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All-optical three-dimensional orientation of asymmetric-top molecules
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We propose an approach to the realization of all-optical three-dimensional molecular orientation, in which
a linearly polarized fundamental pulse and an elliptically polarized second-harmonic pulse with one of the
polarization axes parallel to the linear polarization of the fundamental pulse are employed to orient asymmetric-
top molecules, leading to higher degrees of orientation. In addition to the one-dimensional orientation realized
along the linearly polarized fundamental pulse, planar molecular alignment can be naturally realized along
the elliptical polarization plane of the second-harmonic pulse, resulting in the three-dimensional molecular
orientation. Compared to another all-optical method to achieve three-dimensional molecular orientation, in
which linearly polarized two-color laser fields with their polarizations crossed obliquely are employed, it is
numerically demonstrated that our method with an elliptically polarized second-harmonic pulse is especially
advantageous when the molecular orientation dynamics is nonadiabatic.
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I. INTRODUCTION

A sample of aligned and oriented molecules is an ideal
anisotropic quantum system to investigate electronic stereody-
namics in molecules [1] as well as stereodynamics in chemical
reactions. Therefore, the developments of various molecular
alignment and orientation techniques with laser technologies
are one of the hot topics in molecular science over the last
quarter century [2,3]. When molecules are aligned, they are
parallel to each other without paying any attention to the head-
versus-tail order. In contrast, when molecules are oriented,
they are parallel to each other with their heads directed the
same way as much as possible quantum mechanically. Typical
applications of a sample of aligned and oriented molecules
are summarized in Ref. [4]. They are tunnel ionization [5],
nonsequential double ionization [6], control of multiphoton
ionization [7], high-order harmonic generation [8,9], and so
on. Some recent applications include the shooting of molecu-
lar movies based on ultrafast x-ray electron diffraction [10,11]
and the control of pendular qubit states [12]. As is nat-
urally expected, the realization of molecular orientation is
much more challenging than that of molecular alignment. The
molecular alignment techniques are well established and used
in many applications [4].

The development of the molecular orientation technique
first comes with the so-called combined-field technique
[13,14], in which a weak electrostatic field and an intense
nonresonant laser field are employed to achieve molecular
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orientation. In the early stage, one- [15,16] and three-
dimensional molecular orientation [17] and laser-field-free
molecular orientation [18] were achieved. Then after the
realization of laser-field-free orientation of state-selected
asymmetric-top (iodobenzene) molecules [19], laser-field-free
three-dimensional molecular orientation [20] was achieved,
and that can be regarded as the acme of the combined-
field technique because all three requirements desired for
molecular orientation techniques, that is, higher degrees of
orientation, laser-field-free condition, and three-dimensional
control of spatial direction of sample molecules correspond-
ing to the complete control of spatial direction of sample
molecules, were successfully fulfilled.

Another promising approach is all-optical molecular orien-
tation with intense nonresonant two-color laser fields, which
relies on the anisotropic hyperpolarizability interaction as
well as anisotropic polarizability interaction [21]. The proof-
of-principle experiment was reported in 2010 [22]. More
recently, stronger orientation of state-selected OCS molecules
was achieved by relative-delay-adjusted nanosecond two-
color laser pulses [23]. Here it must be noted that the highest
possible degrees of molecular orientation for given laser
intensities can be achieved when the molecular orientation dy-
namics is purely adiabatic. Our numerical simulations suggest
that longer pulses are necessary to ensure that the molecular
orientation dynamics is adiabatic for the all-optical molecular
orientation technique than for the combined-field technique
[24-26]. In the course of the enormous efforts to increase the
degrees of molecular orientation after the proof-of-principle
experiment [22], it has been revealed that the molecular
orientation dynamics is not adiabatic even with 10-ns two-
color laser pulses [12]. In order to mitigate the disadvantage
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associated with the nonadiabaticity in the molecular ori-
entation dynamics, some approaches have been proposed
[27-29].

