take
the best advantage of multiple-pulse ISRS excitation by in-
creasing the number of pulses in the pulse train until the
duration of the pulse train at least matches the phonon
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Fig. 12. Comparison of (A) transient-grating ISRS data and
(B) pump-probe ISRS data, both corresponding to resonant excita-
tion of the 80-cm™ librational mode at T = 10 K. The extrema
in the pump-probe data correspond to minima in the diffraction
data, and the maxima in the diffraction data correspond to zero
crossings of the pump-probe data.
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dephasing time. Additional pulses will not substantially
increase the amplitude of the selected mode, although
they may act to suppress further other modes with longer
dephasing times.

To the extent that large vibrational amplitudes are de-
sired, the main limitations are unwanted optical responses,
including those that lead to sample damage of various
forms. In fact, coherent vibrational amplitudes in the
angstrom range could in principle be driven by single
femtosecond pulses, were it not for multiphoton absorp-
tion, continuum generation, sample damage, and so on,
which occur at the extremely high peak intensities re-
quired. Splitting up a single pulse into a sequence of less
intense pulses is one way of channeling the light energy
into ISRS excitation and not into unwanted processes.
For single-pulse ISRS, the induced vibrational amplitude
is proportional to the excitation-pulse energy. For reso-
nant multiple-pulse ISRS, the final vibrational amplitude
(neglecting dephasing) is proportional to the total energy
in the entire pulse train. Therefore the ability to drive
larger vibrational amplitudes by multiple-pulse ISRS will
depend on the extent to which multiple-pulse excitation
makes possible increased excitation energies.

In the current experiments with a-perylene, the coher-
ent vibrational oscillations achieved are still in the small-
amplitude limit. By using formulas given in Refs. 8 and
15, we can determine the amount of vibrational motion
from the measured diffraction efficiency and the known
experimental parameters. For the 104-cm™ phonon
mode, which corresponds to vibration of neighboring, pla-
nar perylene molecules against one another, the peak dif-
fraction efficiency for multiple-pulse excitation is ~0.02%,
and the estimated peak-to-peak change in molecular sepa-
ration is of the order of 10~* A, compared with an equi-
librium molecular separation of 0.2 A. For the 80-cm™
librational mode, in which the molecule pairs are librating
in phase, the diffraction efficiency is ~0.12%, and the
estimated peak-to-peak angular deviation is 0.001°. The
magnitude of the induced vibrational motion is limited
by sample damage, which occurs at total fluences of ~3
and 5 md/em? for single- and multiple-pulse excitation, re-
spectively. Because of the difference in damage thresh-
old for multiple- versus single-pulse excitation, one ex-
pects that a 60% greater vibrational amplitude could be
achieved with multiple-pulse excitation; this prediction is
in accord with the highest diffraction efficiency observed
for multiple-pulse relative to single-pulse excitation. Be-
cause linear absorption is quite weak in a-perylene at
620 nm, we initially expected that sample damage would
be linked to two-photon absorption and that substantially
higher energies would be possible with multiple-pulse
excitation, for which the peak intensities would be much
lower. The similarity of the damage thresholds for single-
and for multiple-pulse excitation indicates that, in this
crystal, damage from sequential processes, such as multi-
step absorption, may play an important role in limiting
the total energy that can safely be used.

There are many materials with damage thresholds that
are substantially higher than that of the organic molecu-
lar crystal a-perylene, and in such materials it might be
possible to induce correspondingly stronger vibrational
amplitudes through ISRS. Silicon, for example, has a
damage threshold of the order of 100 md/cm? for femto-
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second above-band-gap excitation. Materials that com-
bine a high damage threshold with a large Raman cross
section would be especially favorable. Multiple-pulse ISRS
will be particularly helpful in driving large-amplitude
vibrational motion in cases in which unwanted nonlinear
processes limit the optical intensity rather than the energy.
This might occur in liquids and high-damage-threshold
solids in which continuum generation or multiphoton
absorption might constitute the limiting process.

