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1. INTRODUCTION

A. Laser Alignment of Linear Molecules and Rotational
Wave Packet Revivals

At thermal equilibrium, linear or more complicated gas
molecules are randomly oriented and rotate at integer
multiples of a fundamental frequency, with populations
obeying the Boltzmann distribution. When irradiated by
an intense laser pulse (~1013 W/cm?2), molecules with an-
isotropic polarizability tend to be aligned such that the
most polarizable axis is torqued toward the field polariza-
tion axis. After the aligning pulse has passed, the mol-
ecules become free rotors again where their rotational
states have a common initial phase induced by the pump
pulse. After a certain amount of time (a full or a fractional
rotation period of the lowest level), the rotational states
evolve back to their original phase and their superposi-
tion manifests itself as alignment in the absence of the ex-
ternal laser field, or an alignment quantum recurrence.
These recurrences are loosely analogous to longitudinal
optical modes in a laser cavity that, when given a common
phase, can superpose into short bursts of optical energy
density (mode-locked pulses) with the repetition duration
of a full round trip time in the cavity. Alignment of mol-
ecules in intense laser fields, and the subsequent “field-
free” realignments, or quantum recurrences, owing to the
rephasing of the coherently excited rotational wave
packet, have drawn great interest in recent years [1]. Mo-
lecular alignment is of interest for studies of high har-
monic generation [2—4], field-driven wave packet tomog-
raphy [5,6], structural studies of molecules [7,8], long-
range atmospheric propagation of intense femtosecond
laser pulses [9,10], and laser pulse compression [11]. Thus
far, all methods for measuring alignment are based on
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multishot pump-probe techniques. A popular method,
“Coulomb explosion imaging” uses an intense laser pulse
(pump) to align the molecules, and an intense ultrashort
secondary pulse (probe), scanned through a series of time
delays, to strip electrons by field ionization and induce
Coulomb explosion. The ion velocities are directed along
the molecular axis, angularly resolved with respect to the
pump polarization, giving the time-resolved alignment of
an ensemble of molecules [12,13]. The earliest purely op-
tical measurements of alignment were applied to picosec-
ond optical Kerr gating in liquids [14,15]. A linearly polar-
ized pump pulse torqued CS, molecules into alignment,
inducing a transient birefringence sampled by the polar-
ization rotation imposed on a variably delayed probe
pulse. It was later realized that probe pulse delays long
after the pump could sample “rotational recurrences” of
the molecular alignment if this measurement were per-
formed in much less collisional CSy vapor [16]. This tech-
nique, now called optical Kerr effect (OKE) spectroscopy
[17], has been used to measure a wide range of molecular
alignment dynamics. Other optical methods use probe
beam refraction from aligned molecular gas samples [18]
and ionization of these samples [19]. Spectral modula-
tions imposed on sequentially delayed short probe pulses
have also been used to map out wave packet recurrences,
although the time resolution of these measurements is
limited by the relatively long (>50 fs) probe pulse dura-
tion, and quantitative molecular response is obtained
only through complex propagation model-dependent fits
to the shifted spectra [20,21].

To date, the only technique capable of direct quantita-
tive measurement of alignment is Coulomb explosion im-
aging [12,13]. However, this method does not provide spa-

© 2008 Optical Society of America



Chen et al.

tial resolution, and it requires time-consuming multishot
scanning. We present here, for the first time to the best of
our knowledge, single-shot quantitative measurements of
the temporal evolution of molecular alignment, with 1D
spatial resolution across the laser beam, using single-shot
supercontinuum spectral interferometry (SSSI).

B. Single-Shot Supercontinuum Spectral Interferometry
SSSI, first developed by Kim et al. [22], is a variation of
spectral (or frequency domain) interferometry (SI) [23]. ST
is a sensitive technique to detect tiny and ultrafast tran-
sient refractive index shifts in a medium, which are usu-
ally induced by short-duration and intense laser fields via
several different mechanisms, including, for example, the
optical Kerr (y®) effect [24,25], femtosecond laser-
produced plasma evolution [26,27], plasma shock wave
dynamics [28], and plasma wakefields [29-31]. With its
advantages of high sensitivity and simplicity, SI has be-
come a standard experimental methodology in ultrafast
optics and high field physics.

However, the major flaw of standard SI is that it is a
multishot method based on a step-by-step scanning
through the desired range of time delays, which is suscep-
tible to both shot-to-shot fluctuations and long-term drift.
Furthermore, the ultimate time resolution is limited by
the shortest pulse duration available from the laser sys-
tem. In the SI apparatus, two short, weak and identical
laser pulses (“reference” and “probe”) with temporal sepa-
ration 7 propagate collinearly along with an intense pump
pulse through the interaction zone, and spectrally inter-
fere in the spectrometer. The probe overlaps with the
transient pump-induced refractive index change of the
medium so that it gains a phase shift, while the reference
arrives earlier and is not affected. The recorded interfero-
gram consists of a frequency dependent series of fringes
with frequency spacing 27/7 plus a shift caused by the
pump-induced perturbation of the refractive index. This
phase shift can be directly extracted from the interfero-
gram. The full evolution of the transient refractive index
is retrieved by stepping through relative time delays be-
tween the pump pulse and the reference—probe pulse pair,
assuming that the probe pulse duration is much shorter
than the time scale of refractive index modulation.

