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Abstract

We study the quantum dynamics of a linear polar molecule subjected to electromagnetic pulses. For a sequence of
half-cycle pulses we derive, from a simplified analytical model, conditions to induce a molecular orientation sustainable
for hundreds of picoseconds. The predictions are confirmed by full numerical calculations for the molecule Nal. An-
alyzing the effect of finite temperatures we conclude that the process of maintaining the molecular orientation is robust

to the thermal average.
© 2003 Elsevier B.V. All rights reserved.

1. Introduction

Orienting molecules in a controlled manner is
essential for a wide variety of applications. For
instance, most chemical reactions depend on the
relative orientations of the reactants [1,2]. Molec-
ular orientation triggered by lasers is also impor-
tant for laser-induced isomerization [3], molecular
trapping [4], catalysis [5], high-order harmonic
generation [6] and for nanoscale design by laser
focusing of molecular beams [4].

There are various ways for inducing an orien-
tation or an alignment of molecules by the aid
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of static or time-dependent electromagnetic fields
[6-12]. In particular, it has been shown recently
that half-cycle pulses (HCPs) can induce molecular
orientation or alignment without disturbing the
electronic and vibrational modes [9,10,12]. Turn-
ing off the pulse the molecule remains oriented
[9-11]. However, following previous schemes the
achieved molecular orientation is then maintained
for a few picoseconds only. In general, the mole-
cule oscillates between the different rotational ei-
genstates and the time average (over a rotational
period of the molecule) is zero [6-11].

In the present work we propose a scheme for
maintaining the molecular orientation up to hun-
dreds of picoseconds. This is accomplished by
applying an appropriately designed train of ultra-
short HCPs. The parameters of the pulse sequence
are provided by a simplified analytical model that
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serves as a qualitative guide for full numerical
calculations based on the exact solution of the
time-dependent Schrodinger equation. We show
furthermore that molecular orientation can be in-
duced and maintained at finite temperatures.

2. Theory

We consider a diatomic molecule in the elec-
tronic ground state. The molecule which is as-
sumed to have a relatively large permanent dipole
moment and a large moment of inertia is subjected
to a conveniently designed train of ultrashort
HCPs. Present techniques deliver HCPs with a
peak field of several hundreds of kV/cm and a
duration in the subpicosecond regime [13]. Uni-
polar pulses as short as 0.1 fs and with intensities
up to 10'® W/cm? may be available in the near
future [14]. Furthermore, sampling and creating
trains of ultrashort HCPs is already feasible
[15,16]. For the purpose of the present study the
HCPs have a duration of 1 ps (which is much
shorter than the rotational period of the molecules
under study) and peak amplitudes of up to 200 kV/
cm (i.e., the pulses are too weak to damage the
molecule). As shown in [9], HCPs with such
characteristics induce no vibrational excitation.
Under these circumstances the problem can be
accurately described within the rigid-rotor and the
impulsive approximations [8-10]. Specifically, the
time-evolution of the molecule exposed to a train
of linearly polarized HCPs is governed by the
time-dependent Schrodinger equation

oY (0, ¢,1) L?

ihT— Z—uOV(t) cos(0) | ¥ (0, p,1),
(1)

where / = mR} is the moment of inertia at the in-
ternuclear equilibrium distance R, and m is the
reduced mass of the nuclei. L stands for the an-
gular momentum operator, g, is the permanent
dipole moment, and 6 (¢) specifies the polar (azi-
muthal) angle between the molecular axis and the
applied field. The time-dependent shape V' (¢) of the
HCPs train is modelled, within the impulsive ap-
proximation, by series of N consecutive kicks, i.e.,

V(D)= Apd(t — 1), (2)

Here #; is the time at which the kth pulse is applied
and Ap, is the area beneath the kth pulse. Physi-
cally, Ap; is the momentum transferred by the kth
pulse to the molecule.

