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Effect of rotational-state-dependent molecular alignment on the optical dipole force
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The properties of molecule-optical elements such as lenses or prisms based on the interaction of molecules
with optical fields depend in a crucial way on the molecular quantum state and its alignment created by the optical
field. Herein, we consider the effects of state-dependent alignment in estimating the optical dipole force acting
on the molecules and, to this end, introduce an effective polarizability which takes proper account of molecular
alignment and is directly related to the alignment-dependent optical dipole force. We illustrate the significance
of including molecular alignment in the optical dipole force by a trajectory study that compares previously
used approximations with the present approach. The trajectory simulations were carried out for an ensemble
of linear molecules subject to either propagating or standing-wave optical fields for a range of temperatures
and laser intensities. The results demonstrate that the alignment-dependent effective polarizability can serve to
provide correct estimates of the optical dipole force, on which a state-selection method applicable to nonpolar
molecules could be based. We note that an analogous analysis of the forces acting on polar molecules subject to
an inhomogeneous static electric field reveals a similarly strong dependence on molecular orientation.

DOI: 10.1103/PhysRevA.94.013428

I. INTRODUCTION

Current laser technology has made it possible to generate
spatially and temporally well-defined optical fields—whether
propagating or standing wave—that can be used to manipulate
molecular motion and create molecule-optical elements, such
as lenses [1-3] and prisms [4,5], as well as to decelerate
molecules [6—11]. Manipulating the translation of other than
spherical molecules by optical fields entails manipulating their
rotation first. The field hybridizes the rotational states of the
molecules and thereby creates directional states in which
their induced-dipole moments are aligned with respect to
the polarization vector of the field. Only in such directional
states are the molecular body-fixed dipole (or higher) moments
accessible in the laboratory frame and can be acted upon by
space-fixed fields in order to achieve efficient manipulation of
their translation. Whether the directional states will be created
and hence strong optical dipole forces exerted by the optical
field on the molecules is contingent upon the symmetry of
the molecules’ polarizability tensor: only for an anisotropic
polarizability whose principal components are not all equal
to one another will the hybridization of rotational states by
the interaction with an optical field take place [12-16]. For
instance, the polarizability tensor of every linear molecule is
anisotropic, with the principal polarizability component along
the molecular axis exceeding that perpendicular to it; this
makes all linear molecules amenable to facile manipulation
by an optical field.

In most of the previous experimental studies, a rotation-
averaged molecular polarizability was used to analyze the
experimental data [1,2,4,6-8,10], in which, due to the high ro-
tational temperature of the sample, the effects of the rotational
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state and of the molecular alignment on the optical dipole force
were averaged out. During the last decade it was demonstrated
that the optical dipole force is modified by the field-induced
molecular alignment, but the state dependence of the molecular
polarizability was not taken into account [9,11]. Not until
very recently was the rotational-state-dependent molecular
polarizability used to interpret the transverse dispersion of CS,
molecules subject to pulsed optical standing waves, although
the molecular alignment effect was neglected [5].

In contrast to the above experimental studies, their the-
oretical counterparts made use of the state dependence of
molecular alignment, since the degree of molecular alignment
intrinsically depends on the rotational state of the molecule
[12-14,16]. Translational motion of molecules subject to
propagating laser fields was traced with quantum-mechanical
[17], hybrid quantum-classical [17-19], and classical [20]
trajectory methods, in which the state-dependent molecular
alignment was included in the Hamiltonian of the system
under study. However, the trajectories were calculated without
considering the relation between the molecular alignment
and the optical dipole force. Furthermore, these studies
focused on the low-intensity [20,21] or the high-intensity
limits [17-20], wherein the molecules are hardly aligned
or the degree of their alignment approaches its maximum,
respectively. However, in particular when molecules travel
through an optical standing wave, some of them probe the
wave’s whole intensity range—from zero to the peak value.
Therefore, the intermediate intensity range, in which the
molecules are aligned partially, is key for understanding the
relation between the molecular alignment and the optical
dipole force. The intensity range varies for different initial
rotational states of the molecules and hence the alignment
for which they intrinsically allow. For instance, at a certain
laser intensity, the high-field limit is reached for molecules
in the rotational ground state, whereas molecules occupying
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rotationally excited states may be hardly affected by the same
laser field.

The rotational-state-dependent molecular alignment is a
precondition for exerting the rotational-state-dependent op-
tical dipole force, which, in turn, is the basis for selecting
nonpolar molecules that occupy a specific quantum state.
There has been continuous interest in the separation and
discrimination of molecules by using nonresonant laser beams
[4,5,9,17,21-25], which includes isotope and spin isomer
separation. New techniques based on the nonresonant optical
dipole force would complement the methods for state selection
of polar molecules via inhomogeneous static electric fields
[26-31]. Therefore, the development of new tools for sepa-
rating nonpolar molecules requires the proper evaluation and
optimization of the optical rotational-state-dependent dipole
force.

Based on our analysis presented herein, we introduce
a different kind of effective polarizability that explicitly
connects the state-dependent molecular alignment with the
optical dipole force. The state-dependent variation of such
an effective polarizability is directly reflected in the optical
dipole force. The calculated optical dipole force is then
utilized to investigate the deflection and dispersion of CS,
(X '¥) molecules subject to either a propagating laser field
or an optical standing wave as an example. The intensity
of interest in this study includes the intermediate range for
each rotational state as well as the low- and the high-intensity
ranges. We demonstrate that this effective polarizability that
includes the effect of the rotational-state-dependent alignment
can be used as a general guide in assessing the optical dipole
force. Therefore, our study provides an approach toward the
optimization of the state-dependent optical dipole force which
is a prerequisite for the quantum state selection of nonpolar
molecules. We also examine the counterpart of this effective
polarizability that arises in the context of the dipole force
exerted on polar molecules by an inhomogeneous static electric
field.

