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Abstract—It is shown that the combined effects of electrostatic and resonant laser fields on a molecular ensem-
ble can be used to control the orientation of molecules by changing their internal state. In contrast to most other
schemes for controlling molecular orientation, the proposed method does not require rotational cooling and can

be highly efficient at room temperature.
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1. INTRODUCTION

Two- or three-dimensional molecular orientation is
a state in which two or three Euler angles are held con-
stant so that the directions of one or all three molecule-
fixed coordinate axes are parallel to those of space-
fixed coordinate axes. The search for efficient orienta-
tion control schemes is stimulated by numerous prom-
ising applications in physics, chemistry, and biology
and is one of the key aspects of the current development
of methods for controlling molecular dynamics [1-13].
In particular, molecular orientation control offers new
possibilities for investigating collisional and ionization
processes (e.g., see [1, 2]) and stereodynamics of chem-
ical reactions (as in separation of enantiomers by laser
distillation [3—-10]). Ensembles of oriented molecules are
required to deal with various problems in research areas
ranging from high-order harmonic generation [11] to
quantum computing [12].

Even though this line of research has been devel-
oped in numerous studies, orientational control of rela-
tively small molecules remains an open issue. To date,
the most detailed studies have been performed on the
two-dimensional orientation of such molecules in an
external electrostatic field [14-16]. However, this
approach can be applied only to strongly polar mole-
cules and is efficient only at very low temperatures,
when the energy of electrostatic interaction is compara-
ble to the characteristic rotational energy.

Laser control schemes have proved much more effi-
cient. For example, it was shown theoretically and
experimentally in [17-20] that molecules can be two-
or three-dimensionally aligned in laser fields. This
means that one molecule-fixed coordinate axis or all
three of them are collinear with space-fixed ones,
respectively, but the molecules may not be arranged in
a “head versus tail” order. Laser-induced alignment is

feasible as applied to most asymmetric molecules even
at room temperature (e.g., see [21]). A detailed review
of its applications can be found in [13]. However,
molecular orientation cannot be guaranteed in this
approach, because the driving forces do not break spa-
tial inversion symmetry.

In [22, 23], it was demonstrated that molecular ori-
entation can be achieved by combining laser and elec-
trostatic fields. In alternative control schemes, includ-
ing the use of optimized trains of “laser kicks” [24-26]
or phase-correlated laser fields [30], inversion symme-
try is broken by driving forces that are odd functions of
the field strength. Even though such schemes are more
efficient than those using purely electrostatic interac-
tion, the requirement of rotational cooling to several
kelvins remains their common shortcoming.

This disadvantage is eliminated in the novel
approach to molecular orientation control proposed in
this paper. Its basic principle is to select molecules that
have the required instantaneous orientation rather than
simultaneously force all molecules into the target state.
Since the oriented molecules are different from the rest
of the ensemble by their internal state, they can be
treated as a distinct subensemble. As the orientation of
the molecules making up the subensemble varies, they
are dynamically substituted by others over a character-
istic time depending on their rotational frequencies.
This laser-driven molecular orientation control scheme
can be efficiently used to control processes in which
subensembles of this type can be manipulated indepen-
dently. Therefore, the process dynamics must depend
both on the orientation and the initial internal (vibronic)
state of the molecules, and the process duration must be
much shorter than their free-rotation period. Examples
of such processes include ionization, scattering, enanti-
omer separation, and many other chemical reactions.
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Fig. 1. (a) Schematic diagram of the interaction between a three-level system and laser fields used in the proposed scheme of laser-
driven orientational selection. The symmetry of the potential (as depicted here for simplicity) is not at all necessary. (b) Energy lev-
els and laser-induced transitions in the three-state system vs. molecular rotation angle for 8 = /2. Separation between dashed curves
illustrates the amount of detuning from two-photon resonance. Behavior of |g| (I) and |g,| (II) as functions of ¢ is shown schemat-

ically in the bottom part of the panel. (c) Configuration of the polarized fields interacting with a molecule and molecular orientation

angles.

The proposed two-dimensional orientation control
scheme makes use of the combined effects of electro-
static and laser fields: the laser field transfers popula-
tions between vibronic states so that molecules aligned
with a space-fixed axis are selected, while the electro-
static field controls orientation by breaking the symme-
try between the parallel and antiparallel alignments
with the space-fixed axis.

The paper is organized as follows. In Section 2, we
present a qualitative analysis of the proposed orienta-
tion control scheme. In Section 3, we discuss condi-
tions that must be satisfied by molecular parameters in
order to implement efficient control and describe the
corresponding class of molecules. In Section 4, we dis-
cuss the results of numerical simulations of orientation
dynamics. Section 5 summarizes the results of this
study and presents the main conclusions.

