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We report the observation of impulsive alignment of O@olecules produced through their interaction with
a nonresonant, strong laser pulse. The periodic alignment is monitored using a polarization technique generally
employed in optical Kerr effect experiments; the birefringence produced by alignment of the molecular sample
is measured with a weak pulse, time-delayed with respect to the alignment pulse. The technique provides a
signal proportional tgcos’ 6)— =, whereg is the polar angle between the molecular axis and the strong-field
polarization axis. Experiments are conducted at room and at low temperatures. Two methods of analysis are
presented. The first one consists in comparing the signal with the prediction of the time-dependent Schrodinger
equation. From a fine analysis of the temporal signal shape one can then deduce the yeh#df The
second one allows us to extrgcos ¢) through a calibration of the birefringence signal obtained by perform-
ing the experiment in a reference atomic gas sample. Both analyses are compared and found in good agreement
for the different laser intensities investigated. Saturation of the alignment process is observed at a laser
intensity that agrees with the ionization saturation intensities 0. CO
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I. INTRODUCTION throughout the paper as alignment, of the linear,Gabl-

The manipulation of the external degrees of freedom of £¢ule. Dealing with alignment under short laser pulses, one
molecule with light is a topic of growing interest. The idea of MuSt distinguish between the two regimes under which

manipulating molecules in space generates indeed stimula@ignment is conventionally achieved: adiabaf;10-13

ing perspectives in fields ranging frofi) chemistry and sur- @nd impulsive(postpulsg [12,14-19 alignment. Typically,
face processing, througtii) nonlinear optic§1], and more adiabatic alignment is produced with a strong laser field of
generally strong-field molecular physics like high harmonicduration much longer than the rotational period of the mol-
generation[2] and strong-field ionizatiofi3,4], to (iii) mo-  €cule. The alignment exists only during the laser pulse,
lecular optics and nanoscience technoldgyg]. In all of reaching its optimal value at the maximum field. After turn-
these areas, angularly squeezed states and/or molecular foff of the field, the alignment disappears as the molecule
cusing and molecular trapped states play a key role. It is noweturns to its initial rotational state. Impulsive or postpulse
well established that a polyatomic molecule submitted to alignment leads to alignment in the field-free conditions, ei-
strong electromagnetic field, as commonly produced by shotther immediately after a short strong puld®], or at a sub-
laser pulses, can experience, among other effects, a torque saquent revival of the rotational wave packet. The advantage
at least one of its axes resulting in an alignment, i.e., angulaof the latter is that the strongly aligned molecules that can be
localization, of the molecule in spaqsee Ref.[7] for a  produced in field-free conditions are generally more suitable
review). This is encountered when a nonspherical top molfor applications. The drawback is the short time, typically of
ecule interacts with a nonresonant laser pulse. The interathe order of a few picoseconds, during which the molecules
tion of the electric field vector with the molecular polariz- are effectively aligned. With the adiabatic regime the align-
ability imposes on the molecule an angular potential thaiment is maintained during several nanoseconds. Finally, we
converts the free rotation of the system to confined angulamention the scheme first proposed by T. Seiderfibdi,
displacements. In the case of a linear molecule exposed towhich is a mixture of adiabatic and impulsive regimes. It is
linearly polarized laser field the effective interaction Hamil- based on the use of shaped laser pulses designed to optimize
tonian depends on only one anglethe polar angle, among the field-free alignment. A laser pulse with a long turn-on
the three Euler angles of rotatidg, 0, x) that describe the and a sudden turn-off will adiabatically align the molecule
orientation of the molecule in the space-fixed frame. Thisduring the rising time of the pulse, whereas the abrupt falling
type of interaction leads to one-dimensional alignment of theedge of the pulse will leave the molecule in a broad rota-
molecule in a sense that the two other Euler angfemndy,  tional wave packet, whose recurrence leads to an efficient
are not confined. In general, an elliptically polarized fieldalignment under field-free conditions. Recently, this idea has
applied on an asymmetric top molecule will result in a three-been applied for M and CQ, where a “switched wave
dimensional alignment of the molecul8]. It is noted that packet” has been produced experimentdg].
the molecular polarizability is also responsible for the deflec- In a recent papef21], we have reported the observation
tion of the molecule in the field gradient that occurs simul-of postpulse molecular alignment using an experimental
taneously with the alignmerjf]. method that allows quantitative evaluation of the alignment.
The present work concerns the quantitative characterizafhe aligned molecules were probed with a polarization tech-
tion of laser-induced one-dimensional alignment, referrechique involving a weak laser field that itself does not pro-
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duce appreciable alignment, nor ionization. For this reasomolecular axis. Higher-order polarizabiliti€se., hyperpo-

the technique can be considered nonintrusive. It can operatarizabilities are neglected in Eq4).

for large number densities and allows us to produce and In this expression the alignment is characterized by the

monitor alignment of bulk molecules that is suitable for hightime dependent averagsee, e.g.[12])

harmonic generation, gas-surface interaction, and chemical " %

rocesses. The present work completes the former studies, .

