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Rovibrational Wave-Packet Dispersion during Femtosecond Laser Filamentation in Air
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An impulsive, femtosecond filament-based Raman technique producing high quality Raman spectra
over a broad spectral range (1554.7-4155 cm™ ') is presented. The temperature of gas phase molecules
can be measured by temporally resolving the dispersion of impulsively excited vibrational wave packets.
Application to laser-induced filamentation in air reveals that the initial rovibrational temperature is 300 K
for both N, and O,. The temperature-dependent wave-packet dynamics are interpreted using an analytic
anharmonic oscillator model. The wave packets reveal a 1/e dispersion time of 3.9 ps for N, and 2.8 ps for
O,. Pulse self-compression of temporal features to 8 fs within the filament is directly measured by

impulsive vibrational excitation of H,.
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The propagation of femtosecond laser pulses through
transparent media results in filamentation when the criti-
cal power for self-focusing is exceeded [1-3]. Filamenta-
tion is characterized by self-guided propagation over dis-
tances larger than the Rayleigh length of the beam, weak
plasma formation, and continuum generation. Filamen-
tation sources have been used successfully for light
detection and ranging (LIDAR), laser-induced breakdown
spectroscopy (LIBS), and fluorescence spectroscopy [4—6].
While the optical processes responsible for continuum
generation, pulse self-compression, and generation of
high laser intensity have been investigated [1-3], the dy-
namics of energy partitioning into nuclear coordinates in
molecules during filamentation is of interest. The ob-
servation of molecular rovibrational dynamics initiated
by optical filamentation [7] demonstrates the coherent
nature of the excitation generated by a filament and sug-
gests the use of filaments for nonlinear vibrational spec-
troscopy. The interaction of two filaments through
rotational quantum wakes [8] dominates propagation
effects.

The process of femtosecond filamentation leads to the
generation of very short laser pulses, approaching the
single cycle regime. Prediction [9] and postfilament char-
acterization [10] of pulse compression through filamenta-
tion, without additional chirp-compensation, to pulse
durations of <8 fs have been performed. This pulse dura-
tion is sufficiently short to impulsively excite any vibra-
tions in a medium coherently. Indeed, excitation of
vibrations up to 4158.6 cm™! has been confirmed by the
recent measurement of the impulsively excited fundamen-
tal vibrational mode of H, in a filament using 10 fs driving
pulses [7]. Here we show that the temporal dynamics of
molecular vibrations in the filament wake can be used to
measure the energy partitioning during the excitation pro-
cess. We report the measurement of the vibrational disper-
sion time of N, and O, after impulsive excitation using
filament-based femtosecond stimulated Raman spectros-
copy. The dispersion time of the prepared rovibrational
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wave packet reveals that the initial rovibrational tempera-
ture of the filament is near 300 K. In addition, we observe
self-compression within the plasma channel of a filament
through measurement of vibrational features correspond-
ing to periods as short as 8 fs.

In this experiment, a 2.5 mJ, 45 fs, 1 kHz, 800 nm laser is
used to create a filament pump pulse (2 mJ) and a 400 nm
probe pulse (1.65 wJ, 1.5 ps, 30 cm™~! FWHM bandwidth).
The probe pulse is generated by filtering (3 nm FWHM) the
fundamental, rotating the polarization with a half-wave
plate, and frequency doubling in a 6 mm B-barium borate
(BBO) crystal, which further narrows the spectrum.
Alternatively, a 1 mm BBO crystal can be used without
the spectral filter for improved temporal resolution. The
probe pulse passes through an optical delay line and is
focused using an f = 50 cm lens at a small angle (0 =
1.5°) with respect to the filament, as shown in Fig. 1. The
filament is generated by focusing the 2 mJ pump into
atmospheric air with a 2 m lens. The 2 m lens is placed
on a 30 cm-long translation stage and the spatial overlap of
the filament and the 400 nm beam is optimized for maxi-
mum coherent excitation in air. Filamentation of the pump
pulse is inferred by the extended (~30-50 cm) visible
fluorescence (plasma) channel in air, and the clean spatial
mode and white light observed after the filament. The
interaction region is preceded by an open-ended one-inch
diameter, 30 cm-long tube to reduce turbulence.