The demand is therefore that the laser system have ex-
tremely stable shot-to-shot reproducibility, since the tran-
sient phase shift induced in the probe pulse depends non-
linearly on the pump pulse envelope. Otherwise, the
measured refractive index variation between two specific
time delays could be caused by laser system pulse-to-
pulse fluctuations, potentially burying the real signal. In
practice, even with the best efforts, fluctuations cannot be
fully eliminated from ultrafast high power laser systems,
and thus it is usually necessary to do multishot averaging
for each probe delay, a time-consuming task. Moreover,
during the long time for a complete delay scan, drifts of
laser output energy, spectrum, and pulse shape are usu-
ally unavoidable, and these can contribute systematic er-
rors.

The best solution to these difficulties is to utilize a
single-shot measurement scheme. In SSSI, the short-
duration probe and reference pulses are replaced by a

Vol. 25, No. 7/July 2008/J. Opt. Soc. Am. B B123

pair of broadband (~100 nm) and highly chirped pulses,
which are generated from supercontinuum (SC) genera-
tion and then temporally stretched by appropriate
lengths of dispersive materials in the SC beam path. The
probe pulse now fully overlaps the whole event of the
transient refractive index evolution, in contrast to only a
small partial coverage in the case of standard SI. The
nearly linearly chirped probe pulse has a time-dependent
frequency sweep w=wy+bt, where b=1/2 ,851[1
+28;%(Aw)™]"1  is  the chirp parameter, S,
=1/2[P(w)/ (9w2]\w0 is the group delay dispersion at cen-
ter frequency wj, and Aw is the bandwidth. The pump-
induced time-dependent phase shift is thus encoded onto
different frequency components on each time slice of the
probe pulse, in a single shot. One may thus be tempted to
retrieve the temporal phase evolution by “frequency-to-
time mapping” of extracted spectral phase from the inter-
ferogram. However, it has been shown that in this ap-
proach the temporal resolution is degraded from
transform-limited resolution At~ (Aw) ™t to Afe
~(Aw) [1+2B5(Aw)*]2 [22]. To record longer duration
events, one must stretch the probe pulse longer, that is,
increase B9, which makes time resolution even worse.

In SSSI, to take advantage of a potentially large Aw
and achieve the best time resolution, the full knowledge
of spectral amplitudes of probe and reference
|Epr() [T, ()2, |E () |#[1,() "2, along with the spec-
tral phase difference A¢(w)= ¢, (w) - ¢,(w) extracted from
the interferogram, are used to obtain the exact probe tem-
poral phase shift A®(¢) by Fourier transform. If an imag-
ing spectrometer is used, the phase shift can be spatially
resolved along the direction of the entrance slit, and a
temporally and 1D spatially resolved phase shift Ad(x,¢)
can be used to determine the transient refractive index
n(x,t) from kn(x,t)L=A®(x,t), where k is the probe
vacuum wavenumber, x is the spatial coordinate trans-
verse to the probe beam, and L is the effective interaction
length in the medium.

To meet the requirement of a broadband probe pulse,
SC generation in a gas was used as a cheap and conve-
nient solution. Initially that gas was room air. A total SC
energy of the order of 10 to 100 udJ with ~100 nm band-
width and central wavelength ~690 nm was generated by
focusing a 70 fs, 1 mdJ, 800 nm Ti:sapphire laser pulse in
atmospheric air [22], which resulted in a temporal reso-
lution of ~10 fs [32]. Note that at this probe wavelength,
the pump-probe walk-off during propagation through the
interaction region is negligible. For SI schemes using
second-harmonic probe pulses [33], pump-probe walk-off
can be a problem. The versatility of SSSI has allowed suc-
cessful study of many phenomena: transient Kerr nonlin-
earity in a solid [22], laser-induced double step ionization
of He [32], laser-heated cluster explosion [34—36], and in-
tense laser coupling into plasma waveguides [37]. Re-
cently, another version of single-shot interferometry with
a broadband chirped probe pulse from the second-
harmonic generation of the pump pulse wavelength was
used to measure laser wakefields [38], but with less tem-
poral resolution and more walk-off than with SSSI.

