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We report on the ability to tailor the optical dipole force for molecules by tuning their effective

polarizability with strong field alignment using polarized fields. We have measured a difference of 20% in

the dipole force on cold CS2 molecules when changing from linear to near-circular polarization using peak

field intensities of 5:7� 1011 Wcm�2. A variation in the focal length with laser polarization of a

molecular-optical lens formed by a single focused laser beam was also measured. This provides a new

way of modifying this force for many molecules.
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The optical dipole force has become an important tool
for the manipulation of particles at micron length scales
and below. It has extensive applications in ultracold atomic
and molecular physics [1] and atom optics [2,3]. It is also
central to the operation of optical tweezers [4] and its
applications in biology [5] and chemistry [6]. It results
from an induced dipole potential created by the interaction
between the optical field and the dipole moment induced in
the particle by the same field. The force is proportional to
the polarizability of the particle and the gradient in the
potential. Many molecules and larger particles have a non-
spherical shape for which the induced dipole moment and
the dipole force are dependent on the degree of orientation
or alignment of a molecular axis with respect to the field
polarization. Linear molecules have a larger polarizability
along the molecular axis when compared to the polariz-
ability perpendicular to it, and the dipole force will be
strongest when the molecular axis is aligned with the field
polarization. This variation in the dipole force with mo-
lecular orientation is not observed in the gas phase due to
the random orientations of molecules. In strong fields
(1012 W cm�2), however, rotational motion can be driven
in a well-controlled way, leading to an alignment of the
molecular axis with the field polarization resulting in mo-
lecular alignment [7–10]. This significantly reduces the
deleterious effects of orientational averaging in measure-
ments of an ensemble of molecules [11]. Molecular align-
ment has been used for imaging of molecular orbitals [12],
and for measuring time-resolved molecular frame dynam-
ics [13]. Molecular alignment is also seen as an important
ingredient for diffractive imaging of single molecules
[14,15]. The use of strong optical fields therefore allows
the simultaneous control of molecular alignment as well as
the center-of-mass motion via the dipole force. The dipole
force has been used to manipulate the center-of-mass
motion of molecules in strong optical fields demonstrating
molecular Stark acceleration and deceleration [16], a mo-
lecular prism [17], and a lens [1,18–20]. Such strong fields
produce large optical Stark potentials in the 100 K range
[21], allowing manipulation on nanosecond time scales.
However, the observation of the effect of laser-induced

alignment on the dipole force, although predicted [22],
has not been reported. In this Letter, we describe the
modification of the dipole force on carbon disulfide
(CS2) molecules, due to field-induced alignment within a
strong laser field. We show that the dipole force can be
tuned by changing from linear and to a near-circularly
polarized field.
The induced dipole (Stark) potential of a molecule

irradiated by an optical pulse of electric field Eðr; tÞ ¼
1
2 "̂Eðr; tÞei!lt þ c:c: is given by Vðr; tÞ ¼ � 1

4�effEðr; tÞ2
[1], where "̂ is a unit vector of the field polarization, Eðr; tÞ
is its amplitude, and !l its frequency. For linearly polar-
ized light incident on a linear or symmetric top molecule,
the effective polarizability is �eff ¼ ½��cos2�lin þ �?�,
where �� ¼ �k � �? and �k and �? are the parallel and

perpendicular polarizabilities with respect to the molecular
symmetry axis. For the linear molecule, CS2, the symmetry
axis is along the bond axis, and �lin is the angle between
this axis and a laboratory fixed direction defined to be
along the polarization vector for linearly polarized light.
For circularly polarized light, the effective polarizability is
�eff ¼ 1