I;)eporting experirrFl)entaI results, recoprded at room and at low (cog O)(t) = 2 p Jo 2 (cog O3MoD

temperatures. We also discuss a theoretical model that pro-

vides approximate analytical solutions. In addition, a part ofof a statistical ensemble of molecules at temperalucs-

the paper is dedicated to the calibration of measurementgjbuted according to the Boltzmann weights, where

where we implement a technique that allows monitoring of(cog 0>JO,MO(t) is determined for a molecule initially in the

the alignment at different laser intensities without numericalstate J,, My. We consider a linear molecule in its ground

simulation. vibronic state, such that one can approximate its Hamiltonian
Hy as a rotor of rotational constaBtwith a centrifugal dis-
torsion of constanD

(5

JO:O M 0:_‘]0

Il. THEORY

The experimental setup described in the next section is Ho=BJ¥ - DJ". 6)
commonly used in pump-probe polarization spectroscopyrhe molecule is subject to a nonresonant pump laser field
[22]. It is arranged for measuring the transient birefringence ~
of a gas sample consecutive to its interaction with a linearly Ept) = épgo\"Ap(t)COSwpt (7)
polarized pump-field. The field-induced birefringence is ac- . .
cessed by measuring the ellipticity of an initially linearly Of frequencyw;, pulse intensity envelope<9A,(t)<1 cen-
polarized probe-field traveling through the nonlinear me-tered at=0 and of duratiorl,, peak amplitude, and fixed
dium. In the weak signal-field limit with a probe-field polar- p_olan;atmn vectoe,. Since no excited electronic states and
ized at 45° with respect to the pump-field direction, the pj-Vvibrational states are resonantly coupled, one can extract a

refringence signa$ is given by first effective Hamiltoniar{6,24]
S(t) = c{An(t) + CP?, (1) H = Ho~ iy - £x(1), (8)
where where for nonpolar moleculgsvhich are considered in this
An() =nt) = n, (1) @ papej the effective dipole moment is given by
is the difference of refractive indic&at the probe frequengy o = %Eg’p(t), 9

between the parall€ll) and any perpendiculdtl) direction

of the pump polarization axis is a factor that accounts for with @ the dynamical polarizability tensor, which includes

the probe-field intensity, the geometry of the beams, and th e contribution of the excited electronic states. If we con-

detection efficiency. The constaGt corresponds to any ad- sider low frequencies with respect to the excited electronic

ditional blrefrlngence_, other than t_he one introduced by thestates, the dynamical polarizabilities are well approximated
molecule itself, and is only used in case of heterodyne de;

) . L by the static ones. In the high frequency liMtith respect
tection. For atoms, the induced birefringence only resultﬁo the rotational frequengythis leads to the final effective

from the quasi-instantaneous deformation of the eleamn'ﬁamiltonian of second order in the pump field amplityife
cloud and one usually writes units of B) [6,25

An()) = nal (1), ) Hei/B = Ho/B - A (t)(Ay cod 6+ 7,) (10)
as the first term of a power series in the pump-laser intensi%ith
[, with n, the difference of the nonlinear refractive indices.
For molecules, the induced birefringence results from the & &
electronic and/or nuclear excitation but also from the align- Y= a4 Ay= EAOZ- 11
ment or the orientation of the molecular axis. The latter con-
tribution leads to a refractive index difference that dependd’he dynamics in a strong nonresonant pump field are de-

on the average value of o8 through the expressiof23] scribed by a state vectef(t), solution of the time-dependent
Schrédinger equationfdd(t)/ dt=Hgg ¢(t) with as initial
An(t) = 3NA“(<CO§. 9}(0_1), (4)  condition att=t; a pure state eigenvector diy: ¢; m(t
4neq 3 =t,)=|Jy,Mo). After the pump excitation, switched off at

wheren is the average value of the refractive index at the™tr the state vector of the free molecule evolves as

probe frequencyl is the number density, is the dielectric Pagm,(t > 1) = exd = iHo(t = t)/fily (). (12)
constant of vacuum, anda=q,—«a, is the polarizability

anisotropy, witheyy and«; the components of the dynamical Since we consider a linearly polarized pump laser, the cou-
polarizability respectively parallel and perpendicular to thepling does not depend on the azimutal angle [0, 2#] and
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the quantum numbeévl, is preserved during the pump inter-
action: iy, m (0, ¢,1)=; m (0, t)exp(iMye) which gives
(cog 6) oMo (t) (cog 6?)(,)J (0"