In the case of a linearly polarized field the
magnetic quantum number M, associated with the
projection of the angular momentum along the
polarization axis is conserved. Thus, the wave
function describing the system can be approxi-
mated by a finite expansion using a basis of sta-
tionary eigenstates as follows:

Jmax

W (0) = Cru()l, M), (3)
7=0

where M is the initial value of M;. The angular
momentum states |J, M) are represented by the
spherical harmonics Y;,,(0, ¢). In Eq. (3) Jnax re-
fers to the highest eigenstate that participates when
the system evolves. Upon substituting Eq. (3) into
Eq. (1) and after the time integration, we find the
following stroboscopic map from ¢ = #, to t = t;,4:

C<Mk+1> _ ei</‘0APk/h)UMe(*i/mEM(’kH*U()CY/?’ (4)

where we have used C|” = Cy,(s,) and the initial
condition C\) = Cy,(¢ = 0). In Eq. (4) Cy/(¢) is the
vector  Cy () = (Con(t), Cras (1), ... Cpnt(0)",
U,, is a matrix whose components are given
by  Umgm = (J,M|cosO)J' M), and Ey =
diag(Eo, Evus - - - Ejpoom) [With Ej ) being the ei-
genenergies]. The stroboscopic description of the
evolution of the wave function given by Eq. (4) can
be complemented with a continuous propagation
between consecutive pulses (or kicks). Since be-
tween consecutive kicks the system propagates in a
field-free fashion, one can describe the dynamics of
the system in the time intervals 7 <t <ty
through the relation

CM (l) = e(fi/h)EM (l*lk) Cglfcl) :

The all-time description of the system is then ob-
tained by alternating Eqgs. (4) and (5). Once the
wave function of the system has been computed,
the degree of orientation of the molecule can be
characterized by monitoring the expectation value

L <t < byl (5)
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(cos 0),,(t) = (P (2)] cos O] P (2)). (6)

Complementary we inspect the time-dependent
angular distribution of the probability density

Pu(0.1) = / R ()

Perfect  orientation is  achieved  when
(cos 0),,(¢) € [—1, 1] acquires its extremal values.
The analysis above was made under the as-
sumption that the unperturbed molecule resides
initially in a specific eigenstate of the field-free
system. For non-zero temperatures, however, one
has to consider the thermal average of the orien-
tation, which (for low temperatures) is given by

((cosf)))(l):Z”fﬁP(J) Z (cos0),, (1). (8)

Here P(J) = exp[(—BJ(J + 1)/ksT)] is the Boltz-
mann distribution function associated with the
rotational states, Z =Y (2J + 1)P(J) is the
partition function, 7 is the temperature, kg is the
Boltzmann constant, and B = #°/(2I) is the rota-
tional constant of the molecule.

3. Calculation details

The expansion coefficients defining the wave
function (Eq. (3)) are obtained from Eq. (5) be-
tween consecutive pulses and through the match-
ing conditions in Eq. (4) at the times of applying
the pulses. Once the wave function has been cal-
culated, the quantities characterizing the molecu-
lar orientation are then computed from Egs. (6)-
(8). The highest relevant value J,,,x of J is inferred
when 3/ ZL/} ; |Cyu|* ~ 1 is achieved, which
signifies that quantum states beyond Jp,, are ir-
relevant.

As an example, we consider in this work Nal
molecules. Nal is a polar molecule with a large
moment of inertia (the rotational constant is
B ~0.12cm™!) and a permanent dipole y, = 9.2 D.
The large rotational period 7,,; = 138 ps of Nal as
compared to the applied pulse durations (1 ps)
justifies the sudden approximation (Eq. (2)) used
throughout the calculations. For the calculation of
the pulse areas Ap; we utilize sine-square HCPs (as

in [10]) with peak amplitudes up to 200 kV/cm and
a duration of 1 ps. We use a maximum ratio of 1/
10 between the pulse durations and the delay time
of consecutive pulses [17].