The paper is organized as follows. First, we report an
improved SSSI setup employing a commercial kilohertz
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regenerative amplifier (RGA) system and a sealed Xe gas
cell for SC generation at much lower laser energy. We dis-
cuss in detail this new configuration and, as proof of prin-
ciple, report results for the transient Kerr nonlinearity in
Ar gas. Second, using the density matrix formalism and
first-order perturbation theory, we discuss the effect of
alignment of linear molecules on the transient refractive
index, through an ensemble averaged quantity (cos? 6),
where 6 is the angle between the laser field polarization
and the molecular axis. Third, we present single-shot
measurements of field alignment of molecules near the la-
ser pulse and the field-free alignment recurrences that
appear long after the laser pulse has passed, by retrieving
the transient phase shift applied to the probe pulse by the
pump-induced, ensemble-averaged molecular dynamics in
the gas. Note that in the presence of the laser field, the
molecular response has two components: a nearly instan-
taneous bound electron response that contributes to the
nonlinear refractive index n,, and a slower component
that corresponds to the rotation of the molecular axis to-
ward the laser polarization direction. The molecules expe-
rience the torque given by the laser field strength and the
molecular polarizability, and the moment of inertia deter-
mines the rotation time scale.

2. EXPERIMENTAL SETUP

In this work, a 110 fs Ti:sapphire RGA with 1 kHz repeti-
tion rate is used. As shown in Fig. 1, the laser output is
split into two arms by a beam splitter (BS1). To generate
SC, one of the pulses split from BS1 with ~300 udJ energy
is focused into a Xe-filled gas cell (XGC), with pressure
adjustable from 0 to 2 atm. The transversely spatially
chirped conical emission from the filament, with approxi-
mately 30 uJ per pulse, is collected by a lens and con-
verted into a weakly converging beam. Then a Michelson
interferometer (MI) is used to generate twin copropagat-
ing SC reference and probe pulses with variable relative

supercontinuum

imaging
spectrometer

probe

reference
<=

BS2  high pressure M
gas cell

Fig. 1. (Color online) Improved SSSI experimental setup, em-
ploying a xenon gas cell to generate broadband supercontinuum.
BS1: beam splitter; XGC: xenon gas cell; MI: Michelson interfer-
ometer; P: 500 um pinhole; SF4: 2.5 cm thick SF4 glass; HWP:
half-wave-plate; M: zero degree dielectric mirror to reject
Ti:sapphire laser energy; BS2: beam splitter for combining pump
and SC pulses. The pump beam energy can be tuned by another
set of half-wave-plate and polarizer, which is not shown in the
figure.
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time delay. A 500 um diameter pinhole (P) after the inter-
ferometer filters the converging beam spot to shape the
beam profile and reduce the spatial chirp with little en-
ergy loss. The SC beam is then collimated by a telescope,
and a dispersive 2.5 cm thick SF4 glass window is used to
stretch the reference and probe pulses to ~2 ps, providing
a ~2 ps temporal window for single-shot transient refrac-
tive index measurements.

The laser pulse from the other output of BS1, with tun-
able delay with respect to SC reference and probe pulses,
acts as pump, and a half-wave-plate (HWP) rotates its po-
larization. Another beam splitter (BS2) recombines the
SC probe-reference and pump beam paths, and these
three collinearly propagating pulses are focused by an f
=41 cm lens into a 45 cm long high pressure gas cell. The
pump beam focal spot full width at half-maximum
(FWHM) is 36 um by 27 um, with a Rayleigh range z
=4.5 mm in the cell. The probe beam size is much smaller
than the pump before the focusing lens, and therefore
overfills the pump at the interaction region near the fo-
cus, with a FWHM focal spot size of 270 um and a corre-
sponding Rayleigh range of 24.6 cm. This allows spatially
resolved phase shift measurements across the full pump
beam profile. The SC reference and probe at the pump in-
teraction region are imaged onto the spectrometer slit
with 6.9X magnification. The imaging spectrometer, with
a 10-bit CCD camera in the focal plane, provides a
~T72nm spectral window ranging from 652 to 723 nm
with 1D spatial resolution of 0.67 um/pixel at the inter-
action region along the entrance slit direction. We label
this direction as the x axis throughout this paper.

The probe temporal phase shift A®(x,¢) can be obtained
through a Fourier transform if the full spectral phase
Gpr(®)=d,(w)+Ad(w) of the probe pulse is known. A¢(w)
can be directly extracted from the interferogram, and the
reference pulse phase ¢,.(w) is obtained from the second-
order dispersion with the approximation ¢,.(w)
= Bo(w—w)?. By is obtained by a series of cross-phase
modulation measurements in Ar, varying the pump-probe
delay. This is similar to the method described in [22],
where a thin glass window was used as the nonlinear me-
dium. The peak frequencies of modulated spectral phase
A¢(w) are recorded with respect to their corresponding
time delays, and a linear fit of this time versus frequency
plot gives the linear chirp parameter 1/b=a=28,[1
+(21In 2)2B§2(Aw)‘4]=7820 fs2, agreeing well with the cal-
culated total dispersion introduced by materials in the
beam path. The higher-order dispersion terms are negli-
gible for the transient phase modulation time scales of in-
terest [22], and for our SC probe bandwidth of ~100 nm,
we have 3;%(Aw)*< 1 and therefore By ~a/2.