Among those approaches, our approach with a linearly
polarized fundamental (w) pulse and an elliptically polarized
second-harmonic (2w) pulse [29] was originally devised to in-
crease the degree of molecular orientation when the molecular
orientation dynamics is nonadiabatic. By carefully examining
various combinations of the polarization states of the two
wavelengths, we have found that the specific combination of
a linearly polarized @ pulse and an elliptically polarized 2w
pulse is the most effective to increase the degree of molecular
orientation [29]. Since the molecular plane can be confined
to the elliptical polarization plane of the 2w pulse, our ap-
proach should be applicable to achieve three-dimensional
molecular orientation of asymmetric-top molecules such as
iodobenzene molecules. In this paper, we demonstrate that
our approach can be naturally extended to achieve three-
dimensional molecular orientation by showing all the order
parameters to characterize three-dimensional molecular ori-
entation can be successfully controlled. We also show that, in
order to achieve three-dimensional molecular orientation, our
approach is superior to another approach using linearly po-
larized two-color laser pulses with their polarizations crossed
obliquely [30] especially when the molecular orientation dy-
namics is nonadiabatic.

In this connection, all-optical field-free three-dimensional
orientation of asymmetric-top molecules is demonstrated by
means of phase-locked cross-polarized two-color laser pulses
[31]. Since intense femtosecond two-color pulses are used
in their experiment, the molecular orientation dynamics is
purely nonadiabatic, and an ensemble of field-free molecules
is created after the two-color pulses are over. Consequently,
the degree of molecular orientation is very low, and the abso-
lute value of the standard molecular orientation parameter is
~0.05. In addition, in their approach, the relative intensities
of the femtosecond two-color pulses must be carefully chosen
depending on the specific sample molecule. In contrast, our
approach is less sensitive to the relative intensities of nanosec-
ond two-color laser pulses as discussed below. As for other
experimental studies on molecular orientation with intense
femtosecond two-color pulses, the readers should refer to the
Introduction of Ref. [26].

II. DEFINITIONS OF TWO-COLOR LASER FIELDS

First, for comparison, linearly polarized two-color laser
fields with their polarizations crossed obliquely are defined
as follows [30]:

Ex(1) E}, (t)cosRowt + ®)
Ey(®) | = 0 , (D
E; (1) E,(t)coswt + Ep,(t) cosQuwt + D)

where w and 2w are the angular frequencies of the fundamen-
tal (w) pulse and its second-harmonic (2w) pulse, respectively;
@ is the relative phase difference between the two wave-
lengths; and the envelopes E,(f), E»,(t), and E] (t) are

defined as Gaussian pulses:
_2
Ew(t) =E,e B y
2 2

Ex(t) = Expe %, E; (1) = Ej e 3, 2)

where 7, and 1, are the widths of the Gaussian envelopes.
The polarizations and the propagation directions of the two-
color laser fields are defined in the laboratory-fixed frame as
shown in Fig. 1(a), while the body-fixed frame of a sample
(iodobenzene) molecule is defined in Fig. 1(b). ey and e, are
the unit vectors along the laboratory-fixed Y axis and the
body-fixed y axis, respectively. In Eq. (2), E,, is the peak
electric-field strength of the w pulse, and E,, and E;  are
those projected along the Z and X axis of the linearly po-
larized 2w pulse, respectively. In this paper, we refer to the Z
axis as the vertical direction and to the X axis as the horizontal
direction. The transformation from the laboratory-fixed frame
to the body-fixed frame of a sample molecule is expressed by
the Euler angles ¢, 6, and x as shown in Fig. 1(c). We express
the Hamiltonians of the rotational dynamics in the body-fixed
frame of the molecule.

In our approach, we replace the linearly polarized 2w pulse
with an elliptically polarized one:

Ex (1) E} () sinQwt + ®)
Ey(®) | = 0 , (3
E; (1) E,(t)coswt + E»,(t) cosLwt + )

where E,(t) and E; (t) are the peak electric-field strengths
along the Z and X axis of the elliptically polarized 2w pulse,
respectively. Note that a cosine function of the X component
in Eq. (1) is now replaced by a sine function in Eq. (3). Here
we assume that the two-color laser fields oscillate much faster
than the rotational period of the molecules, and the conditions
/27 > ;! and 20 /27 > rz’wl, allowing us to take the aver-
age over a laser oscillation period 27 /@ when considering the
effective laser-molecule interaction potentials responsible for
rotational control of molecules with (two-color) laser fields
[21,25,29,33]. In addition, the combination of the w pulse and
the 2w pulse is essential for achieving molecular orientation
[29,34]. Since the all-optical molecular orientation technique
considered here relies on the nonresonant laser-molecule in-
teraction, we do not have to specify the two wavelengths
(angular frequencies).