4. Qualitative considerations

Applying an ultrashort HCP creates a wave
packet formed by the different rotational eigen-
states of the molecule. The molecule starts then to
orientate in the direction of the applied field until
it reaches its maximum orientation. Due to the
large moment of inertia of the molecule, once the
maximum orientation is reached, the molecule re-
verses its rotational motion and, after a process of
alignment, it orientates in the opposite direction.
This process is repeated periodically because, upon
turning-off the pulse, the molecule evolves in a
field-free fashion and a molecular orientation is
only achieved at time intervals in the vicinity of the
times at which the optimal orientation is reached.
Hence, within the single pulse scheme, the molec-
ular orientation is not stable and its average over a
rotational period is zero. The situation changes,
however, if a second HCP is applied when the
molecule, after reaching its maximum orientation,
starts to reverse its rotational motion. If the sec-
ond pulse is sufficiently strong it induces a new
reversal in the motion of the rotational wave
packet and the molecule will return to its maxi-
mum orientation. If this procedure is iterated by
applying an appropriately designed train of HCPs
the molecule is expected to remain oriented, os-
cillating around its maximum orientation. This
intuitive physical picture leads us to the following
proposal. Applying, at first, auxiliary pulses in-
duces an orientation which is maintained by a
subsequent periodic train of HCPs.

The essential question is how to determine the
appropriate parameters of the pulses. For this
reason we analyze at first a simplified analytical
model that is capable of producing analytical
predictions of the laser parameters and then test
these predictions by full-fledge numerical calcula-
tions. The analytical model consists of assuming
that only the two lowest eigenstates participate in
the evolution of the system. This two-level
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approximation (TLSA) is certainly not appropri-
ate for arbitrary pulse parameters. However, as
shown below, it gives rough estimation in terms of
simple analytical expressions for the pulse pa-
rameters that optimize the molecular orientation.
Using the TLSA we introduce the Bloch vector B
with components B; = CLO’,-CM, where o; represent
the Pauli matrices (i = x, y,z). The evolution of the
system is then described by alternating field-free
and field-induced rotations of the real vector B.
From the geometrical interpretation of the Bloch
vector B one can find the pulse parameters of field-
induced rotations that leave quasi-invariant the
Bloch vector corresponding to the optimal mo-
lecular orientation. In the Bloch space the field-
free evolution of the system between the pulses is
given by rotating B anticlockwise by an angle
o = 21t /7,0 round the z axis, while the action of
each pulse amounts to rotating anticlockwise by
an angle f = 2u,Ap;/v/3h round the x axis. The
molecule in its initial ground state is represented
by the vector (0,0,1) [note that this vector is in-
variant under rotations round the z axis, i.e., itis a
stationary state]. The maximum orientation of the
molecule within the TLSA ({cos0) = 1/A/3) cor-
responds to the Bloch vector (1,0,0). The first pulse
applied at ¢ = ¢, induces a rotation of B around the
x axis. If the angle f of the pulse-induced rotation
is f=2n+(1/2))n (n € Z), then after the pulse
the vector B will be given by (0,—1,0). After the

@

v

subsequent field-free motion of the molecule dur-
ing a time delay £, — t; = (ty0t/4) + 7 (7 € Tr0t/4),
the Bloch vector evolves to the position 1 in
Fig. 1a, i.e., to a well oriented state. Once the
vector B reaches the position 1 at ¢ = #,, a second
pulse with parameters such that f = (2n+ 1)z is
applied rotating the Bloch vector round the x axis
to position 2 in Fig. la. Then the system is left to
evolve in a field-free fashion until it returns to the
position 1 [see Fig. la] at ¢t = t3 = t, + 2y. If this
procedure is iterated the Bloch vector will remain
oscillating between positions 1 and 2, maintaining
the orientation of the molecule. This consider-
ations lead us to the following procedure for in-
ducing and maintaining the orientation of a
molecule residing initially in its rotational ground
state: one applies, at first, an auxiliary pulse with a
peak amplitude that provides the kick
Ap, = \/ghn/4u0. After a subsequent time delay
th—t = (tt/4) +7 (y < 1701/4), @ periodic train
of HCPs is applied with a period 1, = 2y and with
each pulse having twice the area of the auxiliary
pulse.