After interaction with the field, one can expand the state

solution as

. 2_
|¢Jo,Mo(t)> — 2 CjO'MOGI[D(J(J +1)) BJ(J+1)]t/h|J' MO> (13)
J

with

coMo= [chMole ™™, 3 Jey?= 1 (14
J

The Hamiltonian(10) shows that the populatetiare all ei-

ther odd or even since only the matrix eIememt§M

=(J,M|cog 63, Mo) and By, =(J+2,Mg|cos’ 613,Mo) are

different from zero. One can calculate the quantity character-
izing the alignment, neglecting the centrifugal distorsion for

simplicity

(€08 O)3my(®) = 2 ayu | + 2 By [y ocyy']
J 3

X cogwyt + Ag;oMo) (15
with the quantum beat phase
Ag;oMo= gloMo— g oMo (16)

w;=2B(2J+3)/# the Raman frequency; v the Stark shift
of the [J,Mo) state, andB,uy, the coupllng |3, Mg)=|J
+2,Mg). Equation (15) shows that eachl-component of
(cos’- 0); Mo(t) oscillates periodically with periodrf /[B(2J
+3)], and thus thatcos 0)3 ™ (t) oscillates with the com-
mon periodT,=wh/B, the cIaSS|caI rotational period of the
molecule. The averag&os G)J M (t) oscillates around the
quantity = ja; |cJ| which corresponds to the mean align-
ment(permanent alignment
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FIG. 1. Experimental setup. M: mirror, BS: beam splitter, L:
lens, CC: corner cube, P: polarizer, A: analyzer, B: beam stop, S/J:
static or jet cell, PM: photomultiplier, BO: boxcar. The relative
polarizations of the pumP1), probe(P2), and signal-fieldA) are
shown in the inset.

intensity pulse areait is the highest fordy=0.

(i) At higher temperature, the highest peak(cds ) as
a function of time occurs &t (t,) if even (odd) J, are con-
sidered(for a sufficiently high intensity pulse arga

(ii ) The phase %Mo are approximately #/2, which
is also the case in the perturbative regime. This allows us to
explain the positions of the revivals. Moreover, the contribu-
tions of —/2 for the phased #'Mo dominate with respect
to the ones with 4r/2, which permits efficient revival peaks.
In the appendix, we calculate in a solvable model the phase
AgJo Mo

The rephasing of the rotational wave packet and thus tran- Havmg thatA g %Mo~ +7/2, Eq.(15) implies that the po-

sient significant alignment will occuii) for a given initial
condition Jo, M if the phaseA#;Mo is independent of),
and (ii) at any temperature if the phaé&)JO Mo is addition-
ally independent of the initial condition characterizedJy

Mo. In this case, there are four main transient peaks of align-

ment in one period, called revival6]. It is well known that
the revivals occur arount},=nw%/4B=nT,/4, n=1,...,4.

The first(at t;) and third(at t3) peaks show, respectively, a

minimum (maximum and a maximumminimum) if even
(odd) Jy are considered. Around the secoffdurth) peak
[aroundt, (t,)], one has a maximurtminimum) located at
t=<t, (t=<t,) and a minimum(maximun) at t=t, (t=t,).
The functional dependence af; on J, is the essential prop-

aroundt, andt,, and are independent d@ at t, andts. This
gives an argument why at high temperature where miny
contribute, the highest peak Gfos ) as a function of time
can occur ats.

sitions of the peaks OEJOO__J (cog 6)3 M, depend onJ,

I1l. EXPERIMENTAL SETUP

Impulsive alignment is investigated under two experimen-
tal conditions:(a) at room temperature, in a static cell, and
(b) at low temperature, in a supersonic expansion of a pulsed
molecular jet. The setup is shown Fig. 1. In both studies the

erty that determines whether a given peak is a maximum or aptical arrangement is the same, consisting of a chirped

minimum for odd or everd,.

