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Abstract Time-resolved detection of field-free molec-
ular alignment is investigated by phase contrast. The
technique based on a 4 f imager operating as an inverted
Zernike spatial filter makes it possible to discriminate be-
tween positive and negative molecular alignment revivals
produced in a linear molecule. The measurements are
performed in a way that minimizes the contamination
of the signal by the plasma generated during the align-
ing pulse. The observations are supported by a semi-
analytical model, from which the degree of alignment

produced at the beam focus is estimated.

1 Introduction

Field-free alignment, also known as nonadiabatic align-

ment, is a process that occurs when non-spherical molecules

are exposed to a short and intense laser pulse[l]. The
nonresonant interaction driven by a pulse of duration

much shorter than the classical rotational period results

in the production of postpulse transient molecular align-
ment revivals. The possibility of confining in space the
rotational axes of a molecule, in the absence of strong
driving field, has been found particularly useful in vari-
ous fields extending to high-harmonic generation and at-
tophysics [2], molecular tomography [3], molecular-frame
photoelectron angular distribution [4], laser filamenta-

tion [5], control of molecular scattering [6], and so forth.

Some of the aforementioned applications require a
large number density of molecules (10?3 — 106 m~3)
that restricts the detection to optical methods. Optical
probing of molecular alignment relies on the all-optical
Kerr effect produced by the reorientation of the molecu-
lar dipoles leading to a change of the refractive index [7].
Depending on the detection scheme, the optical probe
allows either the retrieval of (cos? #) —1/3 or its squared
value, with (cos? §) the quantum expectation value and

0 the angle between the molecular axis and the direction

of the field.



The present work investigates the phase sensitive de-
tection of alignment revivals through time-resolved 4f
coherent imaging [8], enabling a direct observation of
(cos? ) — 1/3. Tt provides a simple and readily imple-
mentable technique allowing to monitor field-free revivals,
as well as to discriminate between alignment ({cos? §) >
1/3) and planar delocalization ((cos?6) < 1/3). The
present 4f coherent imager is inspired by the Zernike
phase contrast technique [9] used in microscopy. In the
latter, the phase shifting filter and the unknown phase
object are located at the Fourier and input plane of a
4f imager system, respectively. In the former, the filter
is placed at the input plane of the imager in order to
get information about the field-induced nonlinear phase
produced at the Fourier plane of the imager, as origi-
nally proposed by Boudebs et al. [10] and recently im-

plemented in a pump-probe version [11].

2 Experiments

The experimental setup is depicted in Fig.1. A static
cell (not represented) of COy molecules placed at the
Fourier plane of the 4f imager is first exposed to a lin-
early polarized strong pump pulse whose large intensity
is responsible for a field-free alignment of the molecules.
The nonlinear time-dependent refractive index result-
ing from this alignment is then experienced by a time-
delayed probe pulse of the same frequency. The polar-
ization of the probe pulse can be set either parallel or

perpendicular to the pump pulse, depending on the ori-
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Fig. 1 (Color online) Pump-probe setup of the 4f coher-

ent imager. BS: beam splitter. M: mirrors. BE: beam ex-
pander (4x). PO: phase object. CA: circular aperture. L1,
Lo: £=200 mm lenses. BD: beam dump. CCD: charge-coupled

device.

entation of the half-wave plate. For better sensitivity, the
input probe beam is filtered by a circular aperture (CA)
of radius R, = 4.5 mm, so that its spatial profile is al-
most top-hat. The phase sensitive detection is performed
by inserting in the central part of the top-hat beam a
phase object (PO), i.e. a thin film of fused silica of ra-
dius Lp = 1.5 mm inducing a /2 phase shift at 800 nm
[12]. The CA and the PO are located at the object plane
of the imager. Both pulses are derived from a chirped
pulse amplified Ti:sapphire femtosecond laser. The sys-
tem provides 100 fs-duration pulses at a repetition rate
of 1 kHz, with a wavelength centered at 800 nm. The
intensity of the second pulse is limited so that the align-
ment produced by the probe alone can be disregarded.

The crossing angle between the two beams is ~ 4°.
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Fig. 2 (Color online) (a) Phase contrast image recorded

in CO2 by a CCD camera (exposure time of 82 ms). (b)
Lineout through the image center normalized to unity. AT":

transmission change.