III. INTERACTION POTENTIALS

We will consider rigid asymmetric-top molecules such as
iodobenzene (C¢HsI) which belongs to the point group Cp,
[35-37]. The reason why an iodobenzene (C¢Hs]) is used as a
typical sample molecule in the present paper is to mitigate
the calculation cost. In general, the numerical calculations
of three-dimensional alignment and orientation are very
time consuming, especially when solving time-dependent
Schrodinger equations. Since an iodobenzene molecule which
belongs to the point group C,, has four symmetry operations,
the number of nonzero matrix elements to be included in the
calculations can be considerably reduced, leading to the fairly
large reduction of the calculation time. First, the interaction
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(a) Laboratory-fixed coordinates (X, Y, Z) with the two-color laser
propagation directions (black arrows) and their polarizations

(b) Coordinates fixed to the
body of an iodobenzene
molecule

(c) Euler angles (¢, 0, X) for the
transformation from the laboratory-fixed
frame to the body-fixed frame of a
sample molecule

FIG. 1. (a) The polarizations and the propagation directions of the two-color laser fields are defined in the laboratory-fixed frame. (b) The
body-fixed frame of a sample (iodobenzene) molecule. ey and e, are the unit vectors along the laboratory-fixed ¥ axis and the body-fixed
y axis, respectively. (c) The transformation from the laboratory-fixed frame to the body-fixed frame of a sample molecule is expressed by
the Euler angles ¢, 6, and x, and is achieved by three successive finite rotations: a counterclockwise rotation ¢ about Z, a counterclockwise
rotation 6 about the line of nodes y’, and a counterclockwise rotation x about z [32].

potentials (Hamiltonians) of the asymmetric-top molecule
(iodobenzene) with linearly polarized two-color laser fields
with their polarizations crossed obliquely as in Eq. (1) [30]
are given by

H; = H, + Hj, 4)

- —a”(cosq)cos@cosx — singsiny )2E (1)
— %a Vsin6cos? X[Ew(t) + Ezw(t)]

+ %axy sinfcos x (cos¢cosfcos x

— singsiny )Ea, (t)E}, (1)

— Za”cos (/)SanQE )

— ta¥cos’0[EL(t) + E5,,(1)]

— 2 cosgeostsing En, (1)ES, (1), (3)

Hg = cos ®{ — 3 B...cosOsin*0cos” X E2 (1) Ea (1)

— éﬁw[cosdmin@(l — 3co0s20)cos’ x

+ singcosfsindsin2x 1E2(1)E;, ()

— 3 B.yycos0sin®Osin’ Y E (1) Ea (1)

— %ﬁzyy[cosd)sine(l — 300529)sin2)(

— singcos@sindsin2 x 1E2(1)E;, (t)

— 3Bo:COS’OEL (1)E (1)

— 3 Bezcospeos’OsindE L (1)ES (1)} (6)

The phase difference between the two wavelengths is set to
be ® =0 or 7, o;; and B;j; are the polarizability and hyper-
polarizability tensor components, and o® = o, — oy 7 oz
and o™ = o, — oy # otx,. The body-fixed coordinates x, y,
and z are defined in Fig. 1(b). The above interaction potentials
[Egs. (5) and (6)] are derived after taking the average over a

laser oscillation period 27t /w. The potential H, is created by
the anisotropic polarizability interaction and the potential Hﬁ
is created by the anisotropic hyperpolarizability interaction.
Since the potential H,, is invariant under the transformation
321 > +¢, 0 > —0, x > —x,ie, Hy(¢,0, x) =
H, (7 + ¢, T — 0, —x), no orientation is produced when only
the polarizability interaction potential is considered. On the
other hand, the anisotropic hyperpolarizability interaction
potential ﬁﬂ has the opposite sign under the above transfor-
mation, i.e., ﬁﬁ(d), 0,x)= —ﬁﬂ(n +¢,m —6,—x), being
responsible for molecular orientation.