II. DEFLECTION SCHEME

We consider two schemes for the transverse manipulation
of molecules. The first one follows the molecular deflection
experiment of Refs. [1,2] in which molecules are deflected
by a single laser beam propagating perpendicularly to the
molecular beam, as shown in Fig. 1(a). The second scheme
pertains to the experiment by Sun et al. [5], who studied the
transverse dispersion of molecules brought about by pulsed
optical standing waves, as illustrated in Fig. 1(b). Here, the
molecules are not dispersed vertically but horizontally, since
the paths of the molecules are limited to the vertical center of
the standing wave. In Fig. 1, “IR1” and “IR2” denote pulsed,
linearly polarized infrared (IR) laser beams. In the second
scheme, the requisite pulsed standing wave is generated by
two counterpropagating beams IR1 and IR2 [cf. Fig. 1(b)]. In
what follows, we consider a supersonic beam of CS, molecules
whose rotational temperature 7 is assumed to be 1 or 35 K.
The former temperature can be achieved by state-of-the-art
molecular beam sources [32] and the latter was used in
previous experimental studies [5,9,11]. The molecular beam
crosses the IR beam or the optical standing wave at right angles.
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FIG. 1. Two schemes for the transverse manipulation of
molecules. (a) A single propagating infrared (IR) laser beam and
(b) a pulsed optical standing wave are used for the deflection and
dispersion of molecular beams, respectively. The CS, molecular beam
propagates along the z axis, while the IR laser beams propagate
along the x axis. The coordinate origin is the focal point of the IR
laser beams; the time zero is the moment when the intensity of the
pulsed laser beam has its maximum value. The gray transparent beams
indicate the molecular beam with the laser field off, while the pink
beams indicate the molecular beam with the laser field on. The black
dashed line represents the initial y position of the molecular beam.

‘We choose the infrared laser beam (IR1), the molecular beam,
and the laser polarization directions to be along the x, z, and
y axes, respectively. The coordinate origin is at the focal point
of IR1 and IR2 and the time origin (¢ = 0) is given by the
maximum intensity of the pulsed laser beam. The respective
intensities of the propagating and the standing waves can be
written as follows:

a2 42 2
I(r,t) = Iyexp [M} exp (—4ln(2)%) (la)
w,

0
and
] 2 2
I(r,1) = 41y exp [M]
Wy

12 of 27
X exp <—41n(2)§)cos (Tx) (1b)

Here, Iy,wp,7, and A are the peak intensity, waist radius
(e~? radius), pulse duration (full width at half maximum,
FWHM), and wavelength of IR1 and IR2, respectively. We
choose wy = 23.5 um,tr = 10ns, and A = 1064 nm for our
study. Since the rotational period B/h = 49 ps for CS, (whose
rotational constant B is 0.109 cm™') is much smaller than the
pulse duration t, the field is adiabatic with respect to the
rotational motion [33].

Below, we trace the trajectories of 10° molecules starting
at their initial positions (xp,y0,z0) Wwith initial velocities
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(vox,Voy,vo;) at t = —30ns, whose passage through one of
the two laser fields results in a transverse velocity distribution
g(vx,vy) att = 30ms.

III. THEORY

The interaction potential between a ' ¥ molecule (such as
the linear ground state CS,) and a laser field of intensity /
is

U = —1(ocos’0 + o sin’0) Z1

= —1ZoI[(ey) — 1 )cos’0 + o], )
where «) and o are the polarizability components parallel
and perpendicular to the molecular axis, 6 is the polar angle
between the molecular axis and the laser polarization axis (i.e.,
the y axis), and Zj is the vacuum impedance.

In the absence of the field (I = 0), U = 0, in which case the
molecule undergoes free rotation, represented by the Hamil-
tonian Hy = BJ?, with J* the squared angular momentum
operator and B the rotational constant. The eigenfucntions of
J? are the spherical harmonics Y;y = |j, M), pertaining to
eigenvalues j(j + 1), with j the rotational angular momen-
tum quantum number and M the projection of the angular
momentum on the laser polarization axis; for 12¢032g, | jis
restricted to even integers because of the zero nuclear spin of
32g [34]. Within the laser field (I > 0), the free-rotor states of
the molecule get hybridized (coupled) by the cos’6 operator
and the molecular axis aligned as a result. Under the adiabatic
alignment condition, i.e., when the molecule is subject to a
laser field that varies on a time scale longer than the rotational
period, the wave function of the aligned molecules is obtained
by solving the time-independent Schrodinger equation with
Hamiltonian H = Hy + U. The corresponding solutions are
superpositions of the field-free rotational states, W, y (/) =
Zi C]-J’M(I)|j,M) [16]. W, ) adiabatically correlates with the
field-free state | j, M), i.e., W, » evolves from W; 5, (I =0) =
|j,M) to W; »,(I) when the field is turned on slowly enough
to fulfill the adiabatic condition. The expectation value of
c0s?0,(W; plcos?0|W; 4), characterizes the degree of the
molecular alignment achieved and is denoted by (cos?6) ; y =
(cos?6) 7.m(I), termed the alignment cosine. The alignment
cosine is a rotational-state-dependent function of the laser
intensity. Since the time variation of the laser field that affects
molecular translation exceeds the rotational period by several
orders of magnitude [17], the translational motion is governed
by the following approximate potential:

Usm(r,t) = —3af , [1x,0]1(r,0)Zo. 3)
Here,
aff (1) = (e — 1) (cos™0) s + e, )

which is the polarizability component along the space-fixed
laser polarization axis [18], and was termed the effective
polarizability in previous experimental works [9,11]. The
interaction potential, Eq. (3), and the space-fixed polarizability
component, Eq. (4), depend on the degree of molecular
alignment (cos’6) 7.u and so does the resulting dipole
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force (—VU; y(r,1)):