3 Results and discussion

The phase contrast image of the probe recorded with
parallel field polarizations and a pump-probe delay set
to Tr/4, with Tr =~ 42.7ps the rotational period of
CO; [13], is shown in Fig.2 (a). The contrast between
the inner disk (PO’s image) and the outer ring (CA’s
image) is due to the accumulated nonlinear phase in-
duced by field-free alignment along the propagation of
the probe. The signal depicted in Fig. 2(b) is an aver-
age over 180 lineouts measured by step of 1°. We see
that the transmission change AT is negative, meaning
that (cos®#) < 1/3 for Tr /4. This is consistent with the
fact that the quarter revival is produced by molecules
delocalized in a plane perpendicular to the field polar-
ization. The measurement of Fig.2 has been repeated
for different values of the pump-probe delay. In order to
improve the signal-to-noise ratio, the normalized trans-
mission S = (Spy — Sca)/Sca has been evaluated

for each delay, with Sp and Scp defining the sig-

nal averaged over the image of the phase object (PO)
and circular aperture (CA), respectively. The results are
shown in Fig. 3 for a low (a) and high (b) intensity of the
aligning laser. Each data point results from an average
over 30 images similar to the one presented in Fig. 2.
At low intensity, the signal displays the well known tem-
poral structures, featuring the field-free alignment of a
homonuclear molecule, i.e. a series of revivals spaced by
Tgr/4 alternating between positive (alignment) and nega-
tive (planar delocalization) values [14]. The positive peak
observed around the zero delay results from the rota-
tional and electronic contributions to the Kerr effect. For
higher intensity, the alignment signal is substantially al-
tered by the presence of the long living plasma resulting
from ionization of the gas by the pump pulse. The neg-
ative phase introduced by the free electrons leads to a
persistent negative shift of the contrast at positive de-
lays as observed in Fig. 3(b). Another intensity effect is
the large negative signal observed around the zero delay

as in birefringence measurements [15].

In order to support the experimental observations,
we carry out a numerical model of the phase contrast
method applied to molecular alignment detection. For
that purpose, we consider at the front focal plane of the
first lens (L1) a pump pulse with a gaussian wavefront

given by

Ep(r,t) = Ep(t) exp (—r? /wg) exp(iwt), (1)
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Fig. 3 (Color online) Signals deduced from the phase con-
trast images recorded for different delays at an averaged in-

tensity of the aligning pulse of (a) 15 and (b) 48 TW /cm?.

with Ep(t) a slowly varying amplitude taking into ac-
count the temporal distribution, wg the beam radius de-
fined at 1/e? of the peak intensity, w the angular fre-
quency, and r the radial space coordinate. Neglecting
the finite extent of the lens, the pump field at the back
focal plane of the lens is given by the spatial Fourier

transform of the input wavefront

Ep(u,t) =2m /OOo Ep(r,t)Jo(2mru)rdr, (2)

where u = 7/ /\f and 1’ are respectively the radial spatial
frequency and space coordinate at the Fourier plane, f is
the focal length, and Jy is the zeroth order Bessel func-
tion. The molecules exposed to the pump field undergo
a field-free alignment leading to a spatial and tempo-
ral modulation of the refractive index. Along a direction
parallel and perpendicular to the field, the change of the
index of refraction is described by

N A«

€0

Anj(u,t) = ((cos® 0)(u,t) — 1/3) (3)
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and

Ang (u,t) = f%AnH (u,t), (4)

respectively [13]. In these expressions, N is the num-
ber density of molecules, €y is the vacuum permittiv-
ity, and Aa = o) — ay is the anisotropy of polarizabil-
ity, with oy and o) being the polarizability components
parallel and perpendicular to the molecular axis, respec-
tively. (cos?0) is calculated by solving the time depen-
dent Schrédinger equation [13] assuming a gas sample of
initial temperature Ty = 300 K and an intensity of the

field at the back focal plane of L, given by
Ip(u,t) = Io(t) exp (—2m%wiu?), (5)

as determined from the product Ep(u,t)Ep(u,t)* cal-
culated by using (1) and (2), with Iy(t) the temporal
intensity.

As shown in Ref. [16], the spatial Fourier transform
of the time-delayed probe pulse at the back focal plane

of Ly is given by

Ep,(v,t') = [B(v) + p* (i — 1) B(vp)] Ep,(t) exp (iwt')

(6)
where Ep,(t') is the temporal envelope of the probe
pulse, ' =t — 7, with 7 the temporal delay between the
two pulses, v = 2nuR,, p = Lp/Ra, B(x) = 2J1(x)/x
is the Besinc function with Ji(x) the first order Bessel
function. The Besinc function B(v) (resp., B(vp)), de-
scribes the probe field filtered through the circular aper-
ture CA (resp., phase object PO) depicted in Fig. 1. In

the presence of the pump field, the molecular alignment
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imprints on the wavefront of the probe field a nonlin-
ear phase shift ¢ni,(u,t) = (2m/\)LAn(u,t), reflecting
the temporal dynamics induced by the pump process
at time ¢, with L the interaction length between the
two pulses and A\ the wavelength. For parallel and per-
pendicular polarization we have An(u,t) = Anj(u,t)
and An(u,t) = An (u,t), respectively. The probe field
distribution in the back focal plane of the second lens
(L), i.e. the image plane of the 4f setup, is obtained
through the Fourier transform of the phase-shifted field