In our previous work [22,32,34-37] SC was generated
by focusing in 1 atm air a ~1md, 70 fs laser pulse split
from a 10 Hz, 2 TW Ti:sapphire laser system. In the ex-
periments of this paper, using a lower energy kilohertz la-
ser, the pulse energy is insufficient for SC generation in
air with adequate energy and bandwidth. We therefore
chose Xe as the SC generation medium because of its
large nonlinearity; Xe has been previously observed to
generate very broad SC spectra under femtosecond laser
pulse illumination [39]. A bonus of using the kilohertz
RGA is that we obtain extremely stable SC on a shot-to-



Chen et al.

shot basis. In general, kilohertz RGAs are far more stable
than higher energy 10 Hz systems: the high energy am-
plifiers of 10 Hz multistage Ti:sapphire laser systems are
usually pumped by flashlamp-pumped, Q-switched,
frequency-doubled Nd: YAG lasers with pulse-to-pulse en-
ergy fluctuation of 10%-15%, while kilohertz RGAs are
pumped by @-switched lasers pumped by CW arc lamps
(our system) or high power diodes. Typical kilohertz RGA
pulse energy fluctuation is less than 2%.

3. TRANSIENT NONLINEAR REFRACTIVE
INDEX IN Ar

A sample spectral interferogram and the corresponding
extracted transient refractive index shift An(x,t) using Ar
gas at room temperature are shown in Figs. 2(a) and 2(b),
respectively. Ar is a monatomic gas, and its lowest-order
nonvanishing nonlinearity near 700—800 nm is the elec-
tronic response y'®, which is nearly instantaneous, non-
resonant, and dispersionless. Below the ionization thresh-
old (~10*W/cm? [40,41]), the nonlinear phase shift
imposed on a probe pulse propagating along z is
ADp(x,t)=k [An(x,z,t)dz=kng o, [I(x,2,t)dz, Where ng a,
is the nonlinear refractive index of Ar. An effective non-
linear interaction length L is defined by writing
Adp(x,t)=kAn(x,t)L=kng pJd(x,t)L. The nonlinear phase
shift follows the time and 1D transverse pump intensity
profile I(x,¢).

(@)

< ~2ps

200 ym

723 nm 652 nm

(b) x10
3 <
2 or 1
An 1 —2;30 (I) 260

time (fs)

0
60 _400 -200

time (fs)

Fig. 2. (Color online) (a) Spectral interferogram showing pump-
induced, wavelength-dependent fringe shift, and (b) extracted 1D
space and time variations of the effective transient refractive in-
dex shift An in argon at 7.8 atm pressure and 4.1 10'® W/cm?
peak pump intensity. The inset in (b) shows the 1D lineout of An
along x=0 axis with a FWHM of ~110 fs, which is close to the
pump laser pulse duration measured by FROG. The index shift is
due to instantaneous electronic nonlinearity and thus follows the
pump pulse temporal profile.
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Unlike the case of a thin gas jet with a well-defined
thickness <2z, so that the interaction length L is well-
defined [32], a gas cell with length >2z, requires more
careful consideration. Here, we use the extracted nonlin-
ear phase shift from the Ar gas cell experiment to define
an effective nonlinear interaction length L, and apply this
effective length to all measurements of other species of
gases in the same cell, assuming the pump beam profile
and convergence is always the same. The procedure is to
compare the measured nonlinear phase shift in the Ar gas
cell to that in a thin («2z;) BK7 window with known
thickness (200 um in our case). We obtain the effective
length L=(A(I)Arnz’BK'ﬂ/(A@BK7n2’Ar)LBK7=5.7 mm, using
values of ng pgy=3% 10716 cm?/W measured by SSSI [42]
and 19 ,=9.8 1072 cm? W~ atm~! from [43]. This effec-
tive length is used to determine the refractive index shift
throughout this paper. Also note that the measured n4 gxy
value is in good agreement with various values (3.43
X 10716,3.63x10716,3 X 10716 cm?/W) given by, respec-
tively, [44-46].

The 2 ps measurement window of SSSI can be moved
with an optical delay line to times well past the pump
pulse. In this manner, we can also measure, in a single
shot, the refractive index effect of the quantum rotational
recurrences induced by pump pulses in molecular gases.