Adding the small centrifugal diagonal term in E.5)
will slightly change the frequency; of the oscillations,
which will shift the revivals more significantly for larger
times.

Numerics shows the additional following features:

(i) At low temperature, the highest peak @bs 6) as a
function of time occurs around, (for a sufficiently high

pulsed amplified Ti:sapphire femtosecond laser with 90 fs
pulse duration. The laser is operated at 20-Hz repetition rate
with a spectrum centered at 800 nm. The laser beam is split
in two parts with 98% of the total energy used in the pump-
beam, the 2% left over being used for the probe-beam. The
temporal delay between the pump- and the probe-pulse is
adjusted by means of a corner cube retroreflector mounted on
a motorized linear stage. Both electric fieldsump and
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probe are linearly polarized with an angle of 45° between 050
their respective directions. The two incoming beams are fo- M J Mo‘m g
cused by a 17.5-cm focal length and then intersected at ¢ - il Al hy
small angle into the interaction gas region. The beam waist, 1 u V “ {0’30 v
0.20

tively, 30 and 50um for the pump- and probe-beam. A third § '% f{ L JL
polarizer, oriented at 90° with respect to the direction of the-g o4

measured by a charge-coupled device camera, is, respe
Experime
incoming probe-field, is located at the exit slot of the experi- 5 —_— \\(j h‘f \1(

mental chamber. It is used to analyze the depolarization ogo
the outgoing probe-field, i.e., the signal-field. The different =~
polarization directions are depicted in the inset of Fig. 1. The 0 10 20 30 40

signal-field is detected by a photomultiplier, sampled by a Pump-probe delay T (ps)

boxcar integrator, and finally acquired by a computer. The , )

latter is used also to drive the optical delay line during data F'G- 2. Lower graph: homodyne signgéxperiment)versus
acquisition. pump-probe delay recorded in C@at 0.15 bar. Numerical simu-

The experiment conducted at room temperature is petJ?t'on (theory)of Eq. (1) for a F_)eak Intensity Of.40 TW/Cﬁ(glOt'
formed in a 0.2-m-long static cell maintained under a pres—ted upside down Upper graph: the corresponding value(css 6).
sure of 0.15 bar. A supersonic free jet is used for the inves- ) ) ) ) .
tigations conducted at low temperature. The magnetic valvdhe (cos 6) is obtained from the numerical simulation for
operates at 7-bar backing pressure. It is equipped with e parameters at which the temporal shapes of the calculated
nozzle of 0.5-mm diameter synchronized at 20 Hz with theand experimental signal coincidat a given precision We
laser. The laser beams, oriented at a right angle with the jetill refer to this method throughout the paper as #fape
axis, interact at 1.5 mm from the nozzle. For this distancebased analysisnethod. The second one, named taktive
one can reasonably assume an isentropic expafigigrand  calibration method, consists in a calibration of the polariza-
thus one can estimate the rotational temperature and tHeon field detection with respect to the variation of the
number density around 60 K and X@0' cm™3, respec- refractive-index. It is achieved by comparing the optical Kerr
tively. effect resulting from the alignment of a molecular sample
Homodyne and heterodyne detection are used, dependingth the one produced by the electronic response of an
on the experimental conditions. The static cell allows us tcatomic gas, illuminated with a short pulse of the same dura-
perform homodyne detection, the small birefringence of theion.
thin windows being compensated by a wave plate inserted on
the optical path of the probe-beam, just after the exit slot of
the cell. It is made from a fused silica piece put under me-
chanical stress. The resulting induced birefringence can be Figure 2 displays the polarization signal versus the pump-
controlled in magnitude, by the amount of mechanical stresprobe delay measured at room temperature in, @h ho-
and in sign, by rotation of the plate around the propagatiormodyne detection. The experiment is performed in a static
direction. The vacuum chamber used in the low temperatureell using a pump-laser intensity of 56 TW/&rThe tempo-
experiment is equipped with thick windows that do not allowral trace is characterized by transients equally spaceq /sy
a correct compensation of the birefringence. The detectiofsee Sec. )| with T, ~42.7 ps. Each transient corresponds to
performed in the jet configuration is hence heterodyned. I revival of the rotational wave packet formed by the short
means that the measured signal includes a local oscillator ipump-pulse. It can be associated either with alignment of the
phase quadrature with the probe-fi¢R8]. molecule along the field axis or with planar delocalization of
the molecule in the equatorial plane, depending on whether
(cog 6) is larger or smaller than 1/3, respectively. The signal
recorded close to the zero delay results from the quasi-
In a recent papef21] we demonstrated that impulsive instantaneous electronic resporisempared to the pulse du-
alignment can be characterized by a polarization techniqueation) combined with the rotational retarded response of the
using an arrangement like the one described in the precedingolecule. The convolution of the two contributions results in
section. In particular we showed that the polarization signala transient signal occurring just after the pump-field interac-
resulting from the birefringence of the molecular sample in-tion peak. The nonzero background signal observed between
duced by a strong laser field, is proportional to the degree afecurrences stems from the permanent alignment of the mol-
molecular alignment and hence fdcos 6)-3). In the eculegsee the first term in the right-hand side of EtF)]. It
present paper, we explore two methods that allow us to exihcreases, as well as the amplitude of the revivals, when high
tract (co% 6) from the experimental data. The first one is values of J are populated. A significant value of the perma-
based on the simulation of the time-dependent Schrodingerent alignment is reached whée M|, whereJ is an aver-
equation. The numerical result of this simulation is fitted toage value of the field-populatelstates andvl is the mag-
the experimental data. Only two parameters are used for theetic quantum numbg21].
numerical adjustment: a scale factor and an intensity param- The observed signal is compared with the numerical
eter adjusted to a value close to the measured laser intensisimulation of the Schrddinger equation performed at 296 K.