2. GENERIC SCHEME OF LASER-DRIVEN
ORIENTATIONAL SELECTION OF MOLECULES

We consider the problem of selection of molecules
with body-fixed axis m parallel to the unit basis vector
e, of a space-fixed coordinate system from a randomly
oriented ensemble. Since the selected molecules must

be characterized by a small angle o = n/l,\eZ between
the z axis and the m direction, population transfer from
the ground vibronic state |1) to an excited vibrational
state |3) must be induced when m approaches e, via
thermal rotation, and the reverse process |3) — |1)
must occur as the required orientation is lost due to fur-
ther rotation.

Population can be transferred between the states |1)
and |3) by coupling them to a high-lying intermediate
vibronic state |2) with laser fields 6, and 6,, whose fre-
quencies ®; and , are tuned close to resonance with
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the |1) = |2) and |3) == |2) transitions, respectively
(see Fig. 1a). Since the field-induced coupling depends
on the angle between the field polarization vector and
the molecular dipole moment, the field—molecule inter-
action will be modulated by molecular rotation. There-
fore, the effect of each field component will be equiva-
lent to that of a pulse train with pulse duration depend-
ing on a characteristic rotational frequency. If this
frequency is much lower than the Rabi frequencies the
laser-induced coupling, then the field-molecule inter-
action will be an adiabatic process. Under this condi-
tion, appropriately polarized laser fields can be used to
implement orientation-dependent population transfer
between |1) and |3) as a sequential stimulated Raman
adiabatic passage [31] that does not involve significant
population of the excited state |2).

However, the result of this adiabatic interaction
averaged over the rapid field oscillations is symmetric
under inversion (orientations with oo = 0 and m are
equally probable). For this reason, an electrostatic field
€, should also be used to detune the laser field from the
two-photon resonance condition for the |1) == |3) tran-
sition near o0 = 1 by inducing orientation-dependent
Stark shifts and thereby avoid selection of molecules
with the undesired orientation.

The objective of this study is to develop an orienta-
tion control scheme applicable under normal condi-
tions, when high-lying rotational states are thermally
populated even in small molecules. Since these states
are characterized by large values of angular momen-
tum, molecular rotations can be described by a classical
model.

To simplify analysis, we consider one-dimensional
rotation of prolate top molecules, assuming that the
molecule-fixed axis n is aligned with the principal axis
corresponding to the lowest moment of inertia /,,;,. The
Vol. 103
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corresponding component v, of the rotational angular
velocity v will have the largest value, while the n axis
will rotate with substantially lower angular velocities.
Furthermore, we assume that the period of this slow
rotation is much longer than the shortest internal relax-
ation time T. Under these assumptions, laser-driven
molecular dynamics adiabatically follows the time evo-
lution of the n axis, and the Euler angles specifying its
orientation can be treated as parameters independent of
other degrees of freedom. The analysis that follows
shows that the dynamics of laser-induced orientation is
dominated by fast rotations. Accordingly, the depen-
dence on slowly varying Euler angles is taken into
account by averaging the dynamics over the Euler-
angle distribution for the molecular ensemble, and the
only dynamic variable is the angle ¢ of rotation about
the n axis (see Fig. 1c). In this one-dimensional model,
free rotation of a molecule is represented as variation of
¢ with a constant frequency v,,.

The desired selection is achieved when the vectors

(1/d|2) and (3|d |2) (d is the dipole moment operator)
are aligned with m and the Stark shifts 8Eq (g=2,3)
induced by the static field €, relative to the ground-
state energy vary with molecular orientation as coso. =
sinfcosd,

SE, (80, B, 0) = SE.(|%,|)sinBcoso,
where 3 = (e/z,\n) denotes the angle between the n and
z axes (see Fig. 1c). In the next section, we show that

the latter condition is satisfied if €, is parallel to e,. The
laser field
must be linearly polarized along e_, and the field

%2 = Az[exCOS(OJZZ + (pz) + eySiIl((l)zl + (.pz)]

must be circularly polarized perpendicular to e, (see
Fig. 1c).

Neglecting the effects due to off-resonant transi-

tions, we write the Hamiltonian for the coupled mole-
cule—field system as

i = Ho+ Ho+ H) + >, (1)
where
Ho = E\|1)1] + E,12)2| + E5|3)(3]

is the field-free Hamiltonian with E, denoting the
unperturbed energies of states |p) (p = 1, 2, 3). The

A1 A1 A1 . .
terms Ho, Hi, and H, represent the interaction
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between the molecule and the electrostatic field €, and
the laser fields €, and €.:

(80, B, 0) = BE,2)(2 + SE;3)(3),
H\(%,,B.0) = H} 1) +h.c., ©)
H (8, B, 0) = Ho,I3)(2 +h.c.
where the matrix elements
H,, = H, (€.B,0) = (pldIN%,

characterize the field-induced coupling.
Using the Franck—Condon approximation to

describe rovibrational transitions, we rewrite H;, . as
1
Hl,2 = ﬁQ]m . ezCOS((l)ll‘ + (‘pl)’
2 .
H3’2 = ﬁQ2m . [eXCOS((th + (.pz) + e_\,Sln((th + (pz)],
where

1
hi

1 N
Q, = 2 Fyo|Ax0(gldle)].

Ql:

FralA (1)(eldle).