1 U
Fjm(r,t) = EZOV{aJYM[](r,t)]I(r,z)}

1 U
= EZOVI(I',Z) O[J,M[I(I',t)]

+ I(r,t)

do¥ , [I(r,
a],M[ (r t)]} )

dil(r,t)

The two terms in the curly brackets of Eq. (5) can be
considered to be components of an effective polarizability,

o (D) = al (D) + Bru(D), ©)
with & (1) given by Eq. (4) and

dotg{M(I)
dl

We note that the resulting dipole force F; , varies
proportionately to the product of a?_ w(I) and VI, as the
interaction potential Uy ,, is proportional to the product of
ozy »(I) and I. The two additional superscripts, U and F, of
the two effective polarizabilities remind us of their relations
to Uy p and F, 4, respectively. Below, we refer to the two
effective polarizabilities aJU’ »(I) and ai »(I) as the U- and
F-effective polarizabilities, respectively.

Bim(I) =1 (7)

IV. RESULTS AND DISCUSSION

A. Effective polarizabilities

As shown by Eq. (5), molecular alignment modifies the
optical dipole force for a state W; ,, in two ways: First, the
U -effective polarizability 055{ u (D) for W; 4, (1) varies with the
laser intensity /. Secondly, the molecular alignment adds a
new term proportional to 8; ,,(I), which has the same units as
the polarizability (C m?/V in SI). Therefore, the F-effective
polarizability a? (1), which is the sum of these two terms,
encapsulates the full effect of molecular alignment on the
optical dipole force. We plot ¥,/ (I), By ,(I), and ¥ ,, (1)
as a function of the laser intenéity I in the three columns
of Fig. 2. The three rows (from top to bottom) correspond
to the conditions J < 4,J = 10, and J = 20, respectively.
Considering rotational state distributions for 7 = 1 and 35 K,
we plotted states that are relevant to the maximum and
half maximum of the distribution. For T = 35 K (1 K), the
population of the rotational energy levels of CS, has its
maximum at J = 10 (J = 2), and is close to half of the
maximum at J = 2 and 20 (J = 0 and 4). For comparison, we
also plot state-averaged (af \,(I)), (Bs (), and (¥} \, (D))
values for T = 1 (black solid line) and 35 K (red solid line) in
the three graphs of the second row.

In order to characterize the variation of otﬁ{ w (D), we chose
three intensities, namely, I, 1™ and 1), which are
associated with the largest rising inflection point, the local
minimum, and the falling inflection point close to its local
minimum of the O‘SJ, (1) vs I curves, respectively. The vertical
lines in Figs. 2(b) and 2(e) illustrate these intensities for W 5.
At this stage, /™ and /) can separate the intermediate
intensity range from the high and low ones, respectively.
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FIG. 2. ozy, u(D), By.m(I), and ozfv (1) as a function of intensity for the selected rotational states. The first, second, and third rows are for
J <4,J =10, and J = 20, respectively. For the same J value, curves for different | M| values are distinguished by different line brightnesses
(i.e., darker curves represent larger |M| values). The solid and dashed curves distinguish the states with even and odd (J — |M]) values,

respectively.

Generally, when I > IV, o | (I) starts to converge to the
high-field limit:

oV ()= Aa(l — J"—“I—W) +a,  (8a)
i JAaZon 2B
for (J — |M]) even and
J.
U _ i —1/2
D=Aa|l - ———1 + 8b
“m(D “( AaZon/2B ) oL (8D)

for (J — |M]|) odd [12,13]. We use, respectively, solid and
dashed lines to distinguish between the even and the odd
(J —|M]) in Fig. 2. The local minimum exists for most
rotational states except for those with a high ratio of |M|
to J. For example, there is no aj{ (1) minimum for |[M| = J
and J — 1 as long as J > 2. Therefore, /™™ and I~ are not
defined for those states.

In Fig. 3, these three intensities are plotted together against
J for (a) M| =0, J and (b) 1,J — 1. Since only even J
values occur for '>C 328, molecules [34], J — |M] is even
(odd) when |[M| =0 or J (1 or J —1). I™ increases with
J, which explains the fact that a stronger laser intensity is
necessary for high-J rotational states to reach the high-field
limit because of their large rotational energy. Therefore, as
shown in Figs. 2(a) and 2(b), the Otsj, u(I) values for the

states of J < 10 converge to their corresponding asymptotic
values given by Eq. (8) at I = 10'> W/cm?, whereas the
a%q »(I) value at the same intensity is quite different from
the corresponding high-field value. This is related to the fact
that the intensity of 10'> W/cm? is smaller than 1" for
the rotational states of J = 20. /™™ and 1) also increase
as J increases. Thus, I = 10'> W/cm? corresponds to the
high-field limit for the states of J < 10, but to the intermediate
range for the state with J = 20.

Figures 3(c) and 3(d) show the variations of 7, 1™m" and
I as a function of |M| for J = 10 and 16. Here, the states
for even and odd (J — |M|) values are plotted in Figs. 3(c) and
3(d), respectively. All three characteristic intensities decrease
as |M| increases. This tendency of I is counterintuitive,
since the rotational states of |M| ~ 0, whose rotational plane
includes the laser polarization axis, are expected to be aligned
by the lower laser intensity. We tentatively attribute this
behavior to the inclination in ™™, which is closely correlated
to I,

This behavior comes about as follows: As the laser intensity
I increases, the contribution of |j, M) with larger |J — j| to
W, 4 (1) becomes more important. Since the degree of align-
ment of a field-free state |j, M), (j,M|cos?0|j, M), becomes
larger as j increases (for a given M), the contribution of | j, M)
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FIG. 3. Three characteristic intensities /™ (square and solid
line), I™™ (circle and dashed line), and I (triangle and dashed-
dotted line) for different rotational states. The variations of ), [ ™
and /) are shown as a function of J for (a) |[M| =0 and J, as
well as (b) [M|=1and J — 1. For J/ = 16 and J = 10, the three
characteristic intensities are plotted against (c) even and (d) odd
|M| values, which correspond to even and odd (J — |[M]) values,
respectively.

