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Nonresonant Control of Multimode Molecular Wave Packets at Room Temperature
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We demonstrate the creation and measurement of shaped multimode vibrational wave packets with
overtone and combination mode excitation in CCly. Excitation of wave packets through nonresonant im-
pulsive stimulated Raman scattering allows for coherent control of molecular vibrations without passing
through an electronic resonance. This technique is therefore very general and can be implemented in
a large class of molecular gases and liquids at STP, which were previously inaccessible because their

resonances are in the VUV.
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With the advent of ultrafast lasers capable of generating
pulses that are short in comparison to molecular time
scales, there has been considerable interest in creating and
measuring vibrational wave packets. Early experiments
generated wave packets in excited electronic states and
demonstrated control over the position of these wave pack-
ets as a function of time [1]. Recent experiments [2] have
included nuclear motion in the ground electronic state,
which is directly relevant to controlling and monitoring
many chemical reactions. These experiments focused on
controlling motion in a single normal mode of the system.
Extending control and measurement of vibrational motion
to several modes including overtones is an exciting pros-
pect for several types of studies, including mode coupling
and bond selective chemistry [3,4]. Furthermore, most past
work on ground state vibrations relied on transferring
population through an excited electronic state (resonant Ra-
man). In this Letter we demonstrate the creation and mea-
surement of shaped multimode vibrational wave packets in
CCl, with strong overtone excitation, implying a signifi-
cant vibrational amplitude. We also control which modes
and which mode combinations are excited. A learning algo-
rithm is used to automate the control process. Past work
in CCly used sequences of five pulses to excite vibrational
modes to investigate intramode coupling and anharmonic-
ity, although no overtone or combination modes were
observed [5].

The vibrational wave packets in this work are excited
with a single pulse far detuned from electronic resonances,
achieving nonresonant control of the amplitude of modes
in the wave packet, as shown in earlier solid state im-
pulsive stimulated Raman scattering (ISRS) experiments
[6,7]. Because it is nonresonant, it can be generalized to
any molecular gas or liquid with Raman-active modes that
can be excited impulsively, and it is not limited by the need
to access resonances in the VUV. This approach works at
high pressures and temperatures, and thus may facilitate
laser control of chemical reactions with macroscopic prod-
uct yields. In particular, since changes in chemical bond-
ing will involve a superposition of several modes, control
of multimode wave packets may lead to selective control
over reactions.
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Excitation of Raman-active modes involves two pho-
tons with a frequency difference equal to the vibrational
energy. If the duration of a driving laser pulse 7, is shorter
than the vibrational period 7, = 27 /(Q,, the bandwidth
of the laser pulse Aw; exceeds the vibrational frequency,
and the excitation can be considered impulsive. During
ISRS, frequency pairs with a difference of (), within the
bandwidth of a single laser pulse act as pump and Stokes
photons. For appropriate phasing of pairs within the band-
width, strong excitation results. In a simple classical model,
the displacement from equilibrium of the nuclear coordi-
nate Q for a given mode v in the ISRS limit can be de-
scribed by [8] % + 27% + 020 = %N(dd—g)oEl%, where
v is the coherence decay rate, Q, is the vibrational fre-
quency, N is the number density of molecules, (da/dQ)
is the change in polarizability with intermolecular distance
Q, and E.(t) = %[AL(t)e_i’”Lt + c.c.] is the laser field.
Expanding the laser field as Ej () = %{ZAL(t)AZ(t) +
Afe 20t 4 A7 ei20u1) gives a “dc” term corresponding
to the intensity profile /(¢), and two second harmonic
terms. The nuclei, which have too much inertia to re-
spond to the fundamental (or second harmonic) field, are
effectively driven by I(¢). Thus, the strength of excitation
of a vibrational mode with frequency () is proportional to
the power spectral density D({)) of the intensity profile
at that vibrational frequency, where D({}) = f Fodo X
ap(w)ar(Q — w)exp{—i[$(w) = ¢(Q — »)]}  and
Alw) = F{A@)} = ar(w)exp[—id(w)]. Based on this
simple analysis, a pulse with spectral phase described by
a periodic function at the molecular vibrational frequency
(e.g., a train of pulses separated by the vibrational period
[6,8]) should be as efficient as a transform-limited pulse
in exciting vibrations [6,8,9]. [Note: to maximize D({}),
¢d(w) — ¢ — w) = const.] Later in the text, we com-
pare the excitation of Raman modes with intense transform-
limited pulses to that of low-intensity chirped Raman
excitation and observe the breakdown of the weak excita-
tion limit described by this analysis.