4. TRANSIENT REFRACTIVE INDEX
DRIVEN BY FIELD-INDUCED ALIGNMENT
OF LINEAR MOLECULES

For an ensemble of linear molecules, the average mol-
ecule orientation affects the index of refraction because
the molecular polarizability is anisotropic. In the en-
semble, if molecular alignment is induced by a pump laser
field, the refractive index shift experienced by a probe
pulse polarized parallel to the pump is given by

1
An(t) = 27TNI’L61ACZ<<COS2 o), — g) s (1)

where N is the number of molecules per unit volume,
Aa=qj—«, is the difference of polarizability parallel and
perpendicular to the molecular axis (the longer, more po-
larizable axis of the linear molecule), 6 is the angle be-
tween the laser field and the molecular axis, and (), de-
notes a time-dependent ensemble average over the
molecules. The degree of alignment of a particular mol-
ecule is defined to be cos? 6, and its time-dependent en-
semble average is calculated as (cos? 6),
=Tr[p(t) ® cos® 0] =py(l|cos? 0] k), where p(¢) is the density
matrix, and where |I) and |k) are molecular rotational
eigenstates of the field-free Hamiltonian. For an unper-
turbed ensemble, the molecules are randomly oriented,
with (cos? ),__..=1/3. The density matrix is calculated to
first order in the optical perturbation, p(¢)=p®+pM(t),
and the perturbed density matrix element is

t

i - )
oV ()] = - Py f drlh(n),p " el w0 (2)

where h=-1 /2p-E is the perturbation Hamiltonian, [ ]
denotes a commutator, w,;=(E,—E,;)/% corresponds to ro-



B126 J. Opt. Soc. Am. B/Vol. 25, No. 7/July 2008

tational states |k)=|j,m) and |I)=|j',m’) with energies
Ey=E;,=hcBj(j+1), B=h(87%I)™! is the rotational con-
stant, I is the molecular moment of inertia, and 1y, is the
dephasing rate between states £ and [. For a laser field
E(t)=és(t)cos wt, where () is a slowly varying envelope,
we get [47]

11 JU-1)
2 _ ) _ (0)
cos® O);=— - —A —(p; - p;
(eos™ O)y= 2~ T a; { o1 (b = Pz
t
X Im(e(i“’n—rm—zﬂ f drsz(r)e(‘i%—Z”N-Z)’) ] ;

3)

where Wj i 9= (EJ—EJ_z)/ﬁ=47TCB(2J— 1)

Note that in our experimental setup, the pump and
probe polarizations can also be perpendicular. In that
case, the refractive index shift experienced by the probe is

1 1
An(t) = 277Nn61Aa<§<sin2 6), - g) , (4)

which gives a result similar to Eq. (1) with half of the
magnitude of the transient term, and its sign is flipped.

5. RECURRENCES OF THE COHERENTLY
EXCITED ROTATIONAL WAVE PACKET

As discussed, many rotational levels (frequencies) are ex-
cited by the aligning pulse. Thus, for most times the en-
semble average of the alignment resembles the random
thermal average (1/3). However, at special times, the en-
semble average of the molecular rotors displays sharp
bursts of alignment. To better understand this effect, we
express the rotational wave packet of the molecules as the
superposition of rotational states [y)=2;,,a;,|/,m)
Xexp(-iwit), where w;=E;/fi=2mcBj(j+1). The femtosec-
ond aligning pulse gives a quasi-impulsive torque to ini-
tially align the molecules, which equivalently fixes the
relative phases among the states. As |) evolves in time
each |j,m) state advances with its own phase factor
exp(—iwjt), so that a sum over a large number of states
tends to result in cancellation. However, when time
passes through t=¢g7, where g is an integer and 7
=(2cB)~!, we have wit=qmj(j+1), and the phases become
integer multiples of 27, causing a “full revival”: all states
return to their initial condition in the presence of the
aligning pulse (neglecting collisions). There also exist
“partial revivals” at specific fractions of 7. When ¢
=q(77/2) and q is odd (“half-revival®), wt=qmj(j+1)/2.
This puts even and odd j states separately in phase, with
a phase difference of 7. These two sets of j states interfere
with each other, leading to a different refractive index re-
sponse from the full revival case. Partial revivals can also
occur at times 7/4, 7/8, 7/16, etc., because j(j+1) is even.
Fractional revivals at shorter intervals than quarter re-
vivals are difficult to observe, because they contain more
subsets of in-phase states possessing different relative
phases. These subsets tend to cancel each other and thus
the wave packet amplitude is much weaker. The peak am-
plitude of partial revivals also depends on nuclear spin
statistics [48].
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6. EXPERIMENT

A. Rotational Inertia Effect: Delayed Initial Alignment
by the Laser Field

The calculated (solid curve) and measured (open circles)
transient refractive index shifts in Ny and NyO near the
110 fs pump pulse are shown in Figs. 3(a) and 3(b). To
compare the effect of rotational inertia, the peak magni-
tudes of An for both gases are normalized to 1. The rota-
tional constants used in the calculation are By,
=2.0cm™~! in Fig. 3(a) for No, BN20=0.41 ecm~!in Fig. 3(b)
for NyO [49]. The laser field gives an initial “kick” to the
molecules, and due to rotational inertia they do not line
up along the laser field instantaneously. Thus in Figs. 3(a)
and 3(b), An peaks later than the driving laser pulse, with
the peak for Ny leading that of N5O. This is understood
from the larger NoO moment of inertia I, where B
=h(87%cI)"l. Moreover, as the coherently excited rota-
tional wave packet of NyO evolves more slowly than that
of Ny, its An falls back to zero more slowly than the An for
Ny. Note that in the calculation of Fig. 3, the instanta-
neous electronic nonlinear response (y'*) is not included,
but the measurements still agree well with the calcula-
tions. This implies that the alignment effect of the N,O
and N, molecules dominates the isotropic prompt elec-
tronic response nyl. This differs from [10], where the
prompt response and the rotational inertia effects for Ny
are considered to contribute approximately equally to the
transient refractive index. This issue is important for
studies of long-range propagation and filamentation of
femtosecond laser pulses in the atmosphere [9,10,20,50].
Figure 3(c) compares unnormalized An results using
4.4 atm Ar,Ng, and N,O, with 95 ud pump energy (6.7
X 10" W/ecm? peak intensity) for Ar, 60 uJ (4.2

