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Postpulse Molecular Alignment Measured by a Weak Field Polarization Technique
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We report a direct nonintrusive observation of alignment and planar delocalization of CO2 after an
intense linearly polarized femtosecond laser pulse excitation. The effects are measured by a polar-
ization technique involving a perturbative probe that itself does not induce appreciable alignment. We
show that this technique allows one to measure a signal proportional to hcos2�i � 1=3, with � the angle
between the molecular axis and the laser polarization. Simulations that support this analysis allow one
to characterize the experimentally observed alignment and planar delocalization quantitatively.
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the molecule is predominantly aligned in the direction of
the laser polarization. If hcos2�i< 1=3 the probability

duration Tp, of peak amplitude E0p and of fixed polar-
ization vector ~eep). Since no excited electronic states and
Introduction.—Spatial manipulation of molecules by
intense laser fields and, in particular, molecular align-
ment is of considerable importance for the control of
quantum processes [1–3], e.g., in molecular optics [4].

It has been theoretically shown that the alignment by
nonresonant pulses is mainly due to the anisotropic polar-
izability [5]. Two mechanisms have been predicted and
confirmed experimentally: adiabatic and sudden align-
ment. The adiabatic alignment means that a (typically
nanosecond) laser pulse of duration Ta such that Ta �
	h=B0, where B0 is the rotational constant, allows to align
the molecule by adiabatic transport during the interaction
with the laser pulse [2,6,7]. The molecule goes back to its
initial condition when the laser is switched off. The align-
ment in the sudden regime by an ultrashort (typically
femtosecond to picosecond) pulse of duration Ts, such
that Ts � 	h=B0, induces a field-free transient alignment,
occurring periodically in time as long as the coherence of
the process is preserved [6,8,9]. One of the principal
results is the robustness of these revivals with respect to
the incoherent thermal effects [6,10]. These revival struc-
tures have been recently observed by an imaging techni-
que [11].

To our knowledge most of the measurements of align-
ment have been so far realized by breaking the molecule
through multielectron dissociative ionization (MEDI),
and consequently inducing also additional alignment
(see, for instance, [11,12]). In the alignment experiment
of Ref. [2], the probe was implemented by low laser
intensity through a resonant dissociation followed by
the ionization of the fragments. In these works the quan-
titative characterization of the alignment, i.e., the evalu-
ation of hcos2�i, is deduced from the angular distribution
of the ionized fragments. In this article we present an
alternative method based on a weak field polarization
spectroscopy technique that allows one to measure a
signal proportional to the difference of hcos2�i with its
isotropic value 1=3 (or its square), and thus to access
directly the measure of the alignment. If hcos2�i > 1=3,
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distribution for the axis of the molecule is concentrated
around a plane orthogonal to the polarization. Since all
the directions in this plane have the same probability, this
case is labeled as planar delocalization.

We apply this polarization technique to measure the
alignment of CO2 molecules induced by a nonresonant
femtosecond laser excitation which creates a rotational
wave packet in the ground vibronic state. Numerical
simulations, including centrifugal distorsion, are in
good agreement with the experimental observations for
various intensities, at room temperature and at lower
temperatures in a molecular supersonic jet. We extract
hcos2�i as a function of time from these simulations and
observe a maximum value of hcos2�i � 0:65 for the
alignment and a minimum of hcos2�i � 0:2 for the planar
delocalization.

The model and the alignment measurement.—The tech-
nique described in the present Letter is similar to the
one used in Raman-induced polarization spectroscopy
(RIPS) (see, e.g., [13]). The usual RIPS makes use of a
perturbative pump field and is therefore interpreted as a
coherent four-photon process. The laser fields excite the
molecules perturbatively (in the sense that the four-
photon perturbation theory can be used) and do not pro-
duce significant alignment. Here we use a strong pump
pulse that induces efficient molecular alignment, which is
probed through a two-photon Raman process that does
not affect significantly the alignment process.