The Raman signal travels nearly collinearly with the
400 nm probe beam, and the spectrum is measured after
spatially filtering the probe in the Fourier plane of a
reflective 4- f spectrometer formed by a prism and a cylin-
drical mirror (f = 30 cm). Both the Stokes and anti-Stokes
lines were observable with comparable intensity and ex-
hibited similar temporal dynamics. For simplicity we
present only the Stokes measurements here. For single-
shot measurements of the vibrational spectrum, a positive
delay (pump preceding probe) of 1-1.5 ps is introduced
between the pump and the probe to avoid cross-phase
modulation of the probe pulse.
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FIG. 1 (color online). The experimental setup for filament-
based stimulated Raman scattering. (a) beam splitter, (b) half—
wave plate, filter, and 6 mm BBO crystal, (c) delay stage, (d) 2 m
lens, (¢) 0.5 m lens, (f) air flow and low vacuum to stabilize
interaction region, (g) Fourier filter to remove pump, and
(h) spectrometer (USB2000, 175-500 nm). To reduce air turbu-
lence a one-inch diameter, 30 cm-long open-ended tube precedes
the overlap region (not shown).

The filament-based femtosecond stimulated Raman
spectrum for air is shown in Fig. 2. The Raman spectrum
is background free due to the noncollinear geometry of our
experimental setup. The Raman lines of oxygen and nitro-
gen (1554.7 and 2330.7 cm ™!, respectively) are detected
with spectral resolution dictated by the convolution of the
probe pulse bandwidth (30 cm™!) and the spectrometer
resolution (18 cm™! at 400 nm). The ratio of the nitrogen/
oxygen Raman peaks, ~15:1, is consistent with the ~17:1
ratio calculated using Raman gain coefficients and atmos-
pheric concentrations. We assume uniform excitation of
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FIG. 2. The vibrational Raman spectrum of air. The sample
was impulsively excited using a filament and probed using a
1.5 ps, 400 nm pump beam. Inset: the vibrational Raman
spectrum of H, taken using the same setup.

the sample in the interaction region. Theoretical and ex-
perimental evidence of asymmetric pulse profiles and pulse
splitting during and after filamentation (see [1-3], and
references therein) suggest that this assumption is only
valid to a first approximation, and that the pulse duration
depends strongly on input parameters and probe position
along the filament length. The spectrum was recorded at a
positive delay, where there is no temporal overlap between
the pulses. The lack of temporal overlap indicates impul-
sive excitation within the filament and shows that the
response is not a result of spectral overlap between appro-
priately spaced spectral components of the pump and probe
beams. This implies self-compression of the filament ex-
citation pulse to less than 14.3 fs (the vibrational period of
nitrogen) in ambient air, and supports our assumption of
uniform impulsive excitation. This excitation mechanism
is consistent with other four-wave mixing spectroscopic
techniques such as CARS [11].

The impulsive nature of the vibrational excitation in a
filament can be investigated by measuring the Raman
response as a function of time delay between the filament
pump and the 400 nm probe. The time dependence of the
N, and O, vibrational response is shown in Fig. 3. At zero
delay between the pump and probe beams, cross-phase
modulation of the probe pulse can be observed in the
oxygen signal, but is not present in the nitrogen signal
because spectral broadening of the probe does not extend
to this region. Longer pump-probe delay times (5-20 ps)
result in diminishing intensity of both the N, and O,
Raman lines. The time required for the signal to drop by
a factor of 1/e is 3.9 ps for N, and 2.8 ps for O,. As will be
seen, this can be attributed to the dispersion of the vibra-
tional coherence due to excitation of a superposition of
rovibrational states.

