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Permanent planar alignment of gas-phase linear molecules is achieved by a pair of delayed per-
pendicularly polarized short laser pulses. The experiment is performed in a supersonic jet ensuring
a relatively high number density of molecules with moderately low rotational temperature. The
effect is optically probed on a femtosecond time scale by the use of a third short pulse, enabling
a time-resolved birefringence detection performed successively in two perpendicular planes of the
laboratory frame. The technique allows for an unambiguous estimation of the molecular planar
delocalization produced within the polarization plane of the pulse pair after the turn-off of the field.
The measurements are supported by numerical simulations which lead to the quantification of the
observed effect and provide more physical insights into the phenomenon.

PACS numbers: 37.10.Vz, 42.50.Hz, 42.50.Md

I. INTRODUCTION

The space handling of molecules is a fascinating topic
that has received during these last years a growing at-
tention. In particular, molecular alignment induced by
a laser field was shown to be practically useful in vari-
ous fields extending to high-harmonic generation and at-
tophysics [1, 2], molecular tomography [3, 4], molecular-
frame photoelectron angular distribution [5-7], ultrafast
all-optical switching of electrical junctions [8], laser fil-
amentation [9], ultrafast optical imaging[10, 11], gener-
ation of terahertz radiation[12, 13], and so forth. Al-
though the mechanisms at play in molecular alignment
are now well understood, as documented in both experi-
mental [14, 15] and theoretical [16] works, valuable strate-
gies that aim at optimizing angular focusing [17, 18] or
at preparing angular distributions designed for specific
applications [19] remain a current challenge.

Recently, the ultrafast orientation of the angular mo-
mentum of a symmetric top molecule has been achieved
using a sequence of two short laser pulses, properly de-
layed and polarized at 45° with respect to each other [20].
The field arrangement enables the production of an asym-
metric distribution of the helicity quantum number M,
defined as the projection of the total angular momen-
tum J along the quantization axis, supporting the ro-
tation of the molecules in one sense rather than in the
other [21, 22]. At the same time, a strategy to produce a
field-free permanent molecular planar alignment was pro-
posed [23]. The two previous approaches mainly differ by
the relative intensity, the delay, and more importantly,
the mutual polarization between the two pulses. In the
latter, the two pulses form an angle of 90° in order to
optimize the confinement of the molecular axis in the
polarization plane, which is performed to the detriment
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of the orientation of the angular momentum achieved in
the former.

Permanent planar alignment is relevant for various ap-
plications including stereodynamics effects of elementary
processes. For instance, it can play an important role
on the adsorption of molecules on a surface [24, 25]. The
scattering of molecules through electrostrictive forces [26]
is also influenced by the rotation of the molecules[27].
Very recently, it has been shown that the deflection an-
gles can be controlled by tilting the plane of rotation of
the molecule prepared in a state of planar alignment [28].

II. METHODS

Hereby, we provide an experimental realization of per-
manent planar alignment by demonstrating the effect for
a linear molecule. We consider two short laser pulses co-
propagating along the z axis and linearly polarized along
two different coordinate axes of the laboratory frame,
e.g. x and y, respectively. Both pulses, of same wave-
length, are temporally delayed by T}/2, where T; is the
rotational period of the molecule. Each pulse individ-
ually produces a non-adiabatic alignment of the linear
molecule along its respective polarization axis[14], fea-
tured by field-free revivals occurring at fractional times
of the rotational period superimposed on a permanent
alignment component. However, the collective action of
the two pulses results on a transient alignment of the
molecular axis that alternates between the two z and y
directions during each revival. More importantly, it also
leads to a quasi steady confinement of the molecular axis
in the (zy) plane [23].

This permanent planar alignment can be understood
in a first approach in terms of selection rules. The align-
ment proceeds from the non-resonant impulsive Raman
excitation of the molecular polarizability resulting in a
rotational wave packet produced in the ground vibronic
state of the molecule. Considering first a single lin-
early polarized pulse, the electric-dipole-allowed Raman



transitions satisfy the selection rules AJ = 0,42 and
AM = 0. Starting from the initial condition |Jo, M),
the |J > Jo, My) states are populated through stepwise
excitation during the strong pulse interaction. The an-
gular distribution of these unequally populated helicity
states correspond to a confinement of the molecular axis
along the quantization axis, i.e. the field direction, to-
gether with a delocalization of the total angular momen-
tum in the equatorial plane. Considering now the se-
quence of cross-polarized pulses introduced above, the
total field, in addition, leads to AM = 42 transitions,
enabling the population of the |J > Jo, M| > |My]) lev-
els. These spatially anisotropic states, in particular those
for which M ~ J and M ~ —/J, represent respectively the
molecules with an angular momentum J pointing along
the two opposite directions of the quantization axis z.
For the pulse delay T;/2, the superposition of the free-
evolving states populated during the pulse interactions
leads to a quasi-symmetric distribution in M, with an
angular momentum aligned along the z axis, and to a
confinement of the molecular axis in the plane of polar-
ization spanned by the two field vectors [23].