For our experiments, we used 15 fs (~660 cm™~! FWHM
bandwidth) laser pulses generated by an amplified Ti:sap-
phire laser system, at a 1 kHz repetition frequency, and
with an energy of ~1 mJ [10]. The pulses from our laser
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were shaped using two separate techniques. The laser is
equipped with a deformable mirror pulse shaper, which al-
ters the spectral phase of the output pulses. Alternatively,
a pulse pair generated by a Michelson interferometer can
be used for somewhat less flexible control. This pulse pair
can be either transform limited or “chirped” by adjusting
a pair of gratings in the pulse compressor. By adjusting
the relative delay of the chirped or compressed pulse pair,
we control which modes in the wave packet are excited.
A small portion of the pump pulse (~10%) is used as a
probe of the Raman coherence. This probe pulse is fre-
quency doubled in a long nonlinear crystal to generate a
narrow bandwidth (narrower than the separation between
modes in CCly) probe (=1 THz, 450 fs, 400 nm) that is
well separated spectrally from the pump.

The pump and probe pulses are focused into a 30-cm-
long, 450-um-diameter hollow-core fiber filled with a
molecular gas or vapor from a molecular liquid at pres-
sures of 100-900 torr [11,12]. The pump pulse excites
a vibrational coherence in the molecules, which is de-
tected by the probe as a time-varying index of refraction.
This results in the appearance of FM sidebands on the
probe spectrum, separated by the vibrational frequency.
Monitoring the intensity of a given sideband provides a
measure of the vibrational excitation of the mode labeled
by the sideband.

Figure 1 shows the results of selective excitation of vi-
brational modes in CCly using impulsive chirped Raman
excitation. For this experiment, the pulse was first chirped
in time (to ~83 fs, with a chirp rate of 0.1125 THz/fs)
prior to entering the Michelson interferometer. The in-
stantaneous frequency [w; = d¢(t)/dt = 2bt, where
cg = b/ isthe chirprate as defined by ¢ (¢) = wpt + bt?]
of the pulse sweeps linearly in time, producing a constant
frequency difference (Av) between the two pulses from
the interferometer for nonzero delays. The interference
between the two pulses produces a beat note with a period
of 1/Av in the intensity profile described by I,(z) =
Lin (1) + Lin(t — 7) + 2/ Tin ()1 (t — 7) cos(wp 7 + b72 —
2brt), where I(t) is the intensity profile, 7 is the delay
between the pulses, and Av = cg7. Changing the delay
tunes the frequency difference and the period of the inten-
sity modulations, allowing for mode selective excitation
of the molecule. The chirped pulses were injected into the
hollow-core fiber filled with a room-temperature vapor
pressure (~80 torr) of CCly. The three Raman modes
under control are v, v;, and v4, whose frequencies are
13.77 (459 cm™ 1), 6.54 (218 cm™ '), and 9.42 (314 cm™ 1)
THz, respectively. Figure 1(a) shows the probe spectrum
as a function of interferometer delay. As the frequency
difference in the pump matches the vibrational frequency
of each mode in the molecule, that mode is driven effi-
ciently while the other modes remain relatively unaffected.