For linearly polarized two-color laser fields with their
polarizations crossed obliquely, the H, for the molecular pa-
rameters of an iodobenzene molecule (Table I) is plotted in
terms of the Euler angles ¢, 6, and x in Fig. 2, in which
@ = 0 is assumed. The potentials plotted in Fig. 2 are those
at the peak intensities of the two-color laser pulses as given in
Table II. It is experimentally feasible to have 2w intensity that
equals or exceeds the w intensity by using an attenuator for the
w pulse, consisting of the combination of a dual wavelength
half waveplate and a polarizer. The peak intensity / and its
corresponding peak electric-field strength E are related by
I = E? /27, with the characteristic impedance of vacuum Zj.

One can see that the A, has its minimum deviated from
the vertical Z axis. This further means that the asymmetric-
top molecules can be aligned tilted from the vertical Z axis

TABLE 1. Rotational constants, polarizability, and hyperpolariz-
ability components of an iodobenzene molecule.

Rotational constants Polarizability Hyperpolarizability
() [36,37] (Cm2J7" [35] (Cm?I72)[35]
A 376 x 107 ., 239x107%®  B.. 144 x 1070
B 497x10% ., 163x107 B, 349 x 1073
C 4.39 x 1075 o, 1.01x107% B, 2.2 x 107!
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FIG. 2. Alignment potential A, as a function of ¢, 8, and y, in which linearly polarized two-color laser fields with their polarizations
crossed obliquely are employed to orient iodobenzene molecules. The relative phase ® between the two wavelengths is assumed to be zero.

depending on the contribution of the Ej (¢). The potential
1-75 given by Eq. (6) is shown in Fig. 3. In contrast to H,,
the potential Hﬂ is the deepest at & ~ 0 for all values of
the Euler angle ¢. The slight deviation of the deepest po-
sitions of the potentials Hg from the exact § = 0 is caused
by the terms including Ej (¢) in Eq. (6). Since the poten-
tial A, is much deeper than the potential ﬁﬂ by about three
orders of magnitude and dominates the overall shape of the
interaction potential, the spatial direction of a sample of ori-
ented molecules is accordingly tilted from the vertical Z axis
depending on the contribution of the E; (¢).

The interaction potentials of an asymmetric-top molecule
and a combined linearly and elliptically polarized two-color
laser field defined by Eq. (3) are given by Eqgs. (7)—(9):

H,’ :Ha + HAﬂv (7)
H, = — Lo (cospcosficosy — singsiny )*E5 (1)
— YaVsin*0cos’ x [E2(1) + E3,(t)]
— La®cospsin®0EL ()
— Ya®cos®0[EL(t) + E5,(1)]. @®)

TABLE II. Peak intensities of the two-color laser pulses.

Laser field Intensity (W /cm?)
Fundamental pulse (vertical direction), /, 8 x 10°
Second harmonic (vertical direction), I, 9 x 10°
Second harmonic (horizontal direction), I, 8 x 10°

Hg = cos @ — 3 B.cicosOsin*0cos” X E (1) Ea (1)
— 3 BoyycosOsin®Osin® Y E2 (1 )Ea, (1)

— $B.2:c0S 0E (1) E0 (1)), 9)

where ® = 0 or 7 as in Egs. (4)—(6). The elliptically polarized
2w pulse defined by Eq. (3) makes the terms associated with
E»,(t)E;, (t) in H, and Eaz,(t)Eéw(t) in 1-7,3 zero after taking
the average over the laser oscillation period 27 /w. In this
case, molecular orientation can be achieved either upward
(60 ~ 0) or downward (6 ~ ) by tuning the relative phase
@ between the two wavelengths, except for the extreme case
in which EJ (¢) is much higher than E»,(t), approaching the
case proposed in Ref. [28], in contrast to the linearly po-
larized two-color laser fields with their polarizations crossed
obliquely.