A. Shape based analysis

IV. RESULTS AND DISCUSSION
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Section Il describes in detail how the polarization signal is 0.6
related to the molecular and field parameters. The calculatet _/\ A 05 &
signal intensity, according to E¢{l) with C=0, is depicted in /\ [ ——T04 %
Fig. 2. The ordinate scale is adjusted so that the calculate \/ [es v
amplitude is comparable with the observed signal. The cal-z [0-2

culation uses an effective pump-peak intensity of g
40 TW/cn¥, for which the structural shape of the transients < 14
reproduces the observation. This intensity is consistent With‘;’
the measured value, considering that volume effects are ncg
included in the theoretical model. In fact, an averaging of Eq.”
(1) over the spatial profile of the laser would result in using e B B T 5 5 o
larger intensity in the simulation, closer to the measured in- Pump-probe delay T (ps)
tensity. We remark that damping of the molecular response
due to collisional mechanisms is insignificant in the experi- FIG. 3. Lower graph: heterodyne sign@loted curvg versus
mental conditions explored in Fig. 2. The upper graph of Figppump-probe delay recorded in a supersonic jet of GONumerical
2 displays the corresponding value(ebs 6). Its horizontal ~ simulation of Eq.(1) (full curve) performed at 60 K for a peak
scaled axis is shifted by the vertical offset 1/3 correspondin%”tensny of 30 TW/crf. Upper graph: corresponding values of
to the isotropic value ofcos’ 6). The figure shows that each cos 6).
recurrence results from alignme@cos’ 6)>1/3) and pla-
nar delocalizatior{(co& 6)<1/3) of the molecular axis. In molecules, respectively. A net improvement of the alignment
the first case, the angular distribution is squeezed along tHécos 6)~0.59, 7~21.11 p$ and planar delocalization
electric field direction, whereas it is flattened around the((cos 6)=0.14,7~10.7 p$ is observed at low temperature.
plane perpendicular to the field axis, in the second case. ThEhese numbers should be compared with (s’ 6) values
highest value ofcog 6) is observed for the third transient calculated in Fig. 2 for a larger intensity. By increasing the
(3T,/4) at 7=32.1 ps. It is consistent with the polarization cooling, a much higher degree of alignment can be in prin-
signal being maximal for the third recurreneee the lower ~ciple achieved, although it was not possible with the present
graph of Fig. 2. Maximum alignment, observed around Polarization technique to detect its effect due to the resulting
=3T,/4, and planar delocalization, observed arourd, /4,  low gas number density. This is illustrated in Fig. 4, where a
comes from efficient temporal rephasing of the wave packe§imulation at 2 K shows a peak value @bs’ 6)~0.86.
as shown in the model developed in Sec. Il. For the other
transients(T,/2 andT,) the partial rephasing results in less B. Relative calibration
confinement of the angular distribution. Between recur-
rences, the rotational phase distribution changes such that tl?]%
rotational wave functions nearly average out, giving rise to
permanent alignment.