Even with small vibrational amplitudes, multiple-pulse
ISRS can be important for spectroscopy. As we have al-

ready seen, selective excitation of a single vibrational -

mode facilitates measurement of the phonon dephasing
time. More important, ISRS excitation opens up the pos-
sibility of carrying out time-resolved spectroscopy of vi-
brationally distorted crystal lattices and molecules.® For
example, after ISRS excitation of optical phonons in III-V
or ITI-VI semiconductors, one might be able to use femto-
second absorption spectroscopy to observe time-varying
spectral shifts of the band gap or other electronic absorp-
tion features induced by the coherent vibrational motion.
In these experiments the oscillation of the band gap would
occur in synchronism with the phonon oscillations, and
the maximum spectral shift would occur at instants of
time corresponding to a maximum vibrational displace-
ment. In order for one to interpret such experiments, it
will be important to know the absolute timing of the vibra-
tional response. As demonstrated in Section 5, multiple-
pulse ISRS makes possible the precise determination of
the vibrational timing dynamics that will be required for
these new types of spectroscopy.

7. SUMMARY

In summary, we have demonstrated multiple-pulse ISRS,
an initial application of specially shaped sequences of
femtosecond pulses to obtain improved optical control over
molecular motion. We have used this technique to achieve
mode-selective amplification of individual vibrational
modes in a-perylene molecular crystal. Substantially
larger vibrational amplitudes should be attainable in ma-
terials with larger damage thresholds; through the use of
multiple-pulse ISRS for precisely controlled excitation of
desired phonon oscillations, time-resolved spectroscopy
of vibrationally distorted molecules and crystal lattices
should become possible. Furthermore, despite the power
and flexibility that current pulse-shaping technology
already provides, the technology is still evolving. For ex-
ample, we recently demonstrated an electronically pro-
grammable pulse-shaping technique that is based on the
use of a multielement liquid-crystal modulator in place of
the prefabricated masks that are used in the current
work.’® Other programmable pulse-shaping techniques
are also being extended into the femtosecond regime.!
These developments could facilitate compensation for vi-
brational anharmonicity at large amplitudes, for example,
by allowing the time between successive pulses in a se-
quence to be varied as necessary. In addition to ISRS,
several other schemes proposed for optical control over
molecular motion’ would also require specially designed
femtosecond wave forms. It seems clear that femtosecond
pulse shaping will play an increasingly important role in
optical manipulation of molecular behavior.
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APPENDIX A: QUANTUM-MECHANICAL
DESCRIPTION OF MULTIPLE-PULSE ISRS

ISRS excitation with one pulse or a pulse sequence can, of
course, be analyzed quantum mechanically as well as clas-
sically. A quantum-mechanical analysis of multiple-pulse
ISRS excitation was presented recently.?! It is useful to
consider the implications of this analysis and the limita-
tions of the classical picture presented above.

For either one or many excitation pulses, the phase-
coherent vibrational motion described classically in Sec-
tion 4 can be expressed in terms of a coherent superposition
of vibrational eigenstates of the form

w(e)) = z Adn), (A1)

where A, specifies the amplitude and phase of the eigen-
state |n). Immediately after excitation, all the A,s are
phase coherent. In the limit of a large driving force, A, is
large for many n up to high levels, and the classical and
quantum-mechanical descriptions are equivalent. In this
case the analogy between multiple-pulse ISRS and repeti-
tive pushing of a child on a swing can be made in a general
way. If the driving force is small, however, the coherent
superposition of states, Eq. (Al), contains significant am-
plitude only in states |Ao) and |A;), with |A¢| >> [44. In
this case the coherent vibrational amplitude is propor-
tional to A, and increases with multiple excitation pulses
in a manner described classically by analogy to a child on
a swing. Note that the amplitude can be related directly
to an experimental observable (the intensity of coherent
scattering, for example). The spectrum of amplitude
eigenvalues is continuous, not discrete. The result of a
measurement of coherent amplitude at a specified time
can be predicted exactly, given knowledge of the wave
function, Eq. (Al), and the measurement preserves the
coherent superposition of states described by Eq. (Al).