states with j > J(j < J) increases (decreases) (cos’@) M
and thus o/, (I). Therefore, (cos*0), ; and oY/ (1) always
increase with the laser intensity, since there is no |j,M = J)
state with j < J. For W, ,(I) states with same J and
different |M| values, at small |M| more |j,M) states with
J < J contribute to W; 5, (). Since the hybridization of a
given W; (1) state with |j, M) states is easier for j < J
than for j > J (due to the decreasing and increasing energy
differences), the increase of the laser intensity reduces a% u(D
in the low-intensity range. When the intensity increases further,
the additional contribution from |j, M) states with larger j
balances out the low-j state contribution, which results in a
minimum of &Y ,, (1) at ™™™ Therefore, /™™ decreases with
| M| increasing, and so does 1.

In the presence of molecular alignment, the second term
of Eq. (6), By y(I), is essential for estimating the optical
dipole force of Eq. (5) [Bs (1) =0 when the alignment
is ignored]. Therefore, we plot it separately in the middle
column of Fig. 2. Since B; p(I) is the product of I and
dayM(I)/dI, the variation of ayM(I) with respect to [
is magnified by the laser intensity’ I. Thus, the fluctuation
amplitude of B; (1) increases with J, although that of
dozﬁ{ w(1)/dI decreases with J. For these reasons, it could
be misleading to consider only daﬁ{ w(D1)/d1 without the
multiplication factor / for evaluating the optical dipole force
acting on the molecules. The three characteristic intensities
I 1M and 1) are also helpful for understanding the
behavior of B; ,,(1). Since ,BJYM(I(mi“)) = 0 according to
Eq. (7), Bs () is usually negative (positive) when I <
[Min(] > [y Although B(I™); 4 is not exactly equal to
the two main extrema of 8; ,,(1), they closely follow I ) and
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I Furthermore, when I® increases as J increases with | M |
fixed [Figs. 3(a) and 3(b)] or as | M| decreases with J fixed
[Figs. 3(c) and 3(d)], the difference between the maximum
and the minimum of 8, ,,(I) becomes increasingly amplified,
which is well illustrated in Figs. 2(d)-2(f). For example, the
difference is about 5 x 1074 C m?/V for B49(I), as shown
in Fig. 2(d), which increases up to 15 x 1074 C m?/V for
Bro.0(I), as shown in Fig. 2(f). The variations of Bio m (1)
for even and odd |M| also exemplify this aspect very well.
In each group, the difference increases as |M| decreases.
The properties of B, ,,(1) at I 3> I") are intriguing. In this
high-field limit, we obtain

Aa J+1 -1

Brm) = TW (9a)
for (J — |M]) even and
_ Ao J 12
Brm(Il) = 2y JAazo 2B 1 (%9b)

for J — |M|) odd. The coefficient of /~'/2 in this equation
differs by a factor of —1/2 from the coefficient in Eq. (8).
Thus, B, ;(I)is larger than B, ; ,(I), while '} , (1) is smaller
than ag ;1 (I). In addition, the separation between B; ;(/)and
By j_1(I)is half as large as the separation between aﬁ ;I)and
a1 (D)-

Considering the variations of ayM(I) and B, (1), we can
explain the behavior of ¥ , (1), which is directly correlated
with that of the optical’ dipole force. In the high-field
limit, since the signs of B, ;(I) — B; ;_;(/) and aﬁ{](l) —
oey ;_,(I) are opposite, a? () is more tightly spaced than
ozy, wu (D). Because of the wild variation of 8; ,,(I), for some
states [such as Wyg o(1)], al;’ () at an intermediate intensity
of I =0.4 x 10> W/cm? can be larger than o |, (1) at the
high-field limit of 7 = 10'>W/cm™2, as shown in Fig. 2(h).
Additionally, the states of the same J and different | M| values
have the broad distribution of a? »(I) at the intermediate
intensity range for |M| = 0. In particular, ai (D) for different
| M| values ranges from 2.5 x 107*to 16 x 107%* C m?/V
at I = 10" W/cm?.

The approach used to develop the F-effective polarizability
can also be applied to the interaction between a dipole
moment and an inhomogeneous static electric field E(r),
whose potential is given by

Us(r) = — et [E(N)] E(r). (10)

Here, p.sr is the space-fixed electric dipole moment. The
interaction results in a dipole force given by

Fs(r) = —VUs(t) = e E®)IVE®) + E®V e E®)]
_ VE(I'){M [E®)] + d“—“E(r)} (11)
eff dE .

The explicit formula for the dipole force has been ap-
proximated by w.sV E(r) [28,30,31] by neglecting the second
term (dptet/d E)E, which is a counterpart of 8; ,,(I) in the
optical dipole force. However, the magnitudes of the first and
second terms are the same when g is a linear function
of E. The absolute ground states of para and ortho water

013428-5



KIM, LEE, KIM, KWAK, FRIEDRICH, AND ZHAO

[35] can be approximated using this condition. Furthermore,
the second term which is, by the Hellmann-Feyman theorem
[15,36], proportional to the orientation cosine, can be an order
of magnitude larger than the first term for the iodobenzene
molecules in the rotational states of Jx, x, M = 3032 and 433
whose (e values increase sharply at electric field strengths of
about 30 and 55 kV/cm, respectively (see Fig. 6 in Ref. [29]).