The relevant quantity that characterizes the alignment o

In the preceding section, the molecular alignment was
antified by fitting the numerical simulation to the temporal
ashape of the observed transiefége Figs. 2 and)3In this
rocedure, the signal amplitude was parameterized with an
. . djusted scale factor from which no information was ex-
an ensemble of malecules IS, according to &, the ther- tracted. In the present section, we describe a method that
mal average ofcos’ ¢). For a given temperature, the average 4 ows recovering the degree of alignment from the mea-
is calculated over the rotational states initially populated beg,gq signal amplitude. The polarization signal is calibrated
fore the laser interaction. Because the initial states are nQkiih reference to measurements performed in Argon.
coherently related through the thermal excitation, the aver- Tne relative calibration is performed along the following

aging mechanism tends to smooth out the angular distribysoicol, The polarization signal is produced in a static cell
tion of the single molecule. Therefore, reducing the tempera-

ture of the molecular sample makes larger alignment possible

[14]. This is confirmed by a study performed at low tempera- Lo

ture (=60 K) in a molecular jet of C@ The detection is —

heterodyned for the reason explained in Sec. Ill. The polar-

ization signal is shown in Fig. 3 together with the results of , |

the theoretical model according to Ed) with the constant <

C adjusted to the background signal. We note that the signa?; G

noise is larger in the jet experiment than in the static cell, due '

to the low number density of the gas expansion and the 02

shorter interaction length in the jet. Since heterodyne detec: ’

tion provides the phase of the signal-field, the transient

shapes tell about whether the molecule is aligned or planarly 00 0 10 20 30 40
delocalized. In the case of Fig. 3, the measurement per Pump-probe delay T (ps)

formed close to zero delay indicates that the constig
negative. Therefore, the peak and the valley of each transient FIG. 4. Numerical simulation ofcog 6) as a function of the
are identified as planar delocalization and alignment of theime delay forT=2 K and1=30 TW/cn?.
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(cog 6)—3|. They are compared with the simulation of the
F Schrédinger equatiofdotted curve As mentioned in Sec.
6 IV A, the calculation of Eq(1) is performed with an effec-
tive intensity that is lower than the measured pump-laser
e intensity by 30%. As shown, the agreement between the cali-
e brated data and the result of the simulation is remarkable.
3] 7 The intensity dependence of the polarization signal is
dominated by the structural change of the recurrence when
21 e the field strength is increased. This is interpreted as follows.
1 e e First, the width of the distribution of the wave packet in the
= , , , , , , : J-space increases with the laser intensity. The revivals be-
e T e come thus more localized in time producing narrow tran-
I(TW/em™) sients. Second, in case of homodyne detectfigs. 2 and
FIG. 5. Variation of the refractive index of Argon measured at6)’ the detected ﬂ.eld. 'S prqportlonal o the difference be-
different laser intensities (squares Numerical fit with a second- tween(cos’ _0> and its isotropic valué. Ther?fore the shape
order polynomial function in the intensitylashed curve Quadratic ~ Of the transients becomes more asymmetric as the permanent
field dependencan=m,! (full curve). alignment increasesee Fig. §. The situation is different for
heterodyne detectiotFig. 3), where the field amplitude is
filled with Argon and recorded at different pump-laser inten-proportional to{cos 0)—§+C’, with C"'=4ne,C/3NA . For
sities. For atoms, the induced birefringence is solely due tqncf|>% the transient shape is insensitive to the permanent
the electronic nonlinear response, which is much faster thagjignment and the asymmetry remains unchanged with the
the pulse duration of the laser used in the experiment. Thiyser intensity[21]. The progressive effect of permanent
pump-probe signal is thus the third-order autocorrelation ohjignment with the field strength is observed by comparing
the laser, whose magnitude depends on the laser intensitigse background signals of Figs. 6 recorded at different inten-
(pump and probeand the electronic response. The electronicsjties.
deformation results in a birefringence signal-field propor- The concomitant ionization process that depletes the
tional to the refractive index differencen [see Sec. Il, Egs. population of the neutral molecules, limits the maximum
(1) and(2)]. For low field intensitied, the nonlinear depen-  gjignment achievable at a given temperature. As the laser
dence of the refractive-index is quadratic with the field am-jntensity approaches the ionization saturation intensity, the
plitude andAn=n,l, wheren, is the lowest nonlinear order. opserved transients exhibit structural shapes that become
Considering the value oh, for Argon [29], we therefore re|atively insensitive to the field strength. The onset of satu-
calibrate the signal intensity in terms @n)? by performing  ration first affects the molecules in the middle of the laser
experiments in the low field regime. The graph of Fig. 5focus; the ionized molecules cannot contribute anymore to
shows the value oAn (squaresmeasured for different laser the polarization signal and hence to the modification of the
intensities. The expected value &h assuming a quadratic shape of the transients. Although saturation is reached at the
field dependencewith n, taken from Ref[29]) is also indi-  center of the beam, the surrounding molecules, that experi-
cated (full curve). The calibration has been performed for ence lower intensities, still contribute to the signal up to the
| <50 TW/cnt, whereAn is proportional to the square of |imit where they are ionized as well. This “volume effect’
the field, i.e., to the intensitl, This enables one to determine keeps on until the pump laser intensity saturates the whole
the calibrated constant introduced in Eg.(1). For  volume seen by the probe-beam. Beyond this point, no mol-
| >50 TW/cn¥, higher nonlinear orders of the refractive in- ecules survive to the laser intensity and only the remaining
dex must be considered. It is shown in Fig. 5 thatcan be  jons can in principle be aligned and detected. The saturation
fitted with a second-order polynomial function indashed effect is illustrated in Fig. 7, where the intensity adjusted in
curve) up to =120 TW/cnt, the simulation of the third transient is plotted versus the mea-
Using the same probe pulse as the one used for the calsured laser intensity. The simulation, based on &y.does
bration in Argon, i.e., the same intensity and spatial profile not include the ionization mechanism. Inspection of the data
the experiment is performed with GOThe pump-probe sig-  clearly indicates the onset of saturation around a laser inten-
nal is converted into the variation of the refractive indEXSity of about 100 TW/CT%] where the transient Shape starts
(An)? through the calibration factor determined before. Af-  saturating. Above this intensity, the adjusted intensity must
ter the pump-pulse extinction, the change of the refractivehe taken smaller in order for the simulation to reproduce the
index stems exclusively from the molecular orientation in-observed transient shape. The measured intensity corre-
duced by the optical field. In this cas@n is related to  sponds to the energy averaged over the focus size, and there-
(cog 0)—% through Eq.(4) of Sec. II. fore underestimates the peak intengiy the beam centgr
The validity of the relative calibration method is demon- by about a factor 2. As a result, the mentioned value
strated in Fig. 6. The plots are displayed in a temporal win{100 TW/cn?) translates to a peak intensity of about 2.0
dow centered on the firga, d, 9, the secondb, e, B, and X 10" W/cn?, which is consistent with the ionization satu-
the third transientc, f, i). The transients are recorded for ration intensity of CQ at 800 nm(2.4x 10* W/cn? [30]).
three different pump intensities. The experimental daif Between 200 and 250 TW/dnthe transient shape remains
curve) are displayed with the vertical axis scaled in units ofunchanged with the intensity. No signal amplitude saturation,