’

Here, F, , denote Franck—Condon factors, and (g|d |e),
is the reduced dipole transition matrix element between
the ground and excited states averaged over the elec-
tronic subsystem in the equilibrium nuclear configura-
tion.

Introducing the detunings

1
A = %(Ez_El)—hwu

1
A, = ?L(EB_EI)_((DI - )

and using the rotating-wave approximation, we change
from Hamiltonian (1) written in the bare-state basis
{11}, 2), |3)} to the effective Hamiltonian

0 g 0
Heff = gik —ﬁAl + 8E2 gz > (3)
0 g5 —hA, + OF,
where
1 -8, .
g = zﬁQIe sinfcoso,
1 —id,(n) . .
g = EhQZe (sind + icosPcosd)

are the complex Rabi frequencies, and 9, and 9, are
constant phase shifts.
Vol. 103
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First, we analyze the case when the field €, is zero,
the polarization vector of 6, lies in the rotation plane
(B = n/2 and o = ¢), and the exact two-photon reso-
nance condition holds for |1) = |3) population trans-
fer (A, = 0). Since no Stark shift is induced, the diago-
nal elements in (3) are orientation independent, and the
Hamiltonian reduces to

0 g O
Hae = | g% A, g, | “
0 g7 O

Hamiltonian (4) has the eigenvector
Wa(9) = const{—e 'Q,sing, 0, ¢ °Q, cosdl, (5)

which satisfies the condition (12111 + I:I£ Wy = 0 and
therefore corresponds to a dark state. If the frequency
Vv, is not too high, then the molecular state adiabatically
follows the evolution of . Since Yy(0) = yy(w) =
{0, 0, 1} and yy(xm/2) = {1, 0, 0}, population is trans-
ferred to the state |3) as the rotation angle approaches
¢ = 0 or  and back to the state |1) as it deviates from
these angles.

Laser-driven population transfer between |1) and |3)
via a weakly populated intermediate state [2) can be
interpreted as a series of sequential processes of stimu-
lated Raman adiabatic passage. Indeed, for a given
molecular orientation, the coupling induced by each
laser field component is characterized by the absolute
value of the corresponding Rabi frequency, |g(¢)| or
|g2(9)|. The curves of |g,(¢)] and |g,(¢)| versus ¢ in Fig. 1b
demonstrate that the respective coupling strengths
between the molecule and the field components oscil-
late with period 7, vanishing at $ = /2 and ¢ =0,
for €, and 6,, respectively. Accordingly, the effect of
%, and €, on a molecule rotating about the n axis
(Fig. 1c) is similar to that of a train of overlapping
pulses with a duration of 1/2v, whose shape is deter-
mined by |g,(¢)| and |g,(¢)]. Since population transfer
[1) — |3) is induced as ¢ = 0 or T is approached, the
components €, and 6, act as pump and dump (Stokes)
pulses, respectively. On the other hand, the simulta-
neous decrease in |g,| and increase in |g,| with ¢
approaching these angles are formally similar to the
concurrent growth of the pump field amplitude and
decay of the Stokes field amplitude, which are charac-
teristic of stimulated Raman adiabatic passage. As the
rotation angle deviates from ¢ = 0 or 7, the roles played
by the fields €, and 6, interchange.

It should be noted here that robustness of stimulated
Raman adiabatic passage with respect to pulse shape
guarantees that the dynamics of laser-driven population
transfer is independent of the molecular rotation fre-
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quency, provided that the system remains in the adia-
batic state throughout the molecule—field interaction.

The above analysis demonstrates that molecules are
aligned with the z axis in the case of zero electrostatic
field €. In a nonzero field €,, the inversion symmetry
of rotation dynamics near ¢ = 0 and 7 is broken since
the Stark-shifted transition frequencies are orientation
dependent. To set up an orientational selection scheme,
the laser frequencies ®; and ®, must be such that the
two-photon resonance condition holds for molecules
with the desired orientation (m || e,),

|_ A2‘*'8E3|¢:0 =0, (6)

and must be detuned from resonance for molecules
with the opposite orientation,

|- Ay +8E|,_ . = 2|3E| #0.

Under these conditions, stimulated Raman adiabatic
passage is possible near ¢ = 0 since the corresponding
effective Hamiltonian is similar in form to (4), whereas
the population transfer path between |1) and |3) near

0 = 1 is blocked since the system is detuned by 2|8E(3)|

from the two-photon resonance and v, is therefore not
a dark state any longer.

Thus, the orientation corresponding to ¢ = 0 is guar-
anteed for a molecule in the vibrational state assembly,
at least when J3 is close to /2.