1.0
08 |
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=

© 0.4
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0.0

-0.2
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/A
s} T A S N, | 4

200 0 200 400 600 800 1000
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Fig. 3. (Color online) Normalized transient shift of refractive in-
dex An from measurements (open circles) and calculations (solid
curve) for (a) N, and (b) N,O. For comparison, a Gaussian func-
tion centered at =0 with 110 fs FWHM duration is shown on
each figure (dashed curve) to represent the pump pulse envelope.
Unnormalized An traces of (a) and (b), along with Ar, are shown
in (c), under the experiment conditions of 110 fs pump pulse du-
ration and 4.4atm Ar, Ny, and N,O, with 95 uJ (6.7
X108 W/em?), 60ud (4.2Xx108¥W/ecm?), and 20ud (1.4
% 10'® W/cm?) pulse energy (peak intensity), respectively.
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X 10® W/em? peak intensity) for Ny, and 20 uJ (1.4
X 1013 W/cm? peak intensity) for NyO. The Ar response is
the purely prompt nonlinear electronic response. N, and
NyO measurements were conducted at lower energies
than Ar, however they still introduce larger index shifts,
again implying that the orientational effect dominates in
N, and N,O. Note that as seen later in this paper, for H,
and D, the prompt nyl response is larger than the align-
ment response under our experiment conditions.

B. Refractive Index Quantum Echoes Due to Rephasing
of the Rotational Wave Packet
To demonstrate SSSI’s capability of spatially resolved
measurement, Fig. 4 shows an x—¢ perspective plot of the
measured full revival of Oy alignment {(cos? 6),—1/3. The
time window is centered at 7=(2cBg 2)‘1= 11.6 ps [49], and
the pump pulse energy is 40 ud, with 110 fs duration and
peak intensity 2.7x10W/cm?2. The complete laser-
alignment and successive wave packet revivals from ¢=0
through #=1.257 are shown in Fig. 5(a), which are lin-
eouts at the center of the pump beam focus. The results
are compared with the calculations shown in Fig. 5(b), us-
ing Bp,=1.44 em~! and Aap,=1.14X 10724 cm?® [49]. In
Fig. 5(b), two different cases are considered: a delta func-
tion pulse with fluence matching the experiment, and a
110 fs duration pulse with a cosine-squared envelope. A
damping rate of v, g=7v=4.31X 10151 (or dephasing
time 1/y=23.2ps) was used in the calculation. This
damping rate is obtained from the experiment, by fitting
the peak revival amplitudes versus time in Fig. 5(a). We
neglect the j dependence of the dephasing rate, as the
dephasing is dominated by elastic molecular collisions.
In our calculation shown in Fig. 5(b), results using the
delta function pump pulse show good agreement with the
experiment (which uses a 110 fs pump pulse). This is be-
cause the composition of the rotational wave packet is
limited by the temperature. Hence in our case, increasing
the pump laser bandwidth to infinity (for the delta func-
tion) does not help excite significant additional rotational
states at higher energy. Due to the thermal distribution of
rotational states before the pump arrives, the most popu-
lous state in the excited wave packet is j=j.x~ 3/4{1
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Fig. 4. (Color online) Time-resolved and 1D space-resolved plot
of measured full revival of O, alignment (cos?6),~1/3, with
5.1atm gas pressure and 40 ud pump pulse energy (2.7
X 10'® W/cm? peak intensity).
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Fig. 5. (Color online) (a) Measured and (b) simulated laser
alignment of O, molecules and the successive wave packet reviv-
als from ¢=0 to t=1.257, at the center of the pump beam focus
(x=0), under the same conditions as in Fig. 4. The dephasing
time constant 1/y=23.2 ps is determined by fitting the peak am-
plitudes at each revival in (a), and the fitted yis used to calculate
(b). 8 function (dashed curve) and cos? function with 110 fs
FWHM duration (solid curve) of pump pulse profiles are consid-
ered in (b).
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+[1+8/9(kgT/Bhc)]V?}. For the case of Oy molecules at
room temperature, we have kgT/Bhc>1 and therefore
Jmax~ (BgT/Bhc)V2~13. Tt also can be shown that the fre-
quency width of the thermal distribution of rotational
states is approximately Aw,o~kgT/h~4x108s"1 for
large jmax. Our pump laser bandwidth ~3x 10183571 is
comparable with Aw,,, which means the pump laser fre-
quency components already overlap the thermal distribu-
tion, and further increasing the laser bandwidth has little
effect.