In what follows, we present a model that allows one to
extract from the measurements the value of the hcos2�i in
order to quantify the degree of alignment achieved in the
experiment.

We consider a nonpolar linear molecule of Hamil-
tonian H0 in its ground vibronic state, such that one can
approximate it as a rotor of rotational constant B0 with a
centrifugal distorsion of constantD0:H0 � B0J

2 �D0J
4:

The molecule is subject to a nonresonant pump laser

field ~EEp�t	 � ~eepE0p

������������
�p�t	

q
cos!pt (of frequency !p, of

pulse intensity envelope �p�t	 centered at t � 0 and of
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vibrational states are resonantly coupled, the effective
Hamiltonian can be written as [5,14,15]

Hp � H0 � ~��p 
 ~EEp�t	; (1)

where the effective dipole moment is given by

~��p �
1

2
~~��~�� ~EEp�t	; (2)

with ~~��~�� the dynamical polarizability tensor which in-
cludes the contribution of the excited electronic states.
In the high frequency limit (with respect to the rotational
frequency), this leads to

Heff
p � H0 �

1

4
E2
0p�p�t	���k � �?	 cos

2�� �?�: (3)

The polar angle between the molecular axis and the
direction of the field is denoted by � 2 �0; �� , �k,
and �? are the components of the dynamical polariz-
ability, respectively, parallel and perpendicular to the
molecular axis.

To interpret the process at temperatures different from
zero, we first consider the coherent processes with initial
condition as a pure state eigenvector jJ;Mi of H0, and
then average over the incoherent thermal distribution
(see, e.g., [6]). After the pump excitation, the state vector
of the free molecule denoted by  �t	 is next excited by a
nonresonant linearly polarized weak probe pulse ~EE s�t	 �
~eesE0s

��������������������
�s�t� �	

p
cos!s�t� �	 delayed by � with respect

to the pump pulse, and of duration Ts. This probe excita-
tion induces a weak dipole moment ~��s�t	 �

1
2
~~��~�� ~EE s�t	 of

amplitude

~��0s�t	 �
1

2
~~��~�� ~eesE0s

��������������������
�s�t� �	

p
: (4)

Through a standard adiabatic perturbative analysis, re-
quiring Ts � 2�=!s and 2�=!s � � 	h=B0, the intensity
Isig of the component of polarization ~ee (selected by an
analyzer) emitted by this dipole is proportional to

Isig��	 /
Z ��Td=2

��Td=2
dtjh �t	j ~ee 
 ~��0s�t	j �t	ij

2; (5a)

/ jh ~ee 
 ~~��~�� ~eesi ��	j
2; (5b)

where Td � Ts is the response time of the detection
device. For simplicity the convolution of the probe pulse
is omitted in Eq. (5b) (when Ts � � 	h=B0), but it is
included in the numerical calculations. The sensitivity
of the polarization technique is maximized when the
probe field is polarized at �=4 with respect to the pump
and the analyzer is orthogonal to the probe field, which
gives

~ee 
 ~~��~�� ~ees �
1

2
��k � �?	�cos

2�� sin2� sin2’	; (6)

where ’ is the azimutal angle. Since the state vector can
be written as  ��;’; t	 � ���; t	 exp�iM’	, we obtain
153601-2
Ihomsig ��	 /
�
hcos2�i���	 �

1

3

�
2
: (7)

This establishes that this pump-probe setup gives a direct
quantitative measurement of the alignment.

Equation (7) is derived for homodyne detection, i.e.,
when the signal is directly proportional to the square
modulus of the electric field component (selected by an
analyzer). In the presence of permanent birefringence
produced by optical components, the detection becomes
heterodyne and Eq. (7) has to be replaced by

Ihetsig ��	 /
�
hcos2�i���	 �

1

3
� C

�
2
; (8)

where C is a constant proportional to the electric probe
field [13]. In the case of pure heterodyne detection [i.e., C
much larger than hcos2�i���	], the signal becomes propor-
tional to hcos2�i���	.