To analyze the selection scheme in more detail, we
need estimates for the key parameters of the orientation
dynamics. To this end, we specify the class of mole-
cules amenable to this scheme.

3. REQUIREMENTS FOR MOLECULAR
PARAMETERS CORRESPONDING
TO EFFICIENT LASER-DRIVEN
ORIENTATIONAL SELECTION

The assumptions introduced in the foregoing analy-
sis of laser-driven orientational selection of molecules
entail the following three conditions for molecular
parameters (such as characteristic rotation frequency v
and relaxation time T) and the states involved in the
laser-driven molecular dynamics.

Condition 1. The orientation-dependent difference
|OE;| in Stark shift between [3) and |1) must vary as

cosa, and its maximum value |8E(3)| measured in units
of 7 must be at least comparable to v and 1/t.

Condition 2. The transition dipole moments{1|d |2)

and (3|d |2) must be collinear with m, and their magni-
tudes must be such that

(KHARYE, | oy ~ [SES],  [GIAI2)E,| oy ~ [SES)
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for fields whose amplitudes are so weak that both cou-
pling to other levels and ionization are negligible.

Condition 3. The energies of the states |1), |2), and
|3) are separated from the neighboring vibronic energy
levels by amounts substantially larger than the rota-
tional energy quantum %v.

In terms of applicability of the proposed scenario,
Condition 1 is the most restrictive one. Indeed, it
implies that v must be sufficiently small, while the
change dd in the permanent dipole moment of the mol-
ecule associated with |1) — |3) population transfer

must be sufficiently large for |5E(3) |/f to be comparable

to v when the electrostatic field is not strong enough to
dissociate the molecule. In particular, since the typical
change in dipole moment associated with a transition
between valence vibrational states does not exceed
0.1 D and electric breakdown occurs under normal con-
ditions when the field strength exceeds 3 x 10* V/cm, it
can readily be shown that the selection scenario cannot
be implemented for diatomic molecules under normal
conditions, because their rotational frequencies are too
high (v ~ 10'! Hz).

A specific class of molecules satisfying the condi-
tions stated above (see Fig. 1c) is characterized as fol-
lows. Each molecule contains a hydrogen (or a light
metal) atom covalently linked to the rest of the mole-
cule by a highly polar bond with a highly electronega-
tive atom (X in Fig. 1¢). The bond must be sufficiently
soft to allow torsional motion of the hydrogen atom rel-
ative to the rest of the molecule. In mathematical terms,
this means that the minimum of the vibrational poten-
tial energy U as a function of the torsional angle 0 is not
very low as compared to the covalent bond energy (see
Fig. 1a). For example, these requirements are met for
the H,POSH molecule, where the S—H bond plays the
role of the X—H bond described above.

We use a molecule-fixed frame with m axis pointing

—>
in the equilibrium direction of XHs in the ground tor-
sional state and define O as the instantaneous angle
m, XH;, where XH; is the projection of the vector

—>
XH onto the plane ¢ perpendicular to the torsional
axis n.

We note that the eigenstates |v;) corresponding to
low torsional quantum numbers v are localized in the
neighborhood of © = 0, whereas the eigenstates |v;,)

with energies near the torsional barrier are localized in
the neighborhood of 0 = &t (see Fig. 1a):

(v|cosB|v)) = —(v,|cosO|v,) = I.

On the other hand, the v-dependent contribution to the

total dipole moment of the molecule is mdy{cos8 ),
where d = e 7y, €. 1S the effective proton charge, and
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ry 1s the H-X bond length. Accordingly, the change in
molecular dipole moment associated with a |v;) —
|v;,) transition is on the order of |2d,| in the molecule-
fixed frame. Therefore, if the transition time is much
shorter than 1/v, then the maximum shift in the |v;) —»
| v,y transition frequency caused by an electrostatic field
€, can be found by estimating the corresponding
change in the molecule’s potential energy: AUyl =
24,[&,.

If the H-X bond length is 1-2 A, the dissociation
limit for the electrostatic field strength is 10-20 kV/cm,
and the effective charge is e = |e| (Where ¢ is the
electron charge), then we have |AUy|,. = 1-4 cm™,
which exceeds analogous changes in transitions
between electronic or valence vibrational states by one
to two orders of magnitude. The corresponding maxi-
mum change O&(AUpy),. in the energy difference
between opposite molecular orientations, 2|[AU|.« =
4d,|€,|, is comparable to the characteristic rotational
frequency of a medium-sized molecule under normal
conditions when AU, = 1 cm™'. Thus, the states |v;) and
|vi,) satisfy Condition 1 and therefore are promising
candidates for |1) and |3), respectively.

It should be noted that, even for a limit strength of
€, lower than the ionization threshold value, JAUg|ax i
two orders of magnitude lower than the typical thermal
energies under normal conditions (~200 cm™); i.e., the
direct effect of €, on molecular orientation and tor-
sional motion can be neglected.