During impulsive excitation, all thermally populated
rovibrational states of nitrogen and oxygen having vibra-
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FIG. 3 (color online). Time dependence of the normalized
Raman signal for N, and O,. The theoretical fits for both are
for 300 K. Inset: A comparison of experimental measurements of
N, in air and N, in a methane flame with theoretical model from
Eq. (3) for 300 and 3000 K, respectively. The dashed lines (inset)
show calculations for N, decay with temperatures of 300 =
50 K.
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tional periods longer than the pulse duration or temporal
substructure contained in the pulse are excited. Filamen-
tation results from a dynamic interplay between several
nonlinear effects, including self-steepening, space-time
focusing, group-velocity dispersion, and plasma genera-
tion, which collectively result in a short pulse that impul-
sively drives the Raman response. A coherent rovibrational
Raman transition will occur whenever two frequencies
with spacing AE equal to a rovibrational transition arrive
simultaneously in the sample. Subsequent interference
between the coherent vibration and the macroscopic polar-
ization imposed on the medium by the picosecond Raman
probe generates Raman sidebands. Experiments in a
hollow waveguide [12] suggest that self-steepening is the
driving mechanism for impulsive vibrational excita-
tion of N, and CO,. To test this hypothesis, we can in-
vestigate Raman generation at a laser intensity smaller
than the critical power for filamentation, thus precluding
broad bandwidth generation, self-compression, and self-
steepening [1-3]. At intensities below the critical power,
diffraction effects exceed Kerr lensing and no filamenta-
tion occurs. The critical power for filamentation is given by
Peic = 3.77A,%/8mngn,, where A is the laser wavelength,
ng is the index of refraction, and n, is the second order,
intensity dependent index of refraction for the material. In
air, at standard temperature and pressure the critical power
is 3.2 GW [13]; below this value no detectable Raman gain
is observed.

The time dependence of the Raman response of a sample
is a function of the rovibrational structure of the constituent
molecules and the temperature of the system. The
time dependence can be used to study the dynamics in a
medium after excitation, in this case caused by filamenta-
tion, and thus can be used to determine energy partitioning
into vibrational modes during the filamentation process.
The initial thermal population defines the coherent super-
position of excited rovibrational states, which in turn de-
termines the temporal propagation of the wave packet. As
pointed out previously [14], the vibrations of the excited
rovibrational states will initially be in phase, but will
destructively interfere as time proceeds (dispersion) due
to the differences in spacing between rovibrational energy
levels in an anharmonic potential well. The dispersion of
rovibrational coherence in the sample is manifested as a
decrease in the signal intensity as a function of pump-probe
time delay. Collinear pump-probe measurements show that
the rotational response dominates the vibrational Raman
spectrum at times corresponding to fractional rotational
revivals (not shown). This response is suppressed in the
noncollinear measurements because far less nonlinear
phase is accumulated.

The two major causes for the dispersion of the
wave packet are the anharmonicity of the molecular po-
tential energy surface and the rotation-vibration coupling.
The former reduces vibrational level spacing with increas-
ing n, and the latter decreases the rovibrational level spac-

ing with increasing n, as shown in Fig. 4. The short
duration of the filament pulse leads to excitation of all
thermally populated states, which leads to dispersion if
the oscillators have different frequencies due to anharmo-
nicity and/or rotation-vibration coupling. We test this hy-
pothesis by comparing the observed decay with that
predicted by a simple model that includes first-order cor-
rections for anharmonicity and rotation-vibration cou-
pling, E,; = hw,(n + 1/2) — hwx(n + 1/2)* + (B, —
a,n)J(J + 1), where w, is the vibrational mode frequency,
w, X, is the anharmonicity parameter, B, is the rotational
constant, and «, is the rotation-vibration coupling parame-
ter. Restricting ourselves to the Q branch, the impulsive
Raman excitation of the system induces all possible inter-
level transitions with An = 1 and AJ = 1, thus creating a
time-dependent polarization of the medium whose evolu-
tion is determined by oscillations at frequencies, w, ; =
w, —2w,x,(n+ 1) — (a,/h)J(J + 1):

P(t) = ZAn,J(T) COS[(I)n’Jt]
n,J

= Re{ 4,1 explia 1} (1)
n,J

where the temperature-dependent amplitudes, A,, ;(7), are
determined by the initial thermal-equilibrium populations
of the Jth sublevel of nth vibrational manifold. Over a wide
range of temperatures, the double inequality, B, <K kT <
hw,, holds, which allows effective decoupling of the sum-
mations over n and over J, extending the upper limit of the
n sum to infinity and replacing the J sum with an integral.
Actually, at room temperature, there is very little popula-
tion above the ground-vibrational-state manifold and
within this manifold the rotations to approximately J =
20 are populated [15]. In this limit, the polarization
emerges as oscillations with the frequency w,, modified
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FIG. 4 (color online). A schematic of the two main sources of
dispersion of the molecular wave packet; anharmonicity and
rotation-vibration coupling. The change in oscillator frequency
due to these corrections results in the time-dependent dispersion
modeled in Eq. (3).
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by the temperature-dependent envelope