5. Results
As evident from Fig. 1b, the TLSA (solid line)

can not reproduce quantitatively the full dynamics
of the system (dashed line), but qualitatively it is

——TLSA
full calculation

<9 S00>

X
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Fig. 1. (a) Geometrical interpretation of the orientation scheme (see text for details). (b) Time dependence of the orientation quantity
(cos 0) for a pulse width of 1 ps and for the pulse parameters as derived from the TLSA (for optimal orientation) [t; = 0, , = 39.5 ps,
ty =t + (k—2)1,, 7, = 10 ps, F; = 93.5 kV/cm, and F, = 187 kV/cm (k > 2)]. Solid (dashed) curve is the result of the TLSA (full
numerical calculations). (c) Numerically exact angular distribution of the probability density P(6,7) normalized to its maximum value
Prax as a function of time and 0 obtained with the same pulse parameters as in (b).
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useful to locate the appropriate parameter space
for inducing and maintaining molecular orienta-
tion. E.g., using the predictions of the TLSA, we
deduce from Fig. 1b, that the application of an
appropriate train of pulses leads to a long-time
stabilization of the molecular orientation. It is also
notable from Fig. 1b that the inclusion of higher
levels (as done in the full calculation) can increase
the molecular orientation. For an overall under-
standing we show in Fig. 1¢ the angular and time-
resolved probability density P(6,¢) normalized to
its maximum value P,,. Before switching on the
first pulse (¢ < 0), the angular distribution is iso-
tropic (i.e., there is no orientation). Upon applying
the first and the second pulses the angular distri-
bution of P(0,¢) is well localized around 6 = 0; for
0 > m/4 there is hardly a probability density. This
situation of strong orientation is maintained until
Tr =~ 250 ps, when the train of HCPs is turned off.
The subsequent evolution of the system occurs in a
field-free manner with the rotational period of the
molecule, passing from post-pulses alignment fea-
tures in which the probability density is well
packed simultaneously around 8 = 0 and 6 = rt [cf.
Fig. 1¢], and reaching again a strong orientation at

R Ty + Tror- We remark that within the proposed
scheme the orientation can be sustained as long as
the duration of the applied train of pulses, one can
therefore control the time the molecular orienta-
tion lasts by appropriately designing the sequence
of HCPs.

It is worth noting that the molecular orientation
displayed in Figs. 1b and ¢ can be considered ra-
ther strong and stable if compared to previous
schemes (e.g., [7-11]). On the other hand, as clear
from Fig. 1b, the full numerical results indicate the
possibility of achieving even stronger orientation
when the complete spectrum is included in the
treatment.

In general, the strength of the alignment or the
orientation decreases drastically with increasing
temperatures [8,9,11]. The results of the full nu-
merical calculations are shown in Fig. 2 for 7' =2
and 10 K. The parameters for pulses provided by
the TLSA [see the caption of Fig. 1b] were used
with the exception of the time delay between the
first kick and the train of pulses that we have
changed to the value £, = 10 ps, since with in-
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Fig. 2. Thermally averaged orientation (((cos6))) as a function
of time for 7 =2 K (solid line) and 7 = 10 K (dashed line).
HCPs were applied at times # = (I — 1)1, (r, =10 ps, I > 1)
with same pulse strengths as in Fig. 1b.

creasing the temperature the molecule reaches its
maximum orientation faster. Results depicted in
Fig. 2 show that, within our scheme, molecular
orientation can be achieved and maintained even
at finite but low temperatures. Since the TLSA
provides a useful qualitative picture of the system
only at 7 = 0 K, the pulse parameters predicted
by this model are not expected to be the optimal
ones at yet higher temperatures. In this case, to
find the optimal HCP pulse parameters for in-
ducing significant molecular orientation we are
developing a full numerical optimization proce-
dure. Nevertheless, as the destruction of the
molecular interaction at high temperatures is
mainly due to the inclusion of a large number of
states with different magnetic quantum numbers
in the thermal average, one can expect that to
achieve strong and sustainable molecular orien-
tation at room temperature a train of elliptically
polarized HCPs will be in principle required since
linearly polarized pulses are unable to drive the
azimuthal motion of the molecular axis.

6. Conclusions

An appropriately designed train of HCPs can
induce a molecular orientation that can be sus-
tained and stabilized for a long-time period. The
pulse parameters for this process are derivable
from a simplified analytical model. It is further
shown that the molecular orientation is robust to
thermal average.
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