The experimental data will be quantitatively inter-
preted in terms of alignment by Eqs. (7) or (8) as follows:
(i) Taking into account the estimated experimental con-
ditions (temperature, pump pulse shape, and peak inten-
sity), we calculate numerically the wave function  p��; t	
during the pump interaction by solving the time depend-
ent Schrödinger equation, for each initial condition �J;M	
relevant to the thermal Boltzmann distribution; (ii) the
expected value of hcos2�i��	 is evaluated after the pump
interaction and then averaged over the Boltzmann distri-
bution; (iii) according to Eqs. (7) and (8), the numerical
result is fitted to the experimental data by applying an
appropriate scale factor and by adjusting the pump inten-
sity in the preceeding calculations around its experimen-
tal value to find the best agreement. The effective
intensity used in the calculation takes into account,
among others, the volume effect not included in the
model.

Experimental.—We have investigated the post-pulse
alignment of the CO2 molecules at room temperature in
a static cell, and at a lower temperature, in a supersonic
free jet expansion. We give below the salient features of
the experimental arrangement described in detail in
Ref. [13]. The laser system consists of a chirped pulse
amplified Ti sapphire system operating at 800 nm and at a
repetition rate of 20 Hz. The 100 fs output pulse was split
into two parts to provide a strong energy pump beam and
a weak energy probe beam (i.e., 2% of the pump energy)
both linearly polarized at 45� with respect to each other.
The time delay between the pump and probe pulses was
adjusted by a variable delay line. The two beams were
then focused in a crossed configuration into the gas
sample. The detection was arranged to measure the elec-
tric field induced by the probe pulse along the direction
perpendicular to the polarization vector of the probe.

In the static cell, the pressure was adjusted to 150 Torr
and the measurements were carried out with homodyne
detection, where the signal is described by Eq. (7).
153601-2
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FIG. 1. Homodyne signal (dotted curve) as a function of the
pump-probe delay � in CO2 at room temperature. Numerical
simulation (full curve) of Eq. (7) at 296 K for a Gaussian pump
envelope of 100 fs pulse duration and peak intensities (a) I �
8 TW=cm2, (b) I � 14 TW=cm2, and (c) I � 75 TW=cm2. The
corresponding values of hcos2�i are depicted on the right line
scale (dashed curve).
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The supersonic jet of CO2 was produced from a stag-
nation pressure of 7 bars through a 500 �m diameter
nozzle. The distance between the laser foci and the jet
nozzle was set at 1.5 mm. At a larger distance, the
decrease of the number density did not allow to perform
measurements in suitable conditions. Because of the
small birefringence of the vacuum chamber windows,
the signal obtained in the jet configuration was hetero-
dyned with a part of the probe laser, which is thus
described by Eq. (8).

Results and discussion.—Under this experimental ar-
rangement, the signal observed in the pump-probe delay
domain consists of four transients recurring at a period
coinciding with the classical rotational period Tr �
	h�=B0 � 42:7 ps [8]. During each transient there is alter-
natively a significant field-free alignment and planar
delocalization [8,10,11].

The central peaks of the transients around � � 3Tr=4
and � � Tr=4 correspond, respectively, to an alignment
of the molecular axis along the pump polarization, and to
a planar delocalization in a plane orthogonal to the pump
polarization.

Figure 1 shows the probe signal recorded in a static cell
of CO2 for three different laser intensities with a pump-
probe delay tuned around Tr=2 � 21:4 ps. The properties
that we discuss here for the second transient are also
observed at the other transients. The intensity dependence
of the observed signal is dominated by the structural
change of the recurrence with increasing pump field
strength. This dependence is well reproduced by the nu-
merical simulation of Eq. (7) performed at 296 K. This is
displayed on the same graphs, where the background and
the ordinate scale have been adjusted. The best agree-
ments with the experimental data have been found by
using effective pump intensities 30% lower than the
measured peak intensities. We point out that collisional
processes have not been included in the theoretical model.
In fact, the perturbation of the alignment due to colli-
sions is negligible on the time scale explored in Fig. 1.
Therefore, at room or lower temperatures and at low
pressure, the collisions do not modify the structural shape
of a given transient but rather change the relative ampli-
tudes between the different transients. The scaled right
axis of the graphs displayed in Fig. 1 indicates the cor-
responding value of hcos2�i.