P(1)~R {exp[it(a)e —2w,x,) [ 2exp(3E) + exp(—i2% t)]}
~Re |
ot % 0lexp() —exp(—2iw x, 0]

2

Upon interaction with the probe pulse of duration o >
1/w,, these polarization oscillations result in a Raman
signal whose intensity depends on the pump-probe time-
delay, #,. In particular, the evolution of the Stokes signal
intensity is found as

[exp2e) + 11 — sin2(%1,)

[1+ (% t;)*sinh? ZkiT”) + sin?(w,x,1,)]

Is(ty) ~ 3)

The signal decay is mainly determined by the first factor
in the denominator, arising from rotation-vibration cou-
pling. The vibrational anharmonicity is found in the second
factor in the denominator and results in oscillatory modu-
lation of the signal with the characteristic frequency,
2w,x,. At room temperature the modulation depth
[sinh(hw,/2kT)]"? is limited to ~1%, and will be more
pronounced at elevated temperatures.

The intensity I¢(z) is plotted in Fig. 3 for nitrogen and
oxygen at 300 K. This temperature fits the data well,
suggesting that the room temperature air acquires very
little vibrational excitation during the filamentation pro-
cess. This is reasonable, given that the time required for
plasma electrons to transfer energy to vibrational modes is
much longer than the measured ps dispersion time. The
3.9 ps dispersion time for N, is also in good agreement
with previous CARS measurements at room temperature
[14], where a full quantum treatment was used to model the
measurements. The agreement between the CARS and
impulsive Raman measurements suggests that the tempera-
ture of a gas can be measured using this two beam spec-
troscopic method. Our measurements reveal a dispersion
time of 2.8 ps for oxygen, which is shorter than that
measured for N,. The difference in dispersion time be-
tween N, and O, reflects the difference in the rovibrational
structure of the two molecules. Note that the O, measure-
ment also is fit well using a temperature of 300 K.

To test the utility of the heterodyned, impulsive
filament-based, stimulated Raman spectroscopy method
as a means to determine temperature, we measured the
decay of the N, signal in a methane flame above a flat
burner. The dispersion measurement is shown in the inset
to Fig. 3. The Stokes signal intensity I4(7) is plotted for a
temperature of 3000 K, which is reasonable given that the
adiabatic temperature of a methane-oxygen flame is
2916 K. The model reproduces the modulations observed
at high temperatures as well.

The noncollinear method provides a direct measurement
of the evolution of temporal structure of the pulse envelope
in the filament plasma channel. The highest frequency
vibration that we have measured is that of hydrogen,
with a vibrational period ~8 fs, corresponding to

4158.6 cm™!, shown in the inset of Fig. 2. As such, this
data cannot be construed as a direct measurement of the
pulse duration, as impulsive excitation requires only the
substructure of the pulse to be shorter than the vibrational
period [12]. However, this measurement is still useful for
characterizing the evolution of temporally short structures
in the plasma channel. Simulations suggest that the dura-
tion of the temporal features in the filament change non-
monotonically with position and that single-cycle temporal
features may be formed [16].

Measurement of the rovibrational dispersion time of an
impulsively excited wave packet can be used to determine
the rovibrational temperature in a filament. For a filament
formed with a 2 mJ, 800 nm, 60 fs laser pulse, we find that
the initial rovibrational temperature is 300 K. We conclude
that no energy is initially partitioned into molecular vibra-
tions in the ground electronic state as a result of strong
field excitation during the filamentation process. Time-
dependent measurements in microplasmas reveal that the
electronic temperature decreases on a time scale of hun-
dreds of picoseconds, which may result in subsequent
vibrational excitation at time scales longer than those
measured here [17]. The self-compression of a pulse
undergoing filamentation in air is directly measured by
performing heterodyned, impulsive, filament-based stimu-
lated Raman spectroscopy on N,, O,, and H, in the plasma
channel. Our measurements demonstrate self-compressed
temporal features at least as short as 8 fs in air.
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