2 ½�? þ �k � ��cos2�circ�, where �circ is the angle
between the molecular axis and the laboratory fixed axis
along the laser propagation direction. For linearly polar-
ized fields the maximum force is determined by the maxi-
mum effective polarizability when cos2�lin ¼ 1 and the
molecule is aligned with the polarization vector with
�eff ¼ �k. For circularly polarized light, the maximum

polarizability occurs when cos2�circ ¼ 0 and the molecule
moves in the plane of the polarization vector (i.e., per-
pendicular to the propagation direction) with maximum
polarizability �eff ¼ ½�? þ �k�=2. We determine the ex-

pectation value, hcos2�lin=circi, and the effective polariz-

ability by solving the Schrödinger equation for a rigid
rotor. The Hamiltonian is H ¼ J2 þ Vðr; tÞ, where J is
the angular momentum operator. The aligned molecule
wave function, �ðtÞ ¼ P

JMCJ;MðtÞjJMi, is a superposi-

tion of the field free rotor wave functions jJMi, where J is
the quantum number for angular momentum and M is its
projection onto a space fixed axis. Substitution into the
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Schrödinger equation yields the equations of motion for
CJ;MðtÞ [23–25]. The expectation value hcos2�lin=circi is
averaged over the thermal Boltzmann distribution to pro-
duce an average effective polarizability, ��eff . When the
field evolves slowly compared to the rotational period,
alignment adiabatically follows the field [8]. Under this
assumption we determine the average effective polarizabil-
ity for CS2 molecules for the laser intensity and rotational
temperature, TR, at any spatial location. The static polar-
izabilities of CS2 are �k ¼ 16:8� 10�40 Cm2 V�1 and

�? ¼ 6:2� 10�40 Cm2 V�1 [19] and the rotational con-
stant B ¼ 0:109 cm�1 [26]. Figure 1 is a plot of the
average effective polarizability for linearly and circularly
polarized light at an intensity of 5:7� 1011 Wcm�2 as a
function of rotational temperature. The average effective
polarizability decreases with increasing rotational tem-
perature, and at very high temperatures these values tend
towards the field free average polarizability and the dipole
force becomes independent of field polarization. The av-
erage effective polarizability (inset graph) is calculated for
TR ¼ 2, 12, and 35 K, with intensities up to 1012 W cm�2.
At the highest intensities, the effective polarizability
saturates.

We have measured the velocity imparted to CS2 mole-
cules for two different field polarizations. A cold beam of
CS2 molecules is produced by expanding 7 mbar of CS2 in
1800 mbar of argon into a vacuum chamber. This beam
intersects with a pulsed optical field of intensity within a
time-of-flight (TOF) mass spectrometer as shown in Fig. 2.

The IR field (� ¼ 1064 nm) is produced by an injection-
seeded, Q-switched Nd:YAG laser of �15 ns duration.
The beam is focused to a near Gaussian spatial profile
with a e�2 radius of 20 �m and linear polarization of
better than 1:104 along the y direction. The field is con-
verted to circular polarization by a �

4 wave plate. The laser

energy drops by 6% after passage through all optics when
changing from linear to circular polarization and becomes
slightly elliptically polarized. We calculate peak intensities
of 7:6� 2:3� 1011 W cm�2 for the linear polarized light
and 7:1� 2:2� 1011 W cm�2 for near-circular polariza-
tion. To measure the velocity induced by the dipole force
we ionize the molecules and measure their TOF once the
IR field is turned off. TOF measurements are made by
moving the IR field along the x axis while keeping the
probe beam fixed. This ensures that any change in the TOF
is due only to the variation in dipole force. Each measure-
ment corresponds to a 1200 shot average. The velocity is
determined by converting the change in TOF to a change in
velocity. Molecules are ionized by a (3þ 1) resonance
enhanced multiphoton ionization scheme via the
½12�np�uð1