Figure 1(b) shows lineouts of the scattered probe inten-
sity at frequencies corresponding to each of the fundamen-
tal modes. For a fixed chirp rate (pulse length), the optimal
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FIG. 1. Probe spectrum of CCly; when excited by two chirped
pulses. The shading in the figure is proportional to the scattered
light intensity. The chirped pulse is still sufficiently short to
drive some ISRS excitation near time zero. (a) Probe spectrum
vs delay between pump pulses. (b) Lineouts at vibrational fre-
quencies v, v4, and v;.

delay for mode v, is given by 7; = Q;/cg. The optimal
time delays for modes vy, v4, and v, appear at 122, 88,
and 58 fs, implying frequencies of 13.6, 9.9, and 6.5 THz,
respectively. This technique also works well in other
molecules such as SF¢ [12]. The data show that vibra-
tional modes within the laser bandwidth can be separately
controlled with a properly constructed /(z).

Excitation of Raman modes in CCly exhibits different
behavior when driven by intense, transform-limited pulses.
Figure 2 shows the probe spectrum obtained after exci-
tation of CCly; with two time-delayed transform-limited
pulses. Excitation with transform-limited pulses can lead
to overtone excitation, as shown in Fig. 3(b). This can also
be seen by performing a 1D Fourier transform of the data
in Fig. 2(a) to produce a data set that can be compared
with that of Fig. 1(a). Figure 3(a) shows such a transform
in which various modes and mode combinations can be
seen. The two transform-limited pulses excite not only the
normal modes of the system but also overtones and com-
bination modes not observed in the chirped pulse data, as
shown in Figs. 2 and 3.

The excitation mechanism is best understood in comple-
mentary domains for the two experiments. For transform-
limited pulses, the first pulse creates a wave packet that
begins to evolve. The second pulse then generates another
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FIG. 2. Probe spectrum of CCly excited by two transform-
limited pulses. (a) Probe spectrum vs time delay between pump
pulses. (b) Lineouts at frequencies corresponding to vy, v4, and
Vi — V4.

wave packet, which interferes with the first, enhancing or
suppressing modes in the wave packet depending on the de-
lay between pulses. The case of chirped excitation pulses
is best understood in the frequency domain. A chirped
broadband pulse can be thought of as a comb of ~10°
phase-locked quasi-cw lasers spread out in time (reducing
the peak intensity by spreading energy in time), tuning
from red to blue. The second time-delayed pulse causes
interference between two spectrally shifted combs, equiva-
lent to detuning a cw laser by an amount proportional to
the delay time and the chirp rate. For a purely linear re-
sponse, we expect the same behavior for both cases. The
differences we observe indicate a nonlinear response of the
molecular system to an intense transform-limited pulse.
The light scattered at the frequency 2v; in Fig. 3(a)
shows two local maxima, only one of which lies on the
line of slope 1. The maximum occurring with a pulse peri-
odicity of 1/» cannot be unambiguously assigned to light
scatter from the overtone as it may include light scattered
twice from v;. The second spot marked is scattered to a
frequency 2v; and has a periodicity of ~1/2v, provid-
ing unambiguous evidence for overtone excitation. Fur-
ther evidence for overtone excitation is revealed by ob-
serving the dephasing and rephasing of the wave pack-
ets due to the anharmonic potential. Figure 3(b) shows
the results of sweeping the probe delay while monitoring
light scattered to 13.77 THz in CCly. A 10.6 = 0.7 ps
beat period is observed, corresponding to an anharmonic-
ity Qw,.x.) of 0.0948 + 0.006 THz (3.16 + 0.2 cm™ ).
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FIG. 3. (a) Data from Fig. 2, where the temporal data at each

scattered frequency is Fourier transformed. The shaded regions
indicate the power spectral density. (b) Scattered probe light at
13.77 THz in CCly shows beating due to overtone excitation.
The fast-Fourier transform (FFT) of the time delay scan in the
inset shows excitation in both the first and second overtones.