For a medium-sized molecule (with a mass on the
order of 100 amu and a size on the order of 10 A), the
typical free-rotation frequency is 10'°-10"" Hz under
normal conditions. Since the corresponding rotational
quantum number is J ~ 10, the change in rotational fre-
quency associated with |1) == |3) population transfer
is smaller than the frequency value by two orders of
magnitude. Since no more than two population transfer
events can occur during a rotation cycle in the scenario
proposed here, we can neglect the change in angular
velocity over the rotation period. Moreover, the laser-
induced change in the rotational temperature of the
ensemble is also negligible, because the characteristic
time of significant change in rotational frequency of a
molecule is larger than the characteristic collisional
relaxation time (about 1070 s) by one to two orders of
magnitude.

These estimates justify the analysis of laser-driven
orientation dynamics under normal conditions based on
the classical treatment of rotations and the assumption
of constant rotational frequency. However, for the
model of one-dimensional rotation developed in Sec-
tion 2 to be applicable, the n axis must be aligned with
the principal axis corresponding to the lowest moment
Vol. 103
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of inertia /;;, and the remaining two moments of inertia
must be much larger than /,;, (the components of the
rotational angular velocity parallel to the corresponding
principal axes must be smaller than v and 1/1).

When the potential U(0) is an even function of 6, the

vectors m, (1|d |2), and (3|d |2) are collinear only if the
states |2) and |3) correspond to even values of v. Fur-
thermore, Conditions 2 and 3 are satisfied only if the
Franck—Condon factors for the laser-driven transitions
are not too small both in absolute value and in compar-
ison with those for transitions to neighboring states. We
note that these requirements are not easy to meet,

because a sufficiently large |8E(3)| entails field-induced

coupling between states with very different structure
and, therefore, very small values of the Franck—Condon
factors (10°-1072) for the corresponding transitions.
Condition 3 can be satisfied if the energy difference
between neighboring vibrational states is on the order
of tens of inverse centimeters. Since the typical U(0) is
a slowly varying function and the corresponding well
depth is (1-3) x 103 cm™, it can easily be shown that the
required energy difference corresponds to torsional
motion of the hydrogen atom or a metal atom with
atomic mass smaller than 10 amu. The model calcula-
tions presented below are performed for the hydrogen
atom.

4. SIMULATION OF LASER-DRIVEN
ORIENTATIONAL SELECTION

Now, we analyze the efficiency of the proposed
selection scheme as applied to molecules of the class
described in the preceding section. In numerical esti-
mates, we use the following typical expressions for the
vibrational potential energies U, and U, of such mole-

cules in the ground and excited electronic states (see
Fig. 1):

U.(0.B.9) = e[ 3D, ~ [Do+ AD,(B. )]cos
+1p cos(26)} v
3D ,
U,(8,B,0) = helD,~ D, + AD,(B, 9)lcosb], (3)
where D, = 1000 cm™, D, = 500 cm™, and
AD.(B, 9) = AD,(B,6) = 2sinBcosd

are the orientation-dependent corrections induced by
electrostatic field. The numerical values of AD.(B, ¢)
and AD(B, ¢) used here for an X—H bond of length r, =
1 A and an effective proton charge e 4 = |e¢;| correspond
to |8, = 2 x 10* V/cm.
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An analysis of the torsional sublevel structure shows
that the best candidates for |1), [2), and |3) by the criteria
formulated in Section 3 are the states |g, 0), |e, 2), and
lg, 10), respectively, where e and g stand for excited and
ground electronic states and the number i refers to the
vibrational sublevel v;. For these states, we have

8E, = —1.87 em!, 3E., = —1.83 cm!, SE, ) =

1.03 em™, F, . 2= 0.04, Fy 1,0 ,=0.014,and |SEY| =
29 cm™.

The laser field amplitudes are set from the following
considerations. The adiabaticity requirement implies
that the effective pump and dump pulse areas must be
much larger than m, whereas the population transfer
path to |g, 10) can be effectively blocked near ¢ = 7t only

if |Q] < 8Eg| (i =1, 2). Since the Stark shifts E° are
comparable to hv,, (recall that this quantity determines
the effective pulse durations), both requirements cannot
be met simultaneously. For this reason, the amplitudes
are set to satisfy the condition Q; < |5E2| 12: A =6X

107 V/m and A, = 2 x 108 V/m. These settings corre-
spond to moderate laser intensities on the order of
10° W/cm?.

The laser frequencies m, and m, are set to optimize
the detunings A; and A,. The optimal value of A, is

determined by condition (6): A, = SEg =-2.75 cm™..
Since dark state (5) is independent of A;, the value of
this parameter is not essential under adiabatic condi-
tions. However, even though the undesired contribution
of nonadiabatic processes vanishes in the limit of A; >

SEg , an increase in A, entails stronger coupling to other

vibrational states, and a higher field intensity is
required to maintain adiabaticity. For this reason, we

setA; = —38Eg = 8.2 cm™' as an optimal value. Because
of the Stark shifts, the laser frequencies ®; and ®, are
detuned from resonance by amounts varying within
8.39-8.08 and 8.24-13.2 cm™!, respectively. Note that
the amplitude A, is taken three times larger than A,
because the maximum difference in detuning is approx-
imately twofold, while the Franck—Condon factor for
the |g, 0) = |e, 2) transition is smaller than that for the
le, 2) === |g, 10) transition by a factor of 1.5.