Q
uÞ  X1�þg transition using light at

477.95 nm [27,28], and 7 ns in duration, focused to a e�2
spot size of less than 5 �m with an intensity of 2�
1010 W cm�2. Figure 3(a) shows the TOF distribution
functions for both linear and near-circular polarization
when the probe beam was x ¼ 11 �m from the center of
the IR beam. Changes in TOF are referenced to the center
of the distribution when no IR field was present. The TOF
signals were recorded 9:3 �s after ionization of the mole-
cules. Both polarizations produce a delayed TOF corre-
sponding to deceleration of molecules with a 1.7 ns time
difference between the distributions for each polarization.
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FIG. 1 (color online). Effective polarizability of CS2 for line-
arly polarized [dark gray (blue) line] and circularly polarized
light [light gray (red) line] as a function of temperature at an
intensity of 5:7� 1011 Wcm�2. The inset graph shows the
average effective polarizability of CS2 as a function of intensity
calculated for TR ¼ 2 K (black), 12 K [light gray (red)], and
35 K [dark gray (blue)]. The solid lines are for linearly polarized
light, and the dashed curves are for circularly polarized light.
The average polarizability for randomly oriented molecules is
shown by the horizontal short dashed line.

FIG. 2 (color online). The experimental setup used to measure
the velocity of CS2 within a time-of-flight mass spectrometer
along the x axis. The molecular beam propagates along the x axis
where it is crossed by a focused nonresonant laser beam (colored
red) and is subject to the dipole force. The molecules experience
a force along the x and y axis, shown as the green arrows.
Velocity changes along the x axis are detected by ionizing the
molecules using a probe beam (colored blue) and recording their
time-of-flight on a microchannel plate (MCP).
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As the probe is scanned along the x axis, each TOF
distribution function is used to calculate the induced ve-
locity change shown in Fig. 3(b). The velocity shift versus
position for both polarizations shows that the molecules are
forced towards the center of the IR beam and the peak
shifts occur near the maximum gradient of the Gaussian
beam [1]. A peak velocity shift of 10 ms�1 is measured for
linearly polarized light and 7:3 ms�1 for circularly polar-
ized light at approximately x ¼ �10 �m, and the uncer-
tainties are significantly smaller than the shift between the
two polarizations. The peak induced velocity and thus the
dipole force differ by approximately 25% when changing
from linear to near-circularly polarized light, while the
laser intensity for each case only differs by 6% percent.
This indicates that the change in the velocity and thus the
change in the dipole force are due to field-induced align-
ment. We also measured the velocity shifts for each polar-
ization using a molecular beam seeded with 450 mbar of
CS2 where rotational cooling is not effective. The rota-
tional temperature is sufficiently high so that the measured
velocity shifts show no polarization dependence, both with
a peak velocity shift of approximately 7:3 ms�1. These
measurements are shown in Fig. 3(c), and show that the
change in velocity in Fig. 3(b) is due to laser-induced
alignment. These data also allowed us to reduce the un-
certainty in the peak intensity of the IR beam by fitting
the intensity using the average polarizability, and we ob-
tain an intensity of 5:7� 0:3� 1011 W cm�2 for the line-
arly polarized case and 6% less for the circularly polarized
case, both within the uncertainty of our initial measure-
ment of peak intensity. The velocity at a specific tempera-
ture and intensity is determined by numerically solving the
classical equation of motion of a molecule in the optical

field from F ¼ md2r
dt2
¼ �rVðr; tÞ. By relating the ampli-

tude of the electric field Eðr; tÞ to the laser intensity

Iðr; tÞ, the optical potential is Vðr; tÞ ¼ � 1
2
�eff ðr;tÞ
�0c

Iðr; tÞ
and the force is dependent on both the spatial intensity
gradient and the effective polarizability. For a Gaussian

intensity profile Iðx; tÞ ¼ gðtÞI0e�ð2x2=!2Þ, the force along
the molecular beam axis can be expressed as Fðx; tÞ ¼
� 2xgðtÞI0

c�0!
2 e�ð2x2=!2Þ½�effðIÞ þ d�eff ðIÞ

dI e�ð2x2=!2Þ� where ! is

the e�2 Gaussian spot size of the beam and gðtÞ is the
temporal profile of the laser pulse. In the absence of align-

ment d�eff ðIÞ
dI ¼ 0, and the force, Fðx; tÞ, reduces to the more

familiar expression [1,19]. Based on simulations of the
induced velocity over a range of rotational temperatures
a best fit to our data is obtained at 35� 10 K. The average
effective polarizability at I0 ¼ 5:7� 1011 W cm�2 and
T ¼ 35 K is ��eff ¼ 11:4� 10�40 Cm2 V�1 and

hcos2�lini ¼ 0:49 for linearly polarized light and ��eff ¼
10:1� 10�40 Cm2 V�1 with hcos2�circi ¼ 0:27 for circu-
larly polarized light. The average polarizabilty of the
molecule not aligned by the field is 9:7�
10�40 Cm2 V�1 with hcos2�i ¼ 1