105 An
s
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FIG. 6. Calibrated homodyne signafsill curves recorded in a static cell of C{for different temporal windows and laser intensities.
The ordinate axes indicate the value|@og 0)—§| supplied by the calibration achieved in fgee text The numerical simulation&otted
curvey is performed at different effective intensitids:28 TW/cn? (a, b, and § 50 TW/cn? (d, e, and ¥, 72 TW/cn? (g, h, and ).

nor a fortiori depletion of the transient signal, is observed at V. CONCLUSION

the highest intensities used in the present work. This indi-

cates that the saturation of the probed volume cannot be Impulsive alignment of the COmolecule has been moni-
achieved under the investigated intensity regime. This argufored using a nonintrusive weak-field polarization spectros-
ment is supported by the fact that no signature from ioniccOpY technique. The experiments have been conducted at

molecules is observed.

90
80+
70+ X x
60 X

504 X

40 x

Adjusted intensity ( TW/cm2 )

304

204

0 5I0 l(l)O 150 2(I)0
Measured intensity ( TW/cm2 )

T
250

room temperaturé@n a static cell and at low temperaturgn

the free expansion of a molecular)jetith homodyne and
heterodyne detection, respectively. The results have been
analyzed with two complementary methodshape based
analysisand relative calibration The first one consists in
comparing the raw data to the predictions of the theoretical
model, based on the resolution of the Schrodinger equation,
which allows to extract the expectg@os 6) value. The
simulation requires a slight adjustment of the strong-field
intensity around the measured value in order to fit the obser-
vations. With this procedure, only the structural shape of
transients provides information about the alignment, since
the amplitude is adjusted by a free parameter in the model.
The quality of the experimental data allows an accurate char-