Thus, the efficiency of orientational selection cannot
be reliably evaluated for the class of molecules consid-
ered here by approximately treating laser-driven orien-
tation dynamics under normal conditions as adiabatic
passage in a three-state system, because nonadiabatic
coupling effects cannot be completely eliminated and
off-resonant interactions must be taken into account at
high laser intensities. For this reason, we consider an
augmented system with five neighboring vibrational
levels above and five below each of the original three
Vol. 103
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levels. Laser-driven dynamics is simulated by using the
classical model of a one-dimensional rigid rotor devel-
oped above, and vibronic transitions are computed by
solving the Lindblad equation

| .

p=—zlHp1+Lp ©)

QU

t

for the density matrix P, where Hamiltonian (1) is used
with expressions (2) written in the augmented
(vibronic) basis, and the last term represents relaxation.

The relaxation processes playing the dominant role in
the laser-driven dynamics are collisional relaxation and
internal conversions. To simplify numerical simulations,
we assume that only longitudinal relaxation to the ground
state |g, 0) is essential, with equal relaxation times T for all
of the excited states. Under this assumption,

L:p = 2[(Tip)lg, 0)(g, 01 - 1.

In the standard rotating-wave approximation (RWA),
Eq. (9) is rewritten for the transformed density matrix

Prwa = exp(%ﬁlot)ﬁeXp(—%ﬁlot)
as
d A | A A
EPRWA = _%[HRWA, Prwal

! (10)
+ E[(TrﬁRWA)lga 0)g, 0] — Prwal.

This equation is formally similar to (9), except that the
interaction Hamiltonian Hrwa (depending on time as a

function of ¢(¢): 0(¢) = vt + ¢(0)) is substituted for H.
According to (10), the evolution of Prwa (f) can be
approximately computed by using the expression

Prwall + A1) = U((b(“_éz_t))
X Prwa(?) U(q)(; + %IDI

A N N
+ {[(TTPRWA)LS’, 0){g, Ol = Prwa (D)1,

3y

with

U(p) = exp(—%ﬁlRWAAt),
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which is derived by dropping O((Ar)?) terms. For each
particular value of B and v,, the evolution was com-
puted by substituting tabular values of U(¢) calculated
with a step of 1.1° or 5° into (11).

The efficiency of orientational selection is quanti-
fied by the direction cosine {cosa), 1o = (sincos®), o,
where the averaging is performed only over the mole-
cules in the vibronic state |3) = |g, 10).

Following the qualitative analysis presented above,
we begin with the case of B = 7/2 and examine the |g, 0)
and |g, 10) populations as functions of the initial orien-
tation and rotational frequency of a molecule. Some
important features of the dynamics are elucidated by
neglecting the relaxation term. Consider a molecule in
the ground state |g, 0) freely rotating about the n axis
before ¢ = 0. Suppose that both electrostatic and laser
fields are turned on at ¢ = 0. Generally, the behavior of
the molecule at # > 0 depends on v, and ¢(¢t = 0) and
determines its state corresponding to ¢ = ¢,. To gain a
clearer understanding, we examine the dependence of
the molecular state on as functions of the period 7" and
the total phase ® gained after = 0.

Figure 2 shows the populations (g, 0|p|g, 0), (g,
10| |g, 10), and (e, 2|p |e, 2) as functions of ® and ¢,
computed for v, =4 x 10'° Hz and a particular direction
of rotation. One can see that the molecules remain in
the ground state |g, 0) most of the time. Only when ¢
lies within a relatively narrow interval of width about
/2 centered at ¢ = 0, the population is almost com-
pletely transferred to the excited state |g, 10), with the
exception of the molecules for which ¢ is close to O at
t = 0. These molecules also exhibit adiabatic behavior
corresponding to the evolution of some highly excited
dressed state in the absence of relaxation. These mole-
cules are responsible for the dominant contribution to
the population of the excited electronic state. It should
be noted that nonadiabatic field—-molecule interactions
significantly contribute to the dynamics even at the
rotational frequency specified above, as manifested by
small-scale wavelike variation of the state populations
as functions of ®@. Nevertheless, the efficiency of orien-
tational selection is fairly high: (cos¢), ;o= 0.17.