The explicit evaluation of both the induced-dipole force
due to an optical field, Eq. (5), and the permanent-dipole
force due to an inhomogeneous electrostatic field, Eq. (11),
offers advantages in analyzing and tailoring the respective
contributions from the first and second terms of Eqgs. (5) and
(11). For an accurate eigenenergy surface spanned by the
spatial coordinates and pertaining to a given quantum state, the
force is simply the (negative) gradient of the surface for both
the permanent and induced-dipole interactions. However, in
such implicit approach [17-19,29] the insight about the relative
contribution of the two terms to the dipole force is lost. In con-
trast, the explicit approach, presented here, reveals the relative
roles of the two terms in the dipole force quite clearly. For
example, although the optical induced-dipole force for Wi s
at intensities of 7 = 0.3 x 10'? and 1.0 x 102 W/cm? is
the same, the second, alignment-dependent term contributions
are 33% and 13%, respectively. As for the permanent-dipole
force, the case of iodobenzene is a good example: an implicit
analysis may overlook that the contribution from the second,
orientation-dependent term exceeds that from the first by an
order of magnitude. By tuning the fields in the vicinity of
abrupt changes of the dipole force, we can find the loci of the
avoided intersections of eigenenergies that are the cause of the
abrupt changes.

B. Interaction potential and optical dipole force

With the two effective polarizabilities o/ ,,(1) and o ,, (1),
we can calculate the molecular interaction potential and the
optical dipole force, respectively, for each of the two schemes
shown in Fig. 1. The molecular interaction potentials for the
cases of the propagating-wave field and the optical standing
wave are as follows:

2,2
Uru(y,z,t) = —%Oly,M[](y,Z,l)]Zo]o exp [%}
0

2
X exp (—41n(2)—2) (12a)
T
and
—2(y* +2%)
UJ,M(-xsysZat):_za‘l[{M[l(-xsysZ’t)]ZOIO exp |:ya)—2
()

12 2
X exp <—4ln(2)?)cosz<%x), (12b)

respectively. In order to illustrate the spatial variation of the
two potentials, we consider the potential U, y(z) along y =
wp/2 at t =0 for the former, Eq. (12a), and the potential
U, u(x) along the x axis, at t = 0 for the latter, Eq. (12b), i.e.,

2,2
> > (13a)
@

1
U;m@@) = —Eosz[I(z)]ZOIOe’l/2 exp <
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and

U 5 2
U]’M(x) = —ZQJ!M[I(X)]Z()I()COS T)C s (13b)
respectively. Concentrating on the change of the transverse
velocity of the molecules, we examine the following optical
dipole forces:

, WUy m
F; =—-—
1) Y |ymw/2,0=0
1 _ —272
- —af’M[l(z)]Zow—OIOe 1/2exp< = ) (14a)
0
and
U
Fiu) = = =%
y=z=1=0

F 27T . 47‘[
—2a; (@120~ losin | —=x ). (14b)

The effect of rotational-state-dependent alignment on the
interaction potential and the optical dipole force is studied in
two ways: by increasing J with M = 0 and by increasing
|M| for a given J. In Figs. 4-6, we depict the negative
interaction potential and the corresponding dipole force using
black and red solid curves, respectively. For comparison, we
also plot the two functions calculated without considering the
molecular alignment, namely, using oY/ ,,(0) and o ,,(0) =
' ,(0) instead of Y\, (1) and o |, (I) for Uy j and F; .,
respectively. The black and red dotted lines denote these
results, respectively. The pair of numbers [for example, (0,0)
in the first graph] at the upper-left corner of each graph are the
J and M values of a selected rotational state W ,,.

Figure 4 illustrates the effect of the molecular alignment
induced by the propagating-wave field on U; p(z) and
F } 4 (2). In the first column, we compare the potentials and
the optical dipole forces for rotational states of different
J =0,2,4,6,10,and 20 and the same M = Q. In the second and
the third columns, the M dependences are shown for the states
of J = 10 and 20, respectively. In order to remain below the
ionization threshold of the CS; molecule, we choose the peak
intensity 7y of 10'> W/cm? in our calculation. Then, the max-
imum intensity along y = wy/2 is 6.1 x 10" W/cm?, which
generally determines the peak values of U; j,(z) and F Jy m (D).

The molecular alignment affects U, (z) and F JV (@)
via Y /(1) and of |/ (I), respectively. The series of graphs
in Fig. 4 exemplifies three general aspects of the state-
dependent molecular alignment effect. (A) The difference
between the solid and dotted lines reflects the ratios of
afl (Dl ,(0) for the potential and of \ (1Y ,,(0) for
the dipole force. This appears in those graphs in various
ways. For instance, the solid lines of Upo(z) and F,(z)
show the largest difference from their dotted counterpart at
z =0where I = 6.1 x 10" W/cm?, since oY (1) and &t} ,(1)
increase most strongly from their field-free values at the given
intensity. When oY ,, (1) = & ,,(0) and oY ,,(I) = &Y ,,(0),
the solid and dotted lines cross each other. Furthermore,
since “fo.o(l ) fluctuates most with respect to its field-free

value in the intensity range of 0 < I < 6.1 x 10'' W/cm?,
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FIG. 4. The molecular interaction potential and the result-
ing dipole force given by the propagating wave of I, = 100 x
10" W/cm?. Black and red curves are the variation of the negative
potential and the corresponding optical dipole force, respectively,
along the approximated path of the molecules occupying a specific
rotational state. The potential and the force are calculated with
(solid curves) and without (dashed curves) considering the molecular
alignment effect. The numbers at the top left in each graph denote the
quantum numbers J and |M| of the rotational state. The first column
contains graphs for states of different J values and same |M| value
(namely, |M| = 0). The second and the third columns contain graphs
for rotational states with various |M| values with J fixed at 10 and
20, respectively.

the red solid line of Fj, (z) oscillates most strongly with
respect to the corresponding red dotted line. On the other
hand, the black solid line of U ¢(z) shows moderate variation
from the corresponding dotted line, and the maxima of the
black solid and dotted lines are almost equal, which is
related to the weak variation of a%’o(l ) within the same
intensity range. (B) The optical dipole force fluctuates more
widely than the interaction potential since a; y(I) varies
more severely than ay u(I) because of the additional term
By u(1), as shown in Fig. 2. This aspect can also be seen
in the two graphs for J = 10 with M = 1 and 2. Moreover,
for the states of J =20 with M = 16 and 18, the size of
the optical force is reduced by the molecular alignment at
the peak intensity, while the negative interaction potential is
slightly enhanced. (C) The variations of oey, »(I) and alj‘"’ u(D)
occurring at high laser intensities appear very distinctly in the
potential and the force, respectively, while those occurring at
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10 x 10" W/cm? 20 x 10'° W/cm?
T 8 16 T

Iy=5.0 x 10" W/cm?