FIG. 7. Adjusted intensity on the shape of the third alignment@cterization of the alignment at low and high temperatures.
transient as a function of the measured laser intensity. The largghe analysis is confirmed and completed by the use of the
discrepancy between theoretical and experimental values at higgeécond method which provides a straightforward evaluation
intensities stems from saturation of the alignment due to ionizationof [(co$ 6)- 3|, based on the calibration of the detection sys-

033420-7



RENARD et al. PHYSICAL REVIEW A 70, 033420(2004)

tem with reference to measurements made in an atomic gas.
The analysis of the calibrated measurements is checked by
considering the results predicted by the numerical simulation Jeven

of the Schrodinger equation. The recurrent alignment is in- +2) TyeO)sin(wyt)

vestigated for different intensities, up to a limit where satu-

ration of the ionization sets-on. At high laser intensities, thevhere 7,({) is the Bessel function of order and of argu-
limitation in the alignment is shown to be correlated to thement{. We thus obtain for this model the following phases
ionization depletion of neutral molecules in the probed vol-for Eq. (15):

ume.

(cog O ot) = 1 +

2
2 72 2+ DT5n(§) X (312

(A5)

AgPO= %T(ngijzﬂ(g)] =gl Ty )] - 1) = £7/2

(A6)
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Detailed analysis of this expression shows that since the
Bessel functiong7y,.4({) have the same sign for all even
for £=3.83, we have only in this cask,=-=/2 for all
evend. In this case, the components of the sines have all the

In this Appendix, we show that the phaseg;*° of Eq.  same sign(positive) and will thus accumulate for all only
(16) are approximately #/2. This can be understood from aroundt=t,= pT,/4=pm/4B, with p an integer: One obtains
the approximate model developed in Rét4] for Jo=0,  for (cog 6),,a value of 0.5 at=t,=0 and at=t,=T,/2, the
wh|gh we e;xtend for a thermal ensemble. It is f(_)rmulated iNmain maximum at=t;=3T,/4 [sin(w,t)=1], and the main
the _|mpul_5|ve re_g|me{31] where the propagator in the nor- . inimum att=t,=T,/4 [sin(w,t)=—1]. Aroundt=T,/2, one
malized time units=Bt/#: reads obtains a local maximurtfor t=<T,/2) and a local minimum
(A1) (for t=T,/2) that can be evaluated by expanding(sijt).

For ¢{>3.83, the main contributions ofcos ), o(t) occur

with §=Bt/#, s=s=Bt/f, ZZAA7/2:5(2)Aaﬁifthp(t)/ with the phase m/2, which explains the remarkable effi-
(8h), andA:%ﬁfdt A,(t) the normalized area of the pump ciency of the alignment for strong field. This expressidb)
intensity envelof)e. The termi?: A% giving an additional ¢an be extended for a thermal ensemble and leads to a simi-
phase independent off will not affect the quantity lar result that the phases6;™ are approximately #/2
(coZ 6)3,M,(D)- The approximate model is additionally con- with a dominant contribution occurring form/2. Indeed we
structed by substituting c®# by an operato€ with matrix ~ ind in the limit of strong field(large ¢) at time t; (where
elements(d, M|C]d,Mo)=1/2, (J+2,M¢|C|d,M)=1/4, and  €VENJo has been considergd
(J",Mg|C|ld,Mp)=0 for J’ >J+2, for all J,M,. This leads to

APPENDIX: THE BEAT PHASES IN A SOLVABLE
MODEL

U(s,s)=¢€ 71 A(s=8) gmidsgi2¢ cos’ 6gid%s

Jo/2

1
e : (€0 Oy my(ta) ~ 5+ 2 (- 1)" (A7)
d2=e% 3 ] (N (A2) gl 5 TS TS
JJ
. o e ) (where the wiggly arrow indicates that the left part of the
with, for £>0 and definingg,=J/2-J'/2+1+x, equation asymptotically tends to the right patith
L )
uy (¢) =™ )ano (= D"anTa (0)- (A3) Si= ?E [KTDI(k+2n+ 1) Tieonea($)]. (AB)
= k=1
This amounts to substituting We obtain the approximate asymptotic valus—0.42, S,
oy = 112, By, = 114 (A4) —0086,5,—-0.013,5,-0.008, ... lim_.. §,=0, which

shows that the main contributions are associated to the phase

in Eq. (15). We obtain in this approximation AgjoMo=—7/2.
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