Ep,(v,t') exp [ipnL (v, )] resulting in

Eout (1, t,t") = Epy (t) [cire (r/Ra) (7)

+ (i — 1) cire (r/Lp) + «a(r, t)} )

where circ(z) stands for the circle function. The two
first terms on the right-hand side of this equation corre-
spond respectively to the image of the circular aperture
and the phase object, whereas the third term «(r,t) =
ag(r,t)+ (i—1)aq (1, t) represents the modification of the
field image introduced by the pump-induced alignment

with

a;(r.t) = /0 " fexp lin (v, 0] — 13 Jo (vyr/ Ra) 1 (),

(8)
i =01 v9 = v, and v; = v/p[16]. Finally, from the
intensity integrated over the time response of the CCD
camera pixels

Tout(r, 7) / | Eous (ry t, ) |2dt! 9)

— 00

5
we define
1o 2o (r,7)d
wrLou (1, 7)dr
Spo(7) = 15 - (10)
Jo & 2mrdr
and
fLRa 277 Lo (1, 7)dr
ScA(T) = (11)

Ry,
27rdr

the signal integrated over the image of the phase object
and circular aperture, respectively.

The expectation value (cos? #) —1/3 has been calcu-
lated in CO4 for different intensities up to 100 TW/cm?.
The maximum value produced at 3T /4 is shown in Fig.
4(a). The corresponding value of the nonlinear phase ¢,
estimated from the experimental conditions, i.e. P =1
bar, T=300 K, p = 0.34, and L = 0.05 mm is shown on
the right-hand scale. Figure 4(b) displays the value of
the normalized transmission change S deduced from the
calculation of (10) and (11) for the same intensities as in
Fig. 4(a). In order to account for optical aberrations and
imperfections of the laser beam profile, the calculations
have been performed with a focal length f set to 240 mm
(instead of 200 mm) so as to obtain a probe beam radius
that matches the one measured at the Fourier plane of
Ly, i.e. 22 pym. The results show that the relation be-
tween S and ¢y, is linear, in agreement with the theory
that predicts a linear detection for ¢n1, < @max, Where
¢Pmax =~ 4.2 rad for p ~ 0.34[16].

A comprehensive analysis of the experimental data
presented in Fig.3 would require the plasma to be in-
cluded in the model. Compared to alignment, the plasma

generation by a 800 nm pulse is a much higher-order pro-
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Fig. 4 (Color online) (a) (cos® ) —1/3 (left-hand scale) and
the corresponding nonlinear phase (right-hand scale) versus
intensity calculated in CO2 at 37w /4, at room temperature,
and for a pulse duration of 100 fs. (b) Normalized transmis-

sion change S versus nonlinear phase.

cess with respect to intensity. Introducing the plasma
effect in the simulations would therefore lead to an es-
timation of the alignment that would be conditioned by
the accuracy of the theoretical model used to describe
the ionization process. The alternative proposed in this
work is to remove the plasma contribution from the data
by measuring the signal for two different polarizations of
the probe. We have shown in Fig. 4(b) that the phase
contrast signal is proportional to the nonlinear phase in-
duced by the pump. When the two pulses are polarized
along the same axis, the phase experienced by the probe
pulse is proportional to the alignment-induced refrac-
tive index An. Additionally, the probe undergoes the
refractive index Ang of the free electrons resulting from
the pump ionization. The signal is therefore the sum of

these two contributions: S oc An|| + f (Ane), with f()
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the function that describes the effect of the free electrons
on the phase contrast signal and An| given by (3). When
the two pulses are crossed-polarized, the phase contrast
signal writes S| o< An, + f (Ane), with An given by
(4). The plasma being isotropic with respect to the po-
larization of the probe, its contribution to the signal is
the same in both field configurations [17]. The anisotropy
induced by the molecular alignment can hence be used in
order to isolate the plasma contribution from the signal.
Our method therefore consists in recording the pump-
probe phase contrast signal for each polarization, keep-
ing all other parameters identical. Then by combining
the records so that AS = 2/3 (S —S51) o« An| and
XS =1/3 (SH + 251_) o Ane one can separate the align-

ment and plasma contribution, respectively.