16

X (unit of 1)

FIG. 5. The molecular interaction potential with the optical
standing wave and the resulting optical dipole force. The peak
intensity I, of IR1 and IR2 is set to 5.0 x 10'°,10 x 10'°, and
20 x 10'©W/cm? for the first, the second, and the third columns,
respectively. The format of the graph is the same as that in Fig. 4,
except that the potential and the force are plotted along the x axis. In
each column, J varies from O to 20 while |M| = 0.

ly=5.0 x 10" W/cm? 10 x 10" W/cm? 20 x 10" W/cm?

-U (meV)

X (unit of 1)

FIG. 6. The molecular interaction potential with the optical
standing wave and the resulting optical dipole force for the same J
value (namely, J = 10) and different |M| values (namely, |M| =1,
2,9, and 10). The format of the figure is the same as that of Fig. 5.
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low intensities are hardly visible in these functions; that is
because aY,,(I) and ¥ /(1) are magnified by factors of 1
and VI, respectively, at a given intensity. The largest changes
of afo(I) and «f o(I) [ (1) and of ,(1)] occur below I =
I =04 x 10°W/cm? [I® = 3.5 x 10'°W/cm?]. Thus,
the shape changes of Uy (z) and F (z) [Ua,0(z) and F; ((2)]
are not visible in the given y axis scale of the graph. On the
other hand, the noticeable appearance changes in U} 0(z) and
Fi,0(z) can be attributed to the substantial variation of {f, ()
and a7 (1) occurring around I = /™ =38 x 10'° W/cm?.
Additionally, the oscillation of F lyo, () gets weaker, as shown
in the second column of Fig. 4, when [ ) decreases with | M|
increasing within the states of the even J — |M| value, as
shown in Fig. 3(c).

The molecular alignment induced by the optical standing-
wave field also affects the interaction potential U; j,(x) and
the optical dipole force Fy ,(x), but there are two important
differences. (i) Whereas the extremum positions of U; 4 (z)
and F }V 4 (2), which are Gaussian functions, are identical, the
maximum position of F7 ,,(x) is shifted by about 3 /4 from
that of —U; y(x). Therefore, Fj ,,(x) has its maximum and
minimum values at I = 2/, while the maximum and the
minimum of —Ujy ,(x) occur at I = 41, and 0, respectively.
(i1) The maximum optical dipole force induced by the optical
standing wave is orders of magnitude larger than the one
induced by the single propagating wave, when their potential
depths are the same. From Eq. (14), we can deduce that the
maximum magnitude of V[ is associated with 1/w, and 27 /A
for the propagating and the standing fields, respectively. Since
wo ~ 20 um and A & 1 um in our schemes, the ratio of the
two maxima is about 1/100.

Considering these two differences, we estimate the molec-
ular alignment effect on Uy ,(x) and F}"M(x). In Fig. 5, we
choose again J = 0,2,4,6,10, and 20 with M = 0 to study
the J dependence. To investigate the M dependence, we plot
Uio.m(x) and Fj, ), (x) for M = 1,2,9, and 10 in Fig. 6. Since
the potential and the force are periodic along the x axis, we
plot them for the range of one wavelength (A = 1064 nm). The
numbers on top of each column are the value of /; used in the
calculations, which are 5, 10, and 20 x 10'° W/cm?.

The general aspects [namely, (A)—(C)] observed in Fig. 4
also appear in Figs. 5 and 6 together with the two differences
[namely, (i) and (ii)]. Concerning aspect (A) and difference
@), ayM(4Io)/oz3/M(0) and a? M(ZIO)/ozyM(O) are responsible
for the differences between the solid and dotted lines of the
potential and the optical dipole force, respectively, at their
peak positions. Therefore, if I® for a given state is closer
to 21y, then the red solid line shows an anomalous shape at
its peak position. Furthermore, aspect (B) and difference (ii)
are responsible for the distinctive steplike feature of F(x)

and the weak variation of Uy o(x) at Iy =5 x 10'° W/cm?
in Fig. 5. The combination of aspect (C) and difference (i)
accounts for the weakening of the fluctuation of F7 ,,(x) at
x = 0 and £A/2 where I = 41,. This is illustrated in the red
solid curves in the first column of Fig. 6. Since the standing-
wave intensity is 47y = 20 x 10! W/cm? at x = 0 and £A/2,
and is similar to 1) of «f; ,,(1) [see Figs. 3(c) and 3(d)],
ai w(I) fluctuates strongly there. However, Fij ;,(x) shows
very weak variation at those positions. Lastly, difference (ii)
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can explain the fact that while the potential depths of Ujg s (x)
in the second column of Fig. 6 are slightly lower than those
of Ujp,m(z) in the second column of Fig. 4, the maximum of
| Fi ()] is 50 times larger than that of | Fjj, ,,(2)|.

The reflection of the wild variation of this effective
polarizability a? (1) on the optical dipole forces significantly
depend on the type of the optical field. Moreover, the effect of
the state-dependent molecular alignment is revealed by the
difference between the solid and dotted lines. For further
analysis, the optical dipole force can be converted to an
observable such as a molecular velocity [1,2,5,9].