Dy and Hy molecules have the smallest moments of in-
ertia and largest rotational constants B (and therefore ro-
tate the fastest). As well, their polarizability asymmetry
A« is smaller than for the other molecules of this paper. It
is therefore much more difficult to excite and measure the
wave packet revivals. To extract the much smaller ex-
pected phase shifts we adopted a new method for inter-
ferogram analysis. Dark current and readout noise from
the CCD sensor chip are the major noise sources masking
the measurement of very small phase shifts from spectral
interferograms. Because of the excellent shot-to-shot sta-
bility of our kilohertz laser system, we are able to average
many interferograms before phase extraction. This aver-
ages and suppresses the noise level, while preserving the
stable interference fringes. We are thus able to observe
very weak refractive index shifts, with signal levels
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smaller than the noise of an interferogram derived from a
single shot. The extracted phase A® has an estimated er-
ror (80g0/ NY2)(AD)™1, where 6Py, is the maximum
phase noise extracted from an individual interferogram,
and N;,; (=300) is the number of averaged interfero-
grams.

Figures 6(a) and 6(b) show a beam center lineout and
the corresponding x—¢ perspective plot, respectively, of
the alignment recurrences in 7.8 atm Dy excited by a
pump pulse energy of 65ud (peak intensity 4.4
X 10" W/cm?). Using Aap,=1.14X1072*cm?® [49] and
Bp,=30.4 cm™! obtained from Fig. 6(c), which will be dis-
cussed later, the full revival period is found to be 7
=548 fs, and the molecular alignment calculations using a
finite-length pulse and a delta function pulse are shown
in Fig. 6(d). In our case, the single-shot temporal window
is ~2 ps long, and we estimate a noise-contributed error
of (@Shot/N}I{%)(A<D)‘1~2%. Earlier measurement of Dy
rotational wave packet using Coulomb explosion imaging
[51] showed a revival trace through~0.5, with error bars
comparable to the revival amplitudes.

The calculation of Fig. 6(d) shows that the responses
computed with the delta-function pulse and the finite-
width pulse are totally different. This is explained by con-
sidering the most populous state due to thermal distribu-
tion. For Dy, juax~ 3/4{1+[1+8/9(kgT/Bhc)]?} ~2-3,
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(Color online) (a) Pump beam center lineout and (b) corresponding x—¢ perspective plot of measured D, molecule alignment

recurrences excited by 65 uJ pump energy (4.4 X 10'® W/cm? peak intensity), with 7.8 atm gas pressure. (c) Fourier transform of the
signal representing rotational wave packet revivals after the pump pulse in (a). The peak frequency is identified as wy o~ 3.4 X 1013571,
giving the rotational constant Bp,=30.4 em™L. (d) Calculated {(cos? ),~1/3 with & function (dashed curve) and 110 fs cos? function (solid

curve), using Bp, obtained in (c).
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(Color online) (a) Pump beam center lineout and (b) corresponding x—¢ perspective plot of Hy alignment recurrences, measured

in the same main conditions as in Fig. 6. (¢) wg o~ 7 X 103 s~ is observed by Fourier transformation of recurrence signal (neglecting the
peak) in (a), which gives By =61.8 cm!. (d) Simulated (cos? §),—1/3 with & function (dashed curve) and 110 fs cos? function (solid curve),

pump pulses, with rotationazl constant BH2 from (c).

which is much lower than in Oy due to its larger B value.
We must also take nuclear spin statistics into consider-
ation. For the Dy molecule, even j states are twice as
populated as odd j states because deuterium has nuclear
spin Iy=1. Therefore near j,,, the dominant coupled
states with Aj=2 required by Eq. (3) are j=0,2 or j=2,4,
with a frequency spacing wg=wy—wo~3.4x10¥s71 or
Wy 9=y~ wy~8.0X 1012 571, respectively. Our pump laser
bandwidth ~3x 103 s™! can only coherently excite j=0
and 2 states. Figure 6(c) shows the Fourier transform of
the temporal response of Fig. 6(a), and the peak frequency
can be identified as wy(=3.44x1013s71, giving the rota-
tional constant Bp =30.4 cm™!. This value was used for
the calculations of molecular alignment shown in Fig.
6(d), and it agrees well with B=29.9 cm™! from [49].
Results for Hy are shown in Fig. 7, for the same pres-
sure and pump laser conditions as in the D, measure-
ments. The lineout of (cos? #),—1/3 at the center of pump
focal spot is depicted in Fig. 7(a), with its full space-time
plot in Fig. 7(b). The effect of wave packet revivals is
much weaker than in D,. Inspection of Fig. 7(b), showing
the small amplitude oscillations following the pump pulse
like a transversely localized wake, allows identification of
the wiggles in Fig. 7(a) as the real signal from the rota-
tional wave packet. The spectrum of the revival signal in
Fig. 7(a) is shown in Fig. 7(c), and again from the peak
frequency we get the rotational constant By,=61.8 em™!
and the full revival period 7=270fs, in good agreement