The method is tested in CO5 exposed to two dif-
ferent laser intensities. The results are shown in Fig. 5.
As an attempt to maintain a good signal-to-noise ratio,
we shortened the acquisition time by limiting the de-
lay range to the two first revivals. The measurements
have been performed under a static pressure of 1 bar.
Compared to Fig. 3 the elimination of the plasma con-
tribution in Figs. 5(a) and (b) allows to uncover the per-
manent alignment effect, revealed by a positive offset in
the pump-probe trace at positive delays [18]. The align-
ment revivals are also subject to a decay of time constant
Te.on = 60 ps/bar due to collisions perceptible at both
intensities. The alignment free signals shown in Figs. 5(c)

and (d) feature a clear decay corresponding to the life
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Fig. 5 (Color online) Plasma free (a, b) and molecular free
(c, d) phase contrast signals (full blue lines, left-hand scale)
recorded for an averaged intensity of 387 TW/cm? (a, c)
and 55410 TW/cm? (b, d). {cos? 8) — 1/3 (red dashed-lines,
right-hand scale) calculated at an intensity of 38 (a) and 55

TW/cm? (b), respectively.

time of the plasma. Since the alignment of the molecules
and especially their ionization are favored by the inten-
sity, both permanent alignment and plasma decay are

more noticeable at the largest intensity.

The numerical model described in this section has
been used to calculate the plasma free signal of Figs. 5
(a) and (b) based on (10) and (11). The spatial beam
profiles have been indirectly taken into account through
the use of an effective intensity. As shown in a previous
work [19], a reasonable match between theory and exper-
iment can be obtained by performing the calculations
at the averaged intensity estimated from the measure-
ments of the input pulse parameters. The simulations of
(cos? §) —1/3 are shown on the right-hand scale of Figs. 5

(a) and (b).
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Fig. 6 (Color online) Phase contrast signals recorded with
Fourier transformed limited pulses of 100 fs duration (full red
line) and chirped pulses of 220 fs duration (blue dashed-line)

of the same energy 110 uJ.

The ability of the method to detect simultaneously
alignment and plasma opens the way for an active con-
trol between these two processes. The present technique
could be advantageously combined with pulse shaping
strategies in order to control the ratio between align-
ment and plasma production. This parameter plays a
dominant role in filamentation [20]. As an example, the
influence of a quadratic chirp on the input pulses is de-
picted in Fig. 6. As shown, such a simple tailoring al-
lows a large reduction of the plasma contribution com-
pared to the alignment. The resulting modifications of
the alignment in width and amplitude could be allevi-
ated by using more complex pulse shapes designed by
a self learning evolutionary algorithm that would also

extend the control performance.

4 Conclusions

Laser-induced field-free molecular alignment has been

investigated at room temperature in CO2 by a time-



resolved phase contrast technique. The parameters of the
experiment have been introduced in a semi-analytical
model for evaluating the dependence of the signal on
the nonlinear phase induced by the molecular alignment.
Under the present conditions, i.e. moderate gas pres-
sure, short interaction length, and moderate tempera-
ture, the phase contrast signal displays a linear response
with (cos?6) (6 being the angle between the molecu-
lar axis and the field) enabling therefore a quantitative
evaluation of the alignment produced at the laser focus.
A method to circumvent the detrimental effect of the
plasma on the measurements has also been proposed
and tested for different laser intensities. For the sake
of simplicity, the technique has been tested with a lin-
ear molecule. However, as with other optical-based tech-
niques [24,25,13], the extending Zernike phase contrast
technique provides a measure of alignment generally in-
volving different molecular axes. Therefore, it could be
easily applied to more complex gas-phase systems in-
cluding nonlinear molecules exposed to linear [21] and
elliptic field excitations [22] or molecules in contact with

dissipative environments [23].

As a heterodyne technique the phase contrast pro-
vides a good alternative to other all-optical homodyne
detection techniques not sensitive to the phase of the
signal field like cross-defocusing [24] or degenerate four
wave mixing [25]. Furthermore, as a technique operat-
ing on a single shot basis it does not necessarily require

a combination of different measurements like in tran-

J. Houzet et al.

sient birefringence detection [13]. These two features,
i.e. heterodyne and plasma sensitive detections, make
the present phase contrast technique particularly rele-
vant to improved quantitative determinations of ioniza-
tion probability using the alignment signal as a calibra-
tion tool [17,26]. It is also well suited to comparative
studies of nonlinear refractive index and plasma effects
occurring in the nonlinear propagation of intense laser
pulses, as for instance in laser filamentation or optical

pulse compression.
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