When relaxation is taken into account, the depen-
dence on the initial molecular orientation becomes
weaker, and the contrasting pattern illustrated by Fig. 2
tends to smear out as a steady-state regime is
approached in the limit of ® > tv. The dependence of
the dynamic behavior of the coupled molecule—field
system on rotational frequency and relaxation is illus-
trated by Fig. 3, where the instantaneous |g, 10) popu-
lations corresponding to ¢ = 0 and 7 are shown versus
T for T = 107'% s (collisional relaxation time under nor-
mal conditions) and T=10"!!s.

According to Fig. 3, when the rotation period is
small, nonadiabatic coupling effects play a dominant
role and the dynamics are determined by the effective
Vol. 103
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Fig. 2. Populations of the states |g, 0) (a), |g, 10) (b), and |e, 2) (c) as functions of ® and ¢ for v, =4 x 10'9Hz and B =m/2 in the

absence of relaxation. Inset: grayscale calibration bar.
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Fig. 3. Steady-state |g, 10) populations for ¢ = 0,  and 3 = /2 vs. molecular rotation period for (a) T = 10719 s (slow relaxation)

and (b) T= 1071 (fast relaxation).

Rabi frequency for the |g, 0) — |g, 10) population
transfer and by the corresponding effective pulse area S.
Since the pulse area is proportional to 7, the popula-
tions exhibit pronounced oscillatory behavior at small
T. However, when T = 3 x 107!! s, the contribution of
adiabatic processes is sufficiently large for the |g, 10)
population to exhibit stable behavior as a function of
orientation; i.e., orientational selection of molecules
becomes possible.

Furthermore, an analysis shows that the spurious
population of the excited state |e, 2) decreases with
increasing 7. Comparing the graphs presented in Fig. 3,
we see that relaxation has a mixed effect on the effi-
ciency of orientational selection. On the one hand, the
lg, 10) population substantially decreases with T when
T is large; i.e., relaxation impedes orientation. On the
other hand, when 7 is relatively large (see Fig. 3a), the
adiabatic behavior is mitigated for fast-rotating mole-
cules (with T < 4 x 107! s) by the Rabi oscillations
developing as a result of stronger nonadiabatic field—
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molecule coupling. It is clear from Fig. 3b that effi-
ciency of orientational selection improves decreasing T
as nonadiabatic processes are increasingly suppressed.
Note that orientational selection can be efficient even if
the Rabi frequency for the two-photon process is on the
order of v,/4 (which corresponds to T = 3 x 107! s).
Thus, when 7 is sufficiently small, an appreciable effi-
ciency of laser-driven orientational selection should be
achieved even if the Rabi frequency is comparable to
the characteristic rotational frequency.

Quantitative analysis under experimentally realistic
conditions requires three-dimensional simulation of
molecular rotations (without the constraint § = 7/2). We
performed computations of this kind, assuming that the
n axis of the molecule is aligned with its principal axis
corresponding to the lowest moment of inertia /;, and
the remaining two moments of inertia are much larger
than /_;,, so that the components of the rotational angu-
lar velocity parallel to the corresponding principal axes
are smaller than v or 1/1. Under these assumptions, the
Vol. 103
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Fig. 4. Plots of (cos(x>g’ 10 (solid curves) and normalized |g, 10) population (dashed curves) averaged over an ensemble of randomly ori-
ented molecules in rotational thermal equilibrium vs. rms rotational frequency v, (a) and moment of inertia /,\;,, at 7;,, = 300 K (b). Com-

putations were performed by assuming that the moments of inertia other than /;;, are higher than 103 amu A2,

model of one-dimensional rotation can be applied. To
facilitate analysis in this approximation and take into
account possible detrimental effects of internal conver-
sions (which are generally strong in polyatomic mole-
cules), we set T= 10"!! s. The remaining molecular and
field parameters are similar to those used in the simula-
tions presented above.

To examine the dependence of the efficiency of ori-
entational selection on the n direction and rotational
frequency, we computed laser-driven orientation
dynamics for several values of 7 and 3 and calculated
(cosa, 1o and normalized |g, 10) population as func-
tions of these parameters. The values of T and [} were
varied with steps of 2.5 x 1073 s and 7/20, respectively.
We took into account the fact that the laser-driven
dynamics depends not only on the rotational frequency,
but also on the direction of rotation about the n axis,
which is related to the helicity of the circularly polar-
ized beam §6,.