The polarizability interaction potential A, for the molecu-
lar parameters of an iodobenzene molecule (Table I) is plotted
in terms of the Euler angles ¢, 6, and x in Fig. 4, in which
@ = 0is assumed. Our approach is robust to the relative inten-
sities between the two wavelengths as long as the intensities
of the two wavelengths are more or less of the same order. In
addition, although our enormous auxiliary calculations sug-
gest that the ratio I, /b, ~ 1 is generally advantageous, as
has been originally proposed in Ref. [29], the polarization
of the 2w pulse does not have to be circular. In contrast
to the results shown in Fig. 2 for linearly polarized two-
color laser fields with their polarizations crossed obliquely,
the potential A, has its minimum along the vertical Z axis.
The hyperpolarizability interaction potential I?,g is plotted in
Fig. 5. Since the terms including Ef)(t)Eéw(t) in 1-7,3 become
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FIG. 3. Orientation potential Hy as a function of ¢, 6, and x, in which linearly polarized two-color laser fields with their polarizations
crossed obliquely are employed to orient iodobenzene molecules. The relative phase ® between the two wavelengths is assumed to be zero.

zero after taking the cycle average, the hyperpolarizability
interaction potential 1-75 is independent of the Euler angle ¢.
Consequently, the spatial direction of a sample of oriented
molecules is always along the vertical Z axis, which is very
convenient for experimental applications. We would like to
emphasize that this superiority in the specific combination

¢=m/4

0 2 1
-80 i -80
z
-160 -160
-
-240 ' -240
m |
-320 2 ! -320
=400 Ob s p =400
i 2 7 U
¢ =5r/4
0 2n
-80 i -80
2
-160 -160
1
240 ' -240
m
-320 2 . -320
-400 Ob s - -400
i 2 7 T

of a linearly polarized w pulse and an elliptically polarized
2w pulse over the conventional approach [30] is brought
by the avoidance of making the competing spatial direction
with a linearly polarized w pulse by employing an ellipti-
cally polarized 2w pulse instead of a linearly polarized 2w
pulse.
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FIG. 4. Alignment potential H, as a function of ¢, 8, and y, in which a linearly polarized » pulse and an elliptically polarized 2w pulse
are employed to orient iodobenzene molecules. The relative phase ® between the two wavelengths is assumed to be zero.
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FIG. 5. Orientation potential 1-7,3 as a function of 6 and y, in
which a linearly polarized w pulse and an elliptically polarized 2w
pulse are employed to orient iodobenzene molecules. The relative
phase ® between the two wavelengths is assumed to be zero.

In addition, the term including the horizontal electric-field
component EJ (¢) appears not in 1-7,3 but in H,. This leads
to an important result that the alignment potential H, is
suppressed along the azimuthal angles ¢ = 0 and 7 without
influencing the orientation potential 1-7,3 (see the plots for
¢ = 0and 7 in Fig. 4, and Fig. 3 of Ref. [29]). Thereby, the
tunnel transition probability from the shallower potential well
to the deeper one is increased when the molecular orientation
dynamics is nonadiabatic.

IV. NUMERICAL SIMULATIONS OF MOLECULAR
ORIENTATION DYNAMICS AND DISCUSSIONS

The orientation dynamics of an asymmetric-top (iodoben-
zene) molecule has been numerically compared between the
following two cases.

(1) The time-independent Schrodinger equation is solved
under the adiabatic approximation.

(2) The time-dependent Schrodinger equation is solved to
take account of the nonadiabatic effects appropriately.

In the numerical calculations, we assume that the iodoben-
zene molecule is initially in its rotational ground state in
the laser-field-free condition. The width 7, of the w pulse
and the width 7, of the 2w pulse are 7, = 12 ns and
T = 9 ns, respectively. It should be noted that these pulse
widths are about twice those used in our recent experiments
[22,23]. These longer pulse widths are intentionally employed
to explore the nonadiabaticity of the molecular orientation
dynamics as discussed below. As has been discussed in
Refs. [24-26], nanosecond two-color laser pulses are much
more advantageous for achieving higher degree of orientation
than femtosecond two-color laser pulses.

Prior to the results of numerical calculations, we confirm
some basic properties of an iodobenzene molecule. The ro-
tational constants and polarizability and hyperpolarizability
components are summarized in Table 1. The rotational con-
stants meet the condition: A > B > C, which is equivalent to
the relation I, < I, < I, where I,, I, and I. are the principal
moments of inertia along the body-fixed z, x, and y axes.