C. Velocity distributions

In this section, we make use of the optical dipole force that
depends on the rotational-state-dependent molecular align-
ment to calculate the transverse velocity distribution g(vy,vy)
of molecules that have passed through the propagating wave
or the optical standing wave (cf. Fig. 1). The velocity change
along each axis is given by

1.
Av; = / ZF},M(x,y,z,t)dt (i =x,y,2). (15)

Since, for the first scheme in Fig. 1, we neglect the x
dependence of the propagating laser intensity in Eq. (1a), we
use the velocity profile #(v,) along the v, axis as a proxy for
g(vy,vy). In the second scheme—i.e., the molecular dispersion
caused by the optical standing wave with a relatively low
Ip—we consider molecules passing near y = 0, which allows
us to use the velocity profile /(v,) along the v, axis [5].

The Monte Carlo sampling method is used to select the
initial velocity (voy,voy, Vo, ), the initial position (xo, yo,Zzo), and
the initial rotational state |j, M) of each individual molecule.
We follow the approximation used in the previous work by Sun
et al. [5] for the initial velocity and position distributions. A
two-dimensional Gaussian function with FWHMs of AvMt =
7.2 and Aviy“il = 3.4 m/s represents the initial transverse
velocity distribution. The probability function for vy, is a
Gaussian function with the most probable velocity vy, of
560m/s and a FWHM of 56m/s. We determine zo from
vo; according to the following equation: zZo = Umpldetection —
Vozlsimul- HeEre, fdetection and fgmu are the detection and the
total simulation time, respectively. From this initial point,
the individual molecule arrives at the detection plane z =
Umpldetection At I = Idetection- X0 and yp are chosen randomly
from a 600 um x 3 um rectangle, whose y center is set to
wp/2 and O for the first and the second schemes, respectively.
The initial rotational state follows the Boltzmann distribution
e~ BIVTDIAT 0 where k is Boltzmann’s constant and g, is the
rotational partition function.

Figures 7(a) and 7(b) show the velocity distribution (v, )
of the deflected molecules by the propagating laser beams for
Ip = 10" W/cm? and T = 35 and 1 K, respectively. In each
graph, the red solid curve shows h(v,) simulated with the
alignment-included, state-dependent polarizability ozE, (D)
the blue dashed curve is obtained with the alignment-included,
state-averaged polarizability (a? »(D)); and the black dotted
curve is due to a simulation with the alignment-ignored, state-
dependent polarizability «; 5 = a§ 12(0). The initial velocity
distribution is illustrated by the gray curve. All distributions
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FIG. 7. Simulated velocity profiles h(v,) of the deflected
molecules by the propagating laser beams with Iy = 10> W/cm?.
The calculation was performed for the rotational temperature (a)
T =35 and (b) 1 K. The three profiles were calculated using
the alignment-neglecting state-dependent polarizability o ,, (black
dotted curve), the alignment-including state-averaged polarizability
(aﬁ, u(D)) (blue dashed curve), and the alignment-including state-
dependent polarizability o} ,,(I) (red solid curve). The velocity
distribution in the absence of the laser field is represented by a gray
solid curve.
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are shifted toward the optical field (Av, < 0), reflecting the
attractive character of the optical force near y = wp/2. The
distributions obtained by considering the molecular alignment
(red solid and blue dotted curves) are shifted further, as
expected from the polarizability enhancement. For T = 35K,
the width of the red solid curve is two times broader than that of
the blue dotted curve, although the weighted centers of the two
distributions are identical. On the other hand, both the widths
and the weighted centers of the two distributions are almost
the same for 7 = 1 K. Furthermore, the weighted center of the
red solid line calculated for 7 = 1 K is shifted further toward
slower velocities than the one calculated for 7 = 35 K.

In order to explain these aspects, we plot the v,(z) value
of various initial rotational states with vg,,vo;, and y, set to
0,vmp, and wg/2, respectively. Figures 8(a)-8(c) show v,(z)
for J < 4,J =10, and J = 20, respectively. The red and
black solid curves in Fig. 8(b) illustrate v,(z) values calculated
using the state-averaged (a§ u(D) values for T =35 and 1 K,
respectively. Generally, the final velocities of the states with
same J group together, while the corresponding mean velocity
increases from —13.0 m/s for J/ = 0to —7.7 m/s for J = 20.
The mean final velocities for J =2, 4, and 10 are —12.2,
—11.3, and —8.8 m/s, respectively. Within each group, the
final velocity clusters according to the (J — |M]|) value of the
states, as long as the peak intensity along the molecular beam
path reaches the high-field limit for «Y,,(1). However, when
the high-field limit is not reached, the solid and dotted curves
are mixed together, as illustrated for J = 20 in Fig. 8(c). The
odd and even values of (J — |M|) are indicated by the dashed
and solid curves in the graphs, respectively. For the former
case, the average final velocity of the even-valued state is about
0.5 m/s larger than that of the odd valued. Their standard
deviation is almost identical for the even- and odd-valued
states, and increases from 0.005 m/s for / = 0to 0.13 m/s for
J = 10. Within the cluster of the same (J — |M]) value, the
final velocity becomes more negative as |M| decreases. It is
noteworthy that the effect of increasing J for a fixed | M | value
on the final velocity is more significant than the effect obtained
by changing |M| while keeping J and the (J — |M|) value
constant. A previous theoretical study [17] that did not consider
the sorting of states according to whether their (J — |M|) was
even or odd predicted the opposite behavior.

v (m/s)
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- FrAbbrbBNONNO
AWON-_2ON-_O0O

-10

o
o
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0 10 -10 0 10
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FIG. 8. Velocity v, of the CS, molecules under the influence of the propagating laser beams with I = 10'> W/cm? for (a) J < 4, (b)
J =10, and (c) J = 20. The initial conditions of the molecule—namely, vgy,vo., and y,—are set to 0, vy, and wy/2, respectively. The color
and style of the curves representing different rotational states is the same as that in Fig. 2.
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FIG. 9. Simulated velocity profiles (v,) of molecules dispersed by the optical standing wave with Iy = 1.0 x 10'°,5.0 x 10'°,10 x 10'°,
and 20 x 10'© W /cm?. The upper and lower panels show the velocity profiles calculated for 7 = 35 and 1 K, respectively. The coding of the
curves is the same as in Fig. 7. The initial velocity distribution multiplied by 1/3 is shown by the gray solid curve in (a).