III. RESULTS AND DISCUSSION
A. Experiment

In order to track the free evolution of the system pre-
pared by the bi-pulse, we optically probe the molecules
with a third delayed pulse [29]. The experiment is per-
formed on the CO2 molecule. For a better efficiency of
the process, the molecules are rotationally cooled down
to a temperature of the order of 100 K in a supersonic
expansion of a continuous jet. The number density esti-
mated at the interaction region is close to 10'%cm=3. For
this study, the relevant observable is (cos?6,), with ()
indicating the quantum expectation value and 6, the an-
gle of the molecular axis with respect to the propagation
z axis. A planar alignment in the polarization (zy) plane
is achieved when (cos? §,) < 1/3, whereas (cos®6,) > 1/3
reflects an alignment along the z axis, 1/3 being the de-
gree of alignment at thermal equilibrium. In principle,
a cross-Kerr defocusing technique allows to reveal the
value of (cos? ) from the spatial modification of the re-
fractive index measured by a probe field polarized along
the z axis [30, 31]. However, it has been shown that
experiments performed with this technique at large peak
intensity suffer from an additional signal produced by the
free electrons due to the ionization of the gas sample [32].
For this reason, we have employed a time-resolved polar-
ization technique immune to plasma effects, and partic-
ularly sensitive for probing molecular alignment of linear
[33-36] and asymmetric top molecules [37]. It consists
in measuring the transient birefringence experienced by
a probe pulse linearly polarized at 45° with respect to a
pair of space-fixed axes i, j. In heterodyne detection [38],
the birefringence signal denoted as S;; is proportional to
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FIG. 1: (Color online) Schematic diagram depicting the ar-
rangement of the probe and the two pulses P; and P> used to
generate a planar alignment in the (xy) plane. M: Mirrors,
L: Lens, P: Polarizer, A: Analyzer, BS: Beam stop, PM: Pho-
tomultiplier. The relative polarizations of the probe (P) and
signal-field (A) are shown in the inset.

n;—n; ~ gﬁA—E‘z ((cos® 6;) — (cos? 6;)), where nj—, .. is the
optical Kerr index produced along the [ axis, ¢ the num-
ber density, @ = 1/2(n;+n;), €9 the vacuum permittivity,
and Aa = o — a1 the polarizability anisotropy with «
and «a being respectively the polarizability components
parallel and perpendicular to the internuclear axis [37].
Using the geometric relation ) ,(cos?6;) = 1 between
the director cosines, any expectation value (cos®#6;) can
be deduced from a combination of birefringence signals
recorded between two distinct pairs of space-fixed axes.
It is easy to show for instance that the value of interest
(cos? 6,) can be obtained from a combination of S,. and
Syz-

Aligning and probing beams are produced by a chirped
pulse amplified Ti:sapphire femtosecond laser. The sys-
tem provides 100 fs-duration pulses at a repetition rate of
100 Hz, with a wavelength centered at 800 nm. At first, a
series of measurements is conducted by setting the three
pulses as depicted in Fig. 1. The aligning pulse P; (resp.,
P,) of intensity I; (resp., Is) propagates along the z axis
with a field linearly polarized along the = (resp. y) direc-
tion, while the probe pulse, polarized at 45° with respect
to the x axis, propagates along the y axis. All pulses are
focused and intersect at a right angle on the molecular
jet axis. The delay between P; and P, is set to half of
the rotational period T = 42.74 ps of the CO2 molecule.
The data are recorded with a heterodyne detection [38].

Figure 2(a) shows the birefringence signal S,., & n, —
n, measured by tuning the probe delay T over one rota-



tional period for an estimated peak intensity Io ~ 140
TW/cm? and an intensity ratio Ir/I; = 2.2. The data
recorded for 0 < 7 < Ty/2 correspond to molecules ex-
posed to a single pulse P;. The latter being linearly
polarized along the x direction, it is straightforward to
show that S, is proportional to (cos? 6,) —1/3 [33]. The
positive and negative transients feature hence molecules
aligned along the field ({cos?6,) > 1/3, n, > n.) and
delocalized in the (yz) plane perpendicular to the field
({(cos? 0,) < 1/3, ny < n,), respectively. The elevated
baseline observed between the revivals reflects the per-
manent alignment induced along the field, whereas the
negative signal produced at zero delay stems from the
inversion of the electronic Kerr effect occurring at large
intensity [39-41]. The second part of the trace, recorded
for T > T,/2, is related to the combined action of the
cross-polarized pulses. The permanent alignment is en-
hanced by the second pulse P» as resulting from the de-
localization of the molecules in the (xy) plane.