As can be seen from Fig. 1(b), iodobenzene molecules be-
long to the point group C,, [35-37]. The C,-rotational axis
falls on the body-fixed z axis. This axis goes through the
iodine atom, which is about an order of magnitude heavier
than carbon atoms. Therefore, the principal moment of inertia
axis a also falls on the body-fixed z axis. According to the
right-hand rule of vector product, the principal moment of
inertia axes b and ¢ correspond to the body-fixed x and y
axes. Then we explain a way of characterizing the degree of
three-dimensional orientation of asymmetric-top molecules.
To that end, it is necessary to use three order parameters; i.e.,
in addition to the usual order parameters of alignment (cos” 6)
and orientation (cos 6) measured from the space-fixed vertical
Z axis defined by the linearly polarized w pulse, the degree
of planar alignment ((e, - ey)?) characterizing the alignment
of the molecular plane to the plane defined by the elliptically
polarized 2w pulse should also be used. It should be noted that
((e, - €7)?) is equivalent to (cos® ) in the present case.

The time evolutions of the above order parameters for
iodobenzene molecules are shown in Fig. 6 for case 1 and
in Fig. 7 for case 2. We first explore the numerical results
obtained under the adiabatic approximation. For given inten-
sities of two-color laser pulses, the highest possible degrees
of molecular orientation can be achieved when the molecular
orientation dynamics is purely adiabatic. In the case of lin-
early polarized two-color laser fields with their polarizations
crossed obliquely [Fig. 6(a)], although the degree of planar
alignment ((ey - ey )?) increases monotonically, the degrees of
molecular alignment and orientation saturate before the peak
intensities and slightly decrease toward the peak intensities.
This behavior can be understood by referring to Fig. 2. The
alignment potential H,, which dominates the overall shape
of the interaction potential as explained above, is the deep-
est along directions slightly tilted from the vertical Z axis.
Consequently, the degrees of alignment and orientation de-
fined above tend to decrease when the intensities of the laser
pulses are high enough. In addition, the actual direction of
aligned and oriented molecular ensemble achieved with this
conventional approach [30] depends on the contribution of
the E; (¢) component, which is not convenient in experimen-
tal implementations and further applications. In contrast, our
approach with combined linearly polarized and elliptically
polarized pulse [29] ensures that the alignment potential H, is
always the deepest along the vertical Z axis. Consequently, all
of the order parameters increase monotonically till the peak
intensities with our approach as shown in Fig. 6(b). More
importantly, all of the order parameters at the peak intensities
achieved with our approach are higher than those with the lin-
early polarized two-color laser fields with their polarizations
crossed obliquely.

We find that the molecular orientation dynamics is not
adiabatic even with longer pulse widths 7, = 12 ns and
Too = 9 ns as discussed below. The nonadiabatic behavior
must be carefully examined by solving the time-dependent
Schrodinger equation. When the molecular orientation dy-
namics is nonadiabatic, stronger orientation cannot necessar-
ily be achieved simply by increasing the intensities of the
two-color laser pulses. Its mechanism can be qualitatively
understood as follows: First, it should be noted that in gen-
eral the pulse width of the w pulse is longer than that of
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FIG. 6. Degrees of alignment (cos? §), orientation (cos 8), and planar alignment ((ey - ey )?) of iodobenzene molecules which are initially
in their rotational ground state as a function of time on the leading edge of the two-color laser pulses (lower panel), and the intensity profiles
of the two-color laser pulses (upper panel). (a) The results obtained for linearly polarized two-color laser fields with their polarizations crossed
obliquely. (b) The results obtained for a linearly polarized w pulse and an elliptically polarized 2w pulse. The results are obtained by solving
the relevant time-independent Schrodinger equation under the adiabatic approximation.
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FIG. 7. Degrees of alignment (cos? §), orientation (cos 8), and planar alignment ((ey - ey )?) of iodobenzene molecules which are initially
in their rotational ground state as a function of time on the leading edge of the two-color laser pulses (lower panel), and the intensity profiles
of the two-color laser pulses (upper panel). (a) The results obtained for linearly polarized two-color laser fields with their polarizations crossed
obliquely. The small ripples visible in the red {(cos ) curve are artifacts, which stem from the finite time step in the numerical calculations
and have no physical meaning. (b) The results obtained for a linearly polarized w pulse and an elliptically polarized 2w pulse. The results are
obtained by solving the relevant time-dependent Schrodinger equation to examine the nonadiabatic effects.
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the 2w pulse because of the unsaturated second-harmonic
generation process. Since the intensity of the w pulse first
starts to increase and the symmetric alignment potential is
created, the rotationally excited states are equally distributed
in both of the symmetric double-well potentials and only the
molecular alignment is created. After a while the intensity of
the 2w pulse starts to increase, and the asymmetric double-
well potential required for molecular orientation is gradually
created but the high potential barrier between the double-well
potentials mainly created by H, hampers the tunnel transitions
of rotational states from the shallower potential well to the
deeper one. Therefore, it is difficult to achieve higher degrees
of orientation when the molecular orientation dynamics is
nonadiabatic. This serious situation can be significantly miti-
gated by our approach with a linearly polarized w pulse and an
elliptically polarized 2w pulse [29]. This is made possible by
the suppressed potential barriers along the azimuthal angles
¢ = 0 and &, which are created by the elliptically polarized
2w pulse as explained above and contribute to the promotion
of the tunnel transition from the shallower potential well to
the deeper one when the molecular orientation dynamics is
nonadiabatic.