Permanent postpulse alignment has been discussed in
Refs. [8,10,16]. In the present experiment we observe a
tiny permanent alignment with hcos2�i slightly different
from 1=3. It comes from the contribution to the rotational
wave packet of eigenstates of the field-free molecule
having a rotational angular momentum J larger than its
projection M along the polarization axis, since the pump
field allows one to excite higher J states starting from
initial values Ji and Mi, with the latter conserved during
the interaction.

For the larger intensity of 75 TW=cm2, hcos2�i varies
between the peak values 0.21 and 0.52, which correspond,
153601-3
respectively, to a planar delocalization and an alignment
of the molecule. At this intensity, after the extinction of
the pump the distribution of the rotational population is
broadened and shifted towards the large J values with
respect to the initial thermal distribution. We have
checked numerically that the second-order hyper-
polarizability plays a negligible role for CO2 (the first-
order hyperpolarizability is zero), even for the strongest
intensity used in the present work. The simulation shows
that a larger alignment is achieved for the transient
around � � 3Tr=4 with hcos2�i � 0:56.

The benefit of using a cold molecular sample for the
alignment process has been largely discussed in litera-
ture: The lower the number of initially populated rota-
tional states, the higher alignment can be achieved. In
order to confirm experimentally this assertion, we have
conducted the experiment at a lower temperature in a
jet. The heterodyne signals measured in the free jet
expansion for two different laser intensities are shown
in Fig. 2 together with the results of the theoretical model
according to Eq. (8) with the constant C adjusted around
a value deduced from the background signal. This
parameter C only affects the relative magnitude be-
tween the peaks and the valleys while leaving the width
of the transients unchanged. In the simulation, we
have adjusted to 60 K the rotational temperature,
which is consistent with the experimental temperature,
153601-3
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FIG. 2. Same as Fig. 1 with a heterodyne signal obtained in a
supersonic free jet of pure CO2 for the simulation of Eq. (8)
performed at 60 K and (a) I � 18 TW=cm2 and (b) I �
57 TW=cm2.
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assuming an isentropic expansion of the supersonic jet.
Comparison between Figs. 1(c) and 2(b) shows that at low
temperature better alignment (hcos2�i � 0:65) and planar
delocalization (hcos2�i � 0:2) are achieved, even if the
pump intensity in the jet experiment was lower than the
one used at room temperature.

In Fig. 3 we have plotted the angular probability dis-
tribution P��; �	 of the transient around � � Tr=2, corre-
sponding to the experimental conditions of Fig. 2(b). For
large values of hcos2�i the angular distribution is peaked
around � � 0 and � � � (alignment), whereas for low
values of hcos2�i it is peaked around � � �=2 (planar
delocalization). This result of Fig. 3 could be observed
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FIG. 3. Angular probability distribution P��; �	 calculated
for the conditions of Fig. 2(b) and around a pump-probe delay
� � 21 ps.
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experimentally for instance by using an imaging techni-
que that detects the alignment by fragmentation [2].

By increasing the cooling, a much higher degree of
alignment can be achieved, although it was not possible
with the present polarization technique to detect its effect
due to the low gas number density. A simulation per-
formed at 2 K shows that a peak value of hcos2�i �
0:87 can be in principle achieved.

In conclusion, we have demonstrated alignment of
molecules with short laser pulses probed by a polarization
technique that allows for an unambiguous evaluation of
hcos2�i. The perturbative probe employed in this techni-
que offers the benefit of being nonintrusive, i.e., leaving
the molecule intact while measuring its degree of align-
ment. This work could be in principle applied to produce
and monitor the alignment of bulk molecules during a
chemical process.
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