In order to assess the alignment achieved along the y
axis, both horizontal polarizations depicted in Fig. 1 are
rotated by 90°, so as from now on P; (resp., P») points
along the y axis (resp., x axis). This is equivalent to hav-
ing a probe beam propagating along the = axis, providing
hence a signal given by S, oc ny —n.. The experimental
result is presented in Fig. 2(b) for the same delay range
and intensity ratio as in the previous measurement. For
7 < T,/2, we see that the signal is not affected by the first
pulse P; which is perpendicular to the probe wavefront.
Conversely, for 7 > T,/2, due to the anisotropy induced
by P, on the wavefront of the probe, the signal exhibits
the same features as in Fig. 2(a) but for 7 < T, /2.

The value (cos? f,) — 1/3 reconstructed from S,. and
Sy- is shown in Fig.2(c). More precisely, we plot the
value —8,. — Sy o [ [(cos®6.) — 1/3] dV versus the de-
lay, with [[-]dV denoting the integration over the inter-
action volume V' (omitted in the previous discussion for
simplicity’s sake). First, we should notice that, for sym-
metry reasons, we have (cos?0,) = (cos? 6,) between the
two aligning pulses, since P; vibrates along the x direc-
tion. This relation together with Y°,(cos®#6;) = 1 leads
to (cos?6.) —1/3 = — ((cos?6,) — 1/3) /2 during this
time lag. The effect produced along the z and = axes are
therefore out of phase for 7 < T;/2 , as attested by the
comparison of Figs. 2(c) and (a), respectively. Secondly,
the application of the second pulse P» results in a strong
field-free delocalization of the molecules in the polariza-
tion plane of the bi-pulse for 7 > T,/2, as predicted in
Ref. [23]. In fact, we can see that the remaining transient
components present a modulation which does not exceed
the amplitude of the permanent one. This provides clear
evidence that, even at moderately low temperature, the
bi-pulse strategy allows to produce a significant planar
alignment.
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FIG. 2: (a) (Color online) Transient birefringence signal
Szz X ngy — ny of CO2 measured between the space-fixed x
and z axes. (b) Sy. x ny —nz. (¢) —Sz> — Sy- proportional
to the space averaged value {(cos®#.) — 1/3. The half of the
rotational period of CO3 is T;/2 = 21.37 ps (vertical dashed
lines). Experimental and calculated data are represented re-
spectively by blue dots and red lines.
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FIG. 3: (Color online) Evolution at 7" = 100 K of the expecta-
tion values (a) (cos? 0,) (red line), (cos? 8,) (dotted blue line),
and (b) {(cos®0.) (green line) for the CO2 molecule exposed
to the peak intensities I, = 120 TW/cm? and I, = I,/2.2.

B. Theory

In order to support the experimental findings, we nu-
merically investigate the system under the present ex-
perimental conditions. For that purpose, we consider a
linear molecule modelizing CO5 in its ground vibronic



state which is subject to a non-resonant interaction with
a laser field of the form

E(t) = E.(t) cos(wt)@, + Ey(t — Tp/2) cos(wt + ¢())E,,

(1)
where w is the angular frequency and ¢(t) the phase dif-
ference between the two polarization directions. We de-
note respectively by E,(t) and E,(t — T,/2) the tempo-
ral envelopes of the electric field along the x and y axes,
T./2 being the temporal delay between the two pulses.
Within the rigid rotor approximation, the Hamiltonian
of the system obtained after averaging over the rapid os-
cillations of the field can be written as

H(t)= BJ*- E[Ez(t)(ou + Aacos? 6,)

+E§(t —T:/2) (o + Aaccos® 6,)].

In the expression of the Hamiltonian, the first term rep-
resents the field-free rotational Hamiltonian, with the
rotational constant B and the angular momentum op-
erator J2. For the numerical applications, we use for
the COQ molecule the following parameters B = 0.3902
cm™1, a) = 27.2984 and o = 12.7908 in atomic units.
We consider for E, and E, gaussian envelopes written
as Egexp|—t%/0?], where Ey is the maximum amplitude
and v21In 20 is the pulse duration [full width at half max-
imum (FWHM)], which is assumed to be equal to 100 fs
to simulate the experiments.