Now the validity of our strategy explained above is ascer-
tained by numerical simulations (numerical experiments). The
time evolutions of the order parameters obtained by solving
the relevant time-dependent Schrodinger equation are shown
in Fig. 7. The important features observed in the comparison
between Figs. 6 and 7 are as follows.

(1) The degrees of orientation (cos ) in Fig. 7 are lower
than those in Fig. 6. This is a clear manifestation that the
molecular orientation dynamics is actually nonadiabatic even
for longer pulse widths of 7, = 12 ns and 1, = 9 ns.

(2) The degree of orientation in Fig. 7(b) is higher than that
in Fig. 7(a). Although the same relation is observed between
Figs. 6(a) and 6(b), the superiority of our approach over the
conventional approach is more prominent in Fig. 7 than in
Fig. 6. This means that our approach is more advantageous
than the conventional approach especially when the molecular
orientation dynamics is nonadiabatic.

(3) The degrees of alignment (cos” §) and planar alignment
((ey - ey)?) in Fig. 7 are the same as those in Fig. 6. This
means that the alignment dynamics and the planar alignment
dynamics are adiabatic for the pulse widths of 7, = 12 ns
and 15, = 9 ns. In the case of alignment, there is no need
for the tunnel transitions from the shallower potential well to
the deeper one. On the other hand, for achieving molecular
orientation, our result demonstrates that two-color pulses with
the pulse widths longer than 12 and 9 ns are necessary to
ensure the adiabatic orientation. The necessity of the longer
pulse widths for achieving the adiabatic molecular orientation
is explained by the smaller energy differences among the
relevant rotational quantum states in the sample molecules,
and the necessary pulse widths are roughly determined by the
uncertainty principle.

V. SUMMARY AND OUTLOOK

Our approach with a linearly polarized w pulse and an
elliptically polarized 2w pulse for achieving molecular orien-
tation has been originally proposed to achieve higher degrees

of orientation when the molecular orientation dynamics is
nonadiabatic and its validity has been numerically demon-
strated for achieving one-dimensional molecular orientation
[29]. In this paper, we have successfully demonstrated that
our approach can be naturally extended to achieve three-
dimensional molecular orientation because of the usage of
an elliptically polarized 2w pulse. That is, all the three order
parameters to characterize three-dimensional molecular orien-
tation can be successfully controlled with our approach.

Here we summarize our findings.

(1) The molecular orientation dynamics is actually nona-
diabatic even for longer pulse widths of 7, =12 ns and
T2 = 9 ns.

(2) Our approach is more advantageous than the con-
ventional approach with linearly polarized two-color pulses
with their polarizations crossed obliquely especially when the
molecular orientation dynamics is nonadiabatic.

(3) In contrast to the molecular orientation dynamics, the
alignment dynamics and the planar alignment dynamics are
adiabatic, from the viewpoint of their order parameters, for
the pulse widths of 7, = 12 ns and 7, = 9 ns.