A discussion of energy must be conducted more carefully,
however. Like coherent amplitude, this quantity can be
defined only in reference to an experimental observable.
However, unlike for amplitude, measurement of energy
yields one of a discrete spectrum of eigenvalues. The re-
sult of a particular measurement cannot be predicted ex-
actly given knowledge of the wave function, Eq. (Al); only
the probability of each result can be predicted. Finally,
the measurement forces the system into an eigenstate,
thereby destroying the coherent superposition of states.
If{Ao| >> |A4|, then almost all the oscillators will end up in
the |0) eigenstate after a measurement of energy (or after
any dephasing process). Although multiple-pulse excita-
tion does increase the coherent amplitude of each oscillator,
it does not increase the energy of most oscillators (since
measurement of energy after one or more excitation pulses
still yields the lowest eigenvalue for most oscillators).
Multiple excitation pulses increase the (small) probability
that an oscillator will end up in the |1) state but do not
increase the energy per oscillator for most oscillators.
This is in contrast to the classical result.

As discussed above, under typical ISRS excitation con-
ditions coherent vibrational displacements along transla-
tional optic phonon or molecular stretching coordinates
are typically ~107* A. For independent oscillators, such
as vibrational modes of molecules in a liquid or gas, this is
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far smaller than the quantum uncertainty of the lowest
vibrational level and corresponds in quantum-mechanical
terms to a coherent superposition of states with |4y >
| A4 >> |Aq, ie., the small-amplitude limit. ISRS excita-
tion initiates coherent oscillations of all the irradiated
molecules of the sample. After measurement of energy or
other dephasing processes, the energy deposited by the ex-
citation pulses is distributed among the localized molecu-
lar vibrations, with most molecules unexcited and with
some having one quantum of vibrational energy.

For collective vibrations of a crystal lattice, the coher-
ence length of the vibrational mode is an important factor.
If this value is great (i.e., approaching macroscopic dis-
tance scales), then the zero-point quantum uncertainty in
displacement along the phonon coordinate becomes ex-
tremely small, and ISRS excitation produces a coherent
superposition of states with significant amplitudes for
high-lying levels. After measurement of energy or other
dephasing processes, the energy deposited by the excita-
tion pulses is distributed among the independent oscilla-
tors in the irradiated volume. If the phonon coherence is
long, there are few independent oscillators in this volume,
each with many quanta of energy. If the coherence is
short, then there are many independent oscillators in the
irradiated volume, and each has either zero or one quan-
tum of energy.

In a high-quality single crystal at low temperature, the
coherence can be expected to be relatively long. It is likely
although not certain that, in the case of a-perylene below
10 K, multiple-pulse ISRS excitation imparts more than
one quantum of energy into the selected optic phonon mode.

Note that the classical analogy to a child on a swing is
always valid for coherent vibrational amplitude. In gen-
eral, we find it preferable to discuss the coherent super-
position of states produced through ISRS excitation in
terms of vibrational amplitude rather than energy. The
result of a measurement of the former (but not the latter)
quantity at any given time can be predicted exactly, given
knowledge of the wave function, Eq. (A1). Similarly, when
the system is in an eigenstate, it is usually more conve-
nient to discuss energy for which measurement yields a
predictable result. .

We note finally that these considerations have no bear-
ing on the prospects for achieving large vibrational ampli-
tudes or driving chemical rearrangements through ISRS.
Coherent large-amplitude oscillations correspond to a
superposition of states with significant amplitudes for
high-lying levels, at which point classical and quantum-
mechanical descriptions become equivalent. This limit
can be reached if and only if damage thresholds can be
circumvented; the method of analysis will not influence
the prospects.
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