3 . The optical well depths

FIG. 3 (color online). (a) Typical TOF distribution of mole-
cules ionized by the UV probe beam 11 �m downstream from
the center of the IR laser. The black curve is the TOF distribution
with no IR field. The dark gray/blue (linear polarized light) and
light gray/red (circular polarized light) distributions show the
difference between the two polarizations. (b) Measurements of
velocity along the x axis of the IR beam. Dark gray (blue) circles
are for linearly polarized light and light gray (red) circles for
near-circularly polarized light. Solid curves are best fits for
linearly and circularly polarized light at 35 K. The dashed curve
simulates the effect of increasing the intensity of the circularly
polarized beam by 6% to be equal to the linearly polarized beam.
(c) Measurements of molecular velocity in a hot beam. Dark
gray (blue) circles are measurements for linearly polarized light
and light gray (red) circles for near-circularly polarized light.
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for linear and near-circular polarized fields are 89 K and
74 K, respectively, producing a 25% change in the dipole
force. When corrected for the lower intensity of the circu-
larly polarized beam (red dashed line on Fig. 3(b)], a 20%
change in dipole force is produced between the laser polar-
izations at I0 ¼ 5:7� 1011 W cm�2.

The optical force in the y direction acts as a cylindrical
lens for the molecules [17]. This lens is present for�15 ns,
and only molecules in the field during this time are fo-
cused. Molecules focus closer to the IR beam for linear
polarization when compared to circularly polarized light.
This is shown in Fig. 4 as a plot of density (ionization
signal) distance between the center of IR focus and the
probe beam. A shorter 600 �m focal length lens is pro-
duced for the linearly polarized field when compared to
700 �m for the circularly polarized light. The numerical
aperture of a conventional optical lens is�D=2f, where D
is the lens diameter and f is the focal length. A larger
numerical aperture produces a smaller focused spot and a
higher on-axis intensity. Our lens has a higher numerical
aperture for linearly polarized light than for circularly
polarized light, and we expect a smaller molecular focus
and a higher density for linearly polarized light. This is
seen in Fig. 4 where the peak density, normalized to the
background gas density, is 21% larger for the linearly
polarized case than for the near-circularly polarized
beam. This indicates that the spot size is smaller by ap-
proximately the same amount.

We have measured the effect of laser-induced molecular
alignment on the dipole force for the linear molecule CS2.
We have measured a 25% change in the peak velocity
imparted to molecules via the dipole force using a light
field of two different polarizations corresponding to a 20%

in the dipole force when corrected for the 6% change in
laser intensity between the two polarizations. Our mea-
surements demonstrate that laser-induced alignment can be
used to modify the dipole force. This new means of tailor-
ing the dipole force has applications in the focusing of
molecules onto surfaces and for molecular separation
schemes based on polarizability-to-mass ratio. As align-
ment, and therefore the force, is dependent on the rota-
tional state, the variation of dipole force with rotational
state could be used for rotational state selection of nonpolar
molecules. Such a scheme could be applied to molecules
that are not paramagnetic or do not have permanent electric
dipole moment. This differential force will be particularly
beneficial to the optical Stark deceleration method where
separation of rotationally cold molecules will be required
to achieve ultralow temperatures through evaporative cool-
ing or sympathetic cooling with cold atoms [29].
We acknowledge useful discussions with J. Underwood.
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FIG. 4 (color online). Molecular density in the focal region of
the molecular-optical lens along the x axis. The linearly polar-
ized light [dark gray (blue) circles] produces a focal length of
600 �m, and the circularly polarized light [light gray (red)
circles] produces a focal length of 700 �m.
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