with previous value By,=59.3 cm™" in [49]. As in the case
for Dy, the delta function and finite pulse calculations
(employing Aay,=0.30 X 10-** cm? [49]) show a significant
difference because the 110 fs pump pulse bandwidth is too
narrow to populate many rotational states. Under our
conditions, the most populated state in the excited H,
wave packet is j.x~ 2. The spin of the hydrogen nucleus
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Fig. 8. (Color online) Transient refractive indices of 5.1 atm O,

near ¢t=0.757 for the pump polarization parallel (black solid
curve) and perpendicular (red dashed curve) to the probe beam.
The pump energy and peak intensity is 40 uJ and 2.7
X 1013 W/cem?, respectively.
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Fig. 9. (Color online) (a) Measured N,O revivals at ¢=0.57 at
pressures of 2.4, 3.7, 5.1, and 6.4 atm, normalized to the peak
alignment amplitude near ¢=0. (b) Dephasing rate y versus N,O
pressure (squares) with a linear fit (solid line). The dephasing
rate per unit pressure is 1.46 X 10'°s~! atm!. The laser energy is
20 wud, corresponding to 1.4 X 10'® W/cm? peak intensity.

is Iny=1/2, so that the population of even j states is 3
times greater than odd j states. Therefore the laser pulse
likely interacts with the states j=0,2, corresponding to
wg0~ 7% 1013571 which is more than twice the pump
bandwidth. Hence the rotational wavepacket amplitude is
expected to be weaker than in the case of Dy. Also note
that for Hy, the error in the extracted phase shift is esti-
mated to be (6Pgo/ N2 (AD) ™1~ 15%.

In contrast to the finite pulse simulations [Figs. 6(d)
and 7(d)], the experimental results of Dy and Hy [Figs.
6(a) and 7(a)] show an initial peak with much higher am-
plitude than the following revivals. This is because our
simulations only compute the rotational effect on the re-
fractive index. Evidently, for Dy and Hy (unlike Ny and
Ny0O) the contribution of instantaneous nonlinear re-
sponse nyl is much larger than the delayed rotational re-
sponse.

In this paper, we also demonstrate the measurement of
molecular alignment at different angles between the
pump and probe polarization. The pump polarization is
tuned by rotating a HWP in the pump beam path (HWP
in Fig. 1). The reflectivity of the dielectric coated beam
splitter (BS2 in Fig. 1) is not sensitive to polarization over
the range of the pump laser pulse bandwidth. This is veri-
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fied by measuring the reflected pump pulse energy while
rotating the pump polarization. As an example, for
5.2atm of Oy, Fig. 8 compares the response near ¢
=0.757 for pump polarization parallel ((cos? 8),—1/3, solid
curve) and perpendicular (1/2(sin? #),—1/3, dashed curve)
to the probe. The pump energy and peak intensity are
40 pd and 2.7 X 1018 W/cem?, respectively. As expected, the
measured response from perpendicular polarization case
has half the magnitude of the parallel polarization case
with the sign flipped.

Finally, we present the results of an experiment to ob-
serve pressure-dependent wave packet collisional dephas-
ing. Figure 9(a) shows the measured half-revival signals
in NyO normalized to the peak alignment signals near ¢
=0, under the same pump laser parameters and varying
gas pressure: 2.4, 3.7, 5.1, and 6.4 atm. The dephasing
rate y for each pressure is obtained by fitting exponen-
tials to the amplitudes of a series of successive revivals.
The dephasing rate versus NyO pressure is plotted in Fig.
9(b), which shows a linear dependence as expected from
binary collisions. We obtain a dephasing rate per unit
pressure 1.46 X 1019571 atm~! in N,O.

7. CONCLUSION

We implemented an improved version of SSSI using a
1 kHz Ti:sapphire regenerative amplifier. By employing a
Xe gas cell, only ~300 nJ is needed to generate energetic,
bright, and broadband supercontinuum (SC). The shot-to-
shot stability of generated SC pulses is also significantly
improved. The instantaneous nonlinear electronic re-
sponse of monoatomic gas, as well as the delayed rota-
tional response and alignment quantum revivals of linear
gas molecules was measured with femtosecond time reso-
lution and micrometer space resolution in a single shot.
The collisional dephasing of rotational wave packets was
extracted, and a linear relation between dephasing rate
and gas pressure was recovered. Finally, the stability of
our improved technique makes possible the averaging of
interferograms over many shots, allowing extraction of
phase shifts smaller than the noise of a single shot. This
has enabled, for the first time, the single-shot measure-
ment of rotational wave packet revivals in Hy and Ds.
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