In addition to the experimental realization of one- and
three-dimensional molecular orientation with our own ap-
proach, completely field-free one- and three-dimensional
molecular orientation is a remaining future subject. This will
be made possible by turning off the intense nanosecond two-
color laser pulses at their peak intensities rapidly within ~150
fs by applying a plasma shutter. An indispensable prerequisite
for such a plasma shutter is to stabilize the relative phase dif-
ference between the two wavelengths. Such a plasma shutter
is now being developed in our group.

A sample of three-dimensionally aligned and oriented
molecules is an ideal anisotropic quantum system for many re-
search fields in electronic stereodynamics in molecules [1] as
well as stereodynamics in chemical reactions. Especially, the
preparation of an ensemble of three-dimensionally oriented
molecules is prerequisite to prepare one of the enantiomers
from the 50:50 racemate [38,39].
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APPENDIX: MATRIX ELEMENTS USED IN THE
INTERACTION POTENTIALS (HAMILTONIANS) IN
TERMS OF WIGNER D MATRICES

To run numerical simulations, a wave function |W(¢)) is
expanded in terms of symmetric-top wave functions [JKM)
as given by Eq. (Al):

2J+1

v (AlD)

UKM) = [ ]zDﬁ;‘m,e, 0,

where DﬁK(dx 0, x) is the complex conjugate of the Wigner
D matrix D}, (¢, 0, x). The matrix elements used in the in-
teraction potentials (Hamiltonians) of Egs. (4)—(6) and (7)—(9)
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are calculated by the following equation [32]:
2% v/
(J'K'M'|Dyy  |JKM)
= (D" K JQr+1)@2J+1)

J Jo T J Jo T

x (—M Mo M’) (—K Ko K’)' (A2)
The trigonometric functions of ¢, 6, and x in Egs. (4)—-(6) and
(7)—(9) have to be expressed in terms of the Wigner D matrix
Dy, (¢, 0, x) before we can use (A2) to find out the necessary
matrix elements corresponding to these terms. The Wigner
D-matrix representations of these functions are calculated us-
ing the tables given in Refs. [32,40] and are summarized as
follows:

cosf = Dy, (A3)
1 2
cos’d = 3+ gD(Z)O, (A4)
2 45 3
cos’ = SDOO + SDOO’ (AS)
s, .o 1 1, r 1
cos’¢sin’ = 3- gDoo + %Dzo + %szov (A6)
.5 ) 1 1, | 1,
sin“fcos” xy = 37 §D00 + %Doz + %Do_z, (A7)
. 1 1
cospcosfsing = %Dilo - %ng, (A8)
cos¢cos’fsing = i 30— iD3
5\/§ -10 5\/§ 10
V2 V2
+ EDI—IO 10 D}O, (A9)
(ey - ey)? = (—singcosfsiny + cosgcosy )’
1 1 1 1 1
=37 ED(Z)O + Zszzfz + ZDgz + ZDiz
+ipr, e Lp L
772 2f D2y 2J6 02
1
«/_ D3, + szgz» (A10)

(cospcosfcosy — singsiny)?

1, I, L, 1 1
=371 gDoo + ZD—z—z + ZDzz + 4D 2t 4D—22
1 1 1 1
2«/6_20 2\/60_2 2\/620 2\/602
(A11)
sinfcos x (cos¢cosfcosy — singsiny )
e I L p2
=3 12T P 2«/_ Dy — 276 10
1 1
+ ZD 2t 4D12, (Al2)
.2 2 1 13 1 D3 L.
cosfsin“fcos” x = gDoo D00 +— 7% Dy_, + «/_0D027
(A13)
. . 1 1 1 1
cosfsin®fsin’y = gD(l)o - gD(S)o - EDS_Z - EDSZ’
(Al4)
cos¢sind (1 — 3cos>0)cos’ x + singcosfsindsin2 x
_ 1 D+ 1 D? 1 D3 1 D3
m —1-2 m -12 m 1-2 m 12
+ QDl ﬁDl ﬁD3 + £D3
10 —-10 — 10 10 5 —10 5 10°
(A15)
cosgsing (1 — 3cos?0)sin®x — singcosfsindsin2 x
_ 1 D 1 D4 1 D4 1 D3
= To —1-2 To 12 To 12 Mo 12
+£Dl _ﬁl)l —£D3 +£D3
10 —10 10 10 5 —10 5 10
(A16)
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