Fourier transforming the time scan reveals evidence for
higher overtone excitation [Fig. 3(b) inset]. The depth
of modulation, due to the level of overtone excitation, is
seen to decay faster than the fundamental vibration co-
herence (estimated to be 18 ps). Detailed knowledge of
the vibrational potential should allow for determination
of the eigenstate populations [13]. We also observe evi-
dence for overtone excitation in CO, for the asymmetric
stretch mode v, (41.64 THz). We measure rephasing with
a period of 1.47 * 0.1 ps, implying a 0.681 * 0.093 THz
(22.7 = 3.1 cm™!) anharmonicity, in agreement with pub-
lished values [14]. An alternate technique can measure the
anharmonicity of IR active modes in organic molecules by
observing the beating of vibrational echo signals initiated
by pairs of IR free electron laser pulses [15]. In contrast,
our technique measures the anharmonicity of Raman ac-
tive modes with nonresonant ISRS excitation.

The lineouts of Fig. 2(b) demonstrate our ability to ex-
cite a combination mode that is a coherent sum of two
different normal modes. By adjusting the delay between
pump pulses to 1/(v; — v4), we can excite vibrational mo-
tion that is a combination of the v; and v4 modes of the
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FIG. 4. Learning control and selective excitation of two Raman-
active modes in CCly. (a) Enhancement of either the 13.77 THz
mode (black, optimizing »; vs v4) or the 9.42 THz mode

(hatched, optimizing »4 vs v;). (b) Power spectrum of the
optimized pulse intensity profile.

molecule [lowest lineout in Fig. 2(b), at position A], where
no individual excitation of modes v, or v4 is observed.
This indicates that the probe does not simply acquire modu-
lations at the difference frequency through optical mixing
of the two normal mode frequencies, but rather that it is
modulated by the motion of the molecule in the combina-
tion mode. Position B marks a delay between pump pulses
for which the excitation of both normal modes is maxi-
mum, but where there is no excitation of the combination
mode. Excitation of such combination modes is an impor-
tant step toward bond selective excitation, since reaction
coordinates do not always correspond to normal modes of
molecules.

Finally, we also demonstrate an alternate pulse shaping
scheme based on a deformable mirror pulse shaper [16], to-
gether with a feedback loop [17] that incorporates a learn-
ing algorithm [18]. This approach allows for more general
shaping of a multimode wave packet because the pulse
shaper is programmable and can be guided by the learning
algorithm. For example, exciting CCly with a single, short
pulse coherently excites all three Raman-active vibrational
modes (v, V2, v4) simultaneously. Tailoring the intensity
profile allows us to control the excitation of each vibra-
tional mode independently. In this experiment, an evo-
lutionary algorithm was used to direct the pulse shaper to
excite a specific mode (»1) while suppressing others by ad-
justing the relative spectral phases in the pulse. The black
bar in Fig. 4(a) shows that the relative energy scattered
into v is over 10 times larger than for »4. The same trend
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is reflected in the power spectrum of the intensity profile
at the vibrational frequencies [Fig. 4(b)]. The reverse ex-
periment (optimizing v4 vs v1) was also performed. The
degree of control shown here is limited by the resolu-
tion of the pulse shaper. Although an algorithm is not,
in principle, required for this technique, it is very conve-
nient because it compensates for any experimental nonide-
alities and automates the tailoring of populations (mode
amplitudes) in the wave packet by selecting which modes
participate.

In conclusion, we have demonstrated the ability to create
“custom” multimode vibrational wave packets in molecu-
lar systems at STP. Significant vibrational amplitude is
achieved as evidenced by strong overtone excitation. In
addition to creating shaped molecular wave packets, we
measure and observe dynamics using temporally resolved
nonlinear spectroscopy. These techniques are general and
can be applied to many transparent molecular gases, or liq-
uids with high vapor pressures at room temperature.
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