An analysis of the computed dependence of
(cosar), 1o on T and B shows that it is qualitatively dif-
ferent for v, above and below the threshold frequency
V, = 4 X 10'° Hz corresponding to 7 = 2.5 x 107! s.
When v, < v,, absolute values of (cosa), o as high as
0.45 are reached. Its weak dependence on v,, is indica-
tive of adiabatic nature of field-molecule interaction.
When T'> 2.5 x 107!! s, both efficiency of orientational
selection and time-averaged |g, 10) population tend to
decrease with v, because of an increasing effect of
relaxation processes. When v, > v, the field—-molecule
interaction is an essentially nonadiabatic process: both
the absolute value and sign of {cosa), ;o exhibit oscil-
latory behavior as functions of the rotation period and,
hence, of the effective pulse area. Moreover, strong
dependence on the direction of rotation (sign of v,) is
observed: the absolute value of v, corresponding to
T~1.5 x 107" s is comparable to A, and A, and is
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approximately equal to half the Rabi frequency for the
two-photon transition. This explains the fact that the
time-averaged |g, 10) population reaches a maximum in
the neighborhood of this value of 7. Accordingly, mol-
ecules with T'= (1-2) x 107! s are responsible for the
dominant detrimental effect on the selection process.

The computed dependence of {cosa), 1o and |g, 10)
population on 7 and P is used to calculate {cosar), 1o
and normalized |g, 10) population averaged over an
ensemble of randomly oriented molecules in rotational
thermal equilibrium. In this case, which is the most
realistic in terms of experimental implementation,1 the
distribution of molecules over |v, | can be written as

o) = ——2—exp| - |
’\/Ztvms 2Vms

with rms frequency v, of rotation about the n axis cal-

culated as
_ 1 kTrot
C2m I

where T, is the rotational temperature and & is Boltz-
mann’s constant.

12)

ms

Figure 4 shows the calculated results. Since analysis
of the efficiency of the proposed scheme of laser-driven
orientational selection under normal conditions is of
primary interest, the results for 7,,, = 300 K are shown
in the right panel of Fig. 4 as functions of 7,;;, calculated
by using (12) and assuming that the other two moments
of inertia are higher than 1000 amu A2 The most
remarkable features observed here are the following.

! Thermal population of vibrational excited states is neglected.
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The relatively large value of normalized |g, 10) pop-
ulation varying between 0.10 and 0.15 over the exam-
ined interval of I ;, demonstrates the high efficiency of
the proposed scenario regardless of the dimensions and
mass of molecules (at least 10% of the total number of
molecules in the ensemble reside in the target state).

Furthermore, the ensemble-averaged value of
(cosay, 1o exceeding 0.1 for molecules with I, =

900 amu A2 under normal conditions suggests that the
efficiency of orientational selection is fairly high even
for relatively light (fast-rotating) molecules.

It should be noted that the highest ensemble-aver-
aged value of (cosa), o attainable in the parameter
domain considered here is approximately 0.3. Apart
from relaxation processes, the factors responsible for
this relatively low efficiency include the impossibility
of strictly adiabatic passage for typical light molecules.
It should also be kept in mind that the highest rate of
adiabatic population transfer between the ground and
target states corresponds to the overlap of the effective
pump and dump pulses. In the proposed scenario, this
occurs when o = /4 (see Fig. 1b). Therefore, the mol-
ecules in the state |g, 10) are mainly those whose m
axes lie within the relatively wide cone {0 < o0 < /4}.
Moreover, when T = T, the detrimental effect of relax-
ation processes leads to deviation of the maximum of
lg, 10) from the optimal orientation (ow = 0) into the
interval of strongest field—-molecule interaction (o =
1/4). For this reason, the unattainability of orientational
selection efficiency close to unity is an inherent short-
coming of the proposed scheme.

5. CONCLUSIONS

The proposed scenario of laser-driven orientational
selection of molecules may prove to be one of the most
promising schemes for controlling rotational dynamics
of molecular ensembles. The key advantage of the
scheme, as compared to various molecular orientation
scenarios of inversion symmetry breaking, is the high
efficiency of control at rotational temperatures of up to
300 K even for light molecules with masses on the
order of 100 amu and characteristic dimensions of
about 5 A. Moreover, since the desired result is
achieved without using any special procedure for opti-
mizing laser fields (such as amplitude modulation or
phase matching between the field components), an
additional advantage of the proposed scheme, as com-
pared to scenarios involving optimal control and pulsed
laser fields, is the relative simplicity of experimental
implementation. Yet another advantage lies in the fact
that effective selection is achieved by using laser beams
of moderate intensity (~10° W/cm?) and persists as long
as the laser and electrostatic fields are applied.

The principal requirement is that the molecule must
contain an isolated bond between a highly electronegative
atom and a hydrogen (or light metal) that is sufficiently
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soft to allow torsional motion of the hydrogen atom. Since
bonds of this type are frequent in both organic and inor-
ganic molecules, the proposed orientational selection
scheme is applicable to a broad class of molecules.

It would be interesting to explore the possibility of
using the present selection scheme in conjunction with
the scheme of orientational control by means of a mul-
timode laser field proposed in [30]. We expect that this
setting will obviate the use of electrostatic field and
provide a basis for designing orientational control sce-
narios that would be effective as applied to almost every
asymmetric molecule at high rotational temperatures.
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