For a non-zero temperature, the system is described
by a density operator p(t) whose dynamics is governed
by the von Neumann equation

228 1110), o) )

with the Boltzmann distribution at initial condition as

ZZ Z [, mye” PIGHD/EET) (G| (3)
Jj=0m=—j
where Z = 3777 S — e~ BiU+D/(keT) js the partition

function, with kg the Boltzmann constant, and |j, m)’s
the eigenvectors of J2. In this formalism, the expectation
value of any observable A is given by (A)(t) = Tr[p(t)A].
We present the numerical results in Fig. 3 at 7" = 100
K and for the peak intensities I, o E2 =120 TW/cm?
and I, = I,/2.2. Figure 3 dlsplays the time evolution
of the expectamon values of the three director cosines
during the interaction with the bi-pulse and over a field-
free rotational period. In spite of a moderately low tem-
perature, a substantial permanent planar alignment is
achieved with a value of {cos?6,) —1/3 = —0.13. Note
also the symmetry of the dynamics of the two other ex-
pectation values (cos?6,) and (cos?#,) which is a sig-
nature of the planar alignment. This computation con-
firms the efficiency of the bi-pulse process which is not
the optimal solution, but sufficiently simple to be exper-
imentally implemented. A complete numerical study of

the different strategies constructed from optimal control
theory [42, 43] and evolutionary algorithm [17, 18] can
be found in [23]. In particular, it can be shown that the
ratio I, /I, = 2.2 is a good compromise for the bipulse
strategy considering the laser intensity distribution and
the temperature achieved in the experiment. The angu-
lar distribution computed at ¢ = T} /8 after switch off of
the second pulse (corresponding to 7 = 26.71 ps in Fig.2)
is represented in Fig. 4. We recall that, when no field is
applied, this distribution is spherical which means that
any space direction is equivalent. When the molecule is
aligned in a given direction, the probability distribution
is peaked along the corresponding axis. In the case of pla-
nar alignment, the probability is delocalized in a plane as
can be seen in Fig. 4. Note that the x and the y axes are
not equivalent since the alignment along the y direction is
better than along the = one, giving rise to a rectangular-
like shape. This dissymmetry between the two axes can
also be observed in Fig. 3 where the permanent values of
(cos? 0,) and (cos? 6,) are clearly different. The qualita-
tive discussion of Sec. II about the effect of the bipulse
strategy on the population of the states |J, M) is quan-
titatively illustrated in Fig. 5. As could be expected,
the two pulses, when successively applied, populate lev-
els with higher and higher J and M quantum numbers.
With respect to the initial Boltzmann distribution, the
bipulse process leads however to a depletion of the pop-
ulation in the center of the diagram where J > |M]|, and
produces an increase of this population in the bound-
aries of the diagram where J ~ |M|. This observation
is in agreement with the fact that states with J ~ |M|
maximize the planar alignment as shown in [23].

The numerical simulations described above are used to
fit the experimental data presented in Fig.2. Two free
parameters have to be adjusted in order to compare the
theoretical and the experimental results. The first one is
a scaling factor and the second is the laser peak intensity.
In order to account for the volume effects, the simulated
signals are averaged over the spatial distributions of the
laser beams. Doing so, a reasonable match between the-
ory and experiment has been obtained in Fig. 2.

IV. CONCLUSION

We have presented an experimental demonstration of
permanent planar alignment in a linear molecule. We
have used a simple control strategy composed of two
delayed short pulses linearly polarized in two orthogo-
nal directions. This study calls for further investigations
about the extensions of the concept of planar alignment.
Having confined the molecular axis in a plane, the next
step could be the control of the planar dynamics of the
molecule by using a third laser pulse so as to control the
sense of rotation of the molecular axis [22] or to transform
the molecule in a quantum cogwheel [44].



FIG. 4: (Color online) Angular distribution of the CO2
molecule computed at ¢ = 7;/8 after the interaction with
the bi-pulse of intensities I, = 120 TW/cm? and I, = I,,/2.2.
The temperature is 7' = 100 K.
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FIG. 5: Population distribution of the states |J, M) before the
first pulse (top), between the two pulses (middle), and after
the bi-pulse process (bottom). Same conditions as in Fig. 4.
A grey scale has been used to represent the populations a.j,a
of the |J, M) states. The different gray levels correspond to
log(a,a/ maxgarfasn]). Note that in the CO2 molecule,
only the even J levels are populated.
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