From the rotational distribution of CS, molecules at a given
temperature, we know that the final velocities of the molecules
occupying rotational states with J < 20 and < 4 contribute
significantly to the A (vy) profile shown in Figs. 7(a) and 7(b),
respectively. Therefore, the distribution of the final velocities
for different J values up to 20 is responsible for the broader
width of the red solid curve in Fig. 7(a). On the other hand,
since the molecules occupy only a few rotational states at T =
1 K, and the FWHM of the calculated final velocity in Fig. 8(a)
is roughly 2 m/s, the width of A(v,) is determined by the
FWHM of the initial velocity distribution Avi™ = 3.4 m/s.
Accordingly, the red solid and the blue dashed curves overlap
in Fig. 7(b). Furthermore, the degree of the state-dependent
alignment is larger for low-J states, which results in a larger
velocity change as shown in Fig. 8(a). Therefore, the red solid
curve for T = 1 K is shifted further than the one pertaining to
T = 35K, at which temperature the less-aligned molecules in
high-J states dominate the A (v, ) distribution.

Using the same format as Fig. 8, Fig. 9 shows the velocity
distribution h(v,) of the molecules dispersed by the optical
standing waves for 7 = 35 (upper panel) and 1 K (lower
panel). Four I, values of 1.0 x 10'°,5.0 x 10'°, 10.0 x 10'°,
and 20.0 x 10'°W/cm? are chosen for the calculation of
the first, second, third, and fourth columns, respectively. For
T =35 K and for Iy values up to 10.0 x 1010 W/cmz, the
molecular alignment hardly changes the velocity distributions.
In other words, the red solid and black dotted curves are very
similar to each other. The main feature of 4(v,), which is the
averaging-out of inner rainbowlike peaks [5], is the same for
the red solid and the black dotted curves. Additionally, their
peak values at x = 0 are almost identical. These two features
confirm that the approximation in the previous work, in which
the molecular alignment was neglected, is appropriate [5]. The
optical dipole force calculated in Figs. 5 and 6 supports this

result. In particular, at Iy = 5.0 x 1010 W/cmz, which is the
condition for Fig. 9(b), only the optical dipole forces F' }‘ ()
for the states of J = 0 and 2 calculated with afy (1) (red solid
curves) are significantly different from those calculated with
oc? 11(0) (red dotted curves). The fraction of molecules in those
rotational states is just 0.05 for 7 = 35 K. In addition, since the
optical dipole force in Figs. 5 and 6 is the largest one in the time
domain, the time-averaged optical dipole force is less affected
by the molecular alignment. However, in the blue dashed curve,
the rainbowlike peaks are quite distinctive, and therefore the
alignment-dependent, state-averaged polarizability (oe? w(D)
is not suitable for analyzing the velocity distribution. When
Iy =20.0 x 10! W/cm?, we cannot ignore the alignment
effect. The red solid and black dotted curves are quite different
in Fig. 9(d); more specifically, the inner rainbowlike peaks are
washed out in different ways, and the peak value of the red
solid curves is 30% smaller than that of the black dotted curve.

In contrast, the rainbowlike peaks are not washed out in
the red solid curves for T = 1 K, as shown in Figs. 9(e)-9(h).
Furthermore, the blue dashed curves are closer to the red solid
curves than the black dotted curves. The former results from
the fact that the molecules occupy only a few rotational states
at T = 1 K, and their ozi () values [curves in Fig. 2(g)] are
relatively similar to the (oag, » (D)) value ([black solid curve in
Fig. 2(h)] throughout the whole intensity range of our interest.
ay (1) for the populated states at 7 = 1 K is significantly
larger than a}; 1 (0) for these states even at the relatively low
laser intensity,’ which accounts for the deviation of the red solid
curves from the black dotted ones.

V. CONCLUSION

We have studied how state-dependent molecular alignment
induced by two kinds of laser fields (propagating- and
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standing-wave) affects the molecular interaction potential, the
optical dipole force, and the resulting velocity distribution as
obtained by trajectory simulations. In addition to the effective
polarizability a,’{ (D) related to the potential, we introduced
an effective polarizability a? (D), which is explicitly related
to the optical dipole force and that differs from (xy (D) by
a rotational-state and intensity-dependent term ;. ,1,,(1 ). As
such, it provides a more direct estimate of the optical dipole
force compared to the effective polarizabilities oe% »#(0) [5],
(aE’M(I)) [9,11], or oeﬁ{M(I) and enables a more accurate and
insightful analysis of the transversal motion of the molecules
induced by the laser field. We also investigated the dipole force
acting on a polar molecule in an inhomogeneous static electric
field and found that it involves a second term similar to 8. For

PHYSICAL REVIEW A 94, 013428 (2016)

many molecules and experimental conditions, the second term
is comparable to the first term in the dipole force.

Our work therefore provides a way for estimating and tailor-
ing the state-dependent optical dipole force more accurately,
thus paving the way for developing separation techniques
that can be applied to any polarizable molecules, including
nonpolar ones: mixtures of nonpolar conformers, isotopes of
homonuclear diatomic molecules, or of their spin isomers.
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