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A molecular lens of the nonresonant dipole force formed by focusing a nanosecond IR laser pulse
has been applied to benzene and CS2 molecular beams. Using the velocity map imaging technique
for molecular ray tracing, characteristic molecular lens parameters including the focal length~f !,
minimum beam width~W!, and distance to the minimum beam width position~D! were determined.
The laser intensity dependence of the observed lens parameters was in good agreement with
theoretical predictions.W was independent of the laser peak intensity (I 0), whereasf andD varied
linearly with 1/I 0 . The differences in lens parameters between the molecular species were well
correlated with the polarizability per mass values of the molecules. A high chromatographic
resolution ofRs50.84 was achieved between the images of benzene molecular beams undeflected
and deflected by the lens. The possibilities for a new type of chromatography are discussed.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1367380#

I. INTRODUCTION

When a nonresonant laser beam is focused onto mol-
ecules, the interaction between the laser electric field and the
induced molecular dipole moment can exert a mechanical
force on the molecules proportional to the laser intensity
gradient. This nonresonant dipole force has been success-
fully used to control neutral molecules. By focusing intense
nanosecond Nd:YAG or CO2 laser pulses, deflection of mo-
lecular beams of simple linear molecules such as I2 and CS2
was demonstrated.1,2 Intense laser fields also have been used
to control the molecular orientation. A theoretical description
was given for the pendular motion of molecules about the
axis of polarization of an intense laser field,3 and this align-
ment effect of molecules was observed by Raman experi-
ments on two intermolecular bonds of a naphthalene trimer.4

Molecular alignment with the laser polarization was also ob-
served using an ion imaging technique.5–7 Analogous to an
optical lens focusing a photon beam, a molecular lens focus-
ing a molecular beam can be formed using the nonresonant
dipole force. Many theoretical aspects of a molecular lens
were discussed by Seideman8,9 and experiments on a cylin-
drical molecular lens formed by focusing a nonresonant IR
laser pulse were recently reported.10

In this paper we report on a molecular lens of the non-
resonant dipole force which was applied to manipulate ben-
zene and CS2 molecular beams in detail. Ray tracing of the
molecular lens was performed by applying a velocity map
imaging technique11 on the molecular ions produced by
resonance-enhanced multiphoton ionization~REMPI! of de-
flected neutral molecules. The velocity map imaging tech-

nique, where ions of the same velocity are focused into a
point on a 2D ion image detector regardless of their positions
in the ionization region, provided dramatically enhanced
resolution for a detailed investigation of molecular rays af-
fected by the molecular lens. The characteristic molecular
lens parameters were determined from the tracing and their
dependence on the laser intensity was studied. In accordance
with theoretical predictions, the focal length~f ! and distance
to the minimum beam width position~D! were inversely pro-
portional to the laser intensity, and the minimum beam width
~W! was independent of the laser intensity. A chromato-
graphic resolution of 0.84 was achieved between the molecu-
lar ray deflected by the lens and the one unaffected by the
lens. Analogous to the dispersion of an optical lens depend-
ing on the wavelength of photon beams, the deflection of
molecular beams by a molecular lens depends on molecular
properties such as the mass and polarizability.

In order to trap neutral molecules in space, all three Car-
tesian components of molecular motion should be reduced to
zero by applying light forces three-dimensionally. In con-
trast, the separation of molecules can be achieved by a single
directional force exerted differently on each molecular spe-
cies. The separation of molecules using a light force, there-
fore, should be much easier than the trapping of molecules,
at least in principle. We have confirmed the possibility of
separation of molecules with the light force by observing that
the lens parameters correlate well with the polarizability per
mass ratios of the molecular species.

II. EXPERIMENT

A schematic diagram of the vacuum chamber is shown
in Fig. 1. Thex axis is the laser propagation direction, they

a!Author to whom correspondence should be addressed. Tel:182-2-880-
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axis the molecular beam deflection axis, and thez axis the
direction of molecular beam. The vacuum system consists of
two differentially pumped chambers, source and detection
chambers, which are separated by a skimmer with a 0.51
mm diam hole. The source chamber, containing a pulsed
valve~9-365-900 Solenoid Valve, Parker Instrumentation!, is
pumped by a 2400 l/s oil diffusion pump~VHS-6, Varian!
with a rotary backing pump, yielding a pressure of 8.0
31027 Torr. The detection chamber is a 200 mm cube with
two 36 mm windows for laser beams on each side and a 570
mm TOF tube with a 2D-imaging detector at its end. The
pressure inside the detection chamber is about 1027 Torr,
which is maintained by pumping with a 250 l/s turbomolecu-
lar pump~Turbo-V 250, Varian! and a rotary backing pump.

Pulsed supersonic molecular beams are formed by ex-
panding 50 Torr benzene or CS2 in 2 atm Ar through a 0.5
mm diam valve nozzle at a rate of 10 Hz with a 220ms
duration, which makes the source chamber pressure about
1026 Torr. The molecular beam travels to the detection
chamber through the 0.51 mm diam skimmer and a 0.6
mm diam pinhole along thez axis. The nozzle and pinhole
determine the molecular beam size at the point of deflection.
The estimated divergence of the molecular beam is60.5°.
The velocity of a molecular beam along thez axis is given
by12

vz5S 2cpT0

M D 1/2

, ~1!

whereM is the number-averaged molecular weight of the gas
mixture, cP is the number-averaged molar heat capacity at
constant pressure of the gas mixture, andT05293 K is the
initial temperature. Benzene and CS2 molecular beam veloci-
ties are 570 m/s and 560 m/s, respectively.

After propagating 85 mm from the nozzle, molecules are
crossed by a 7 ns~FWHM! IR (l51064 nm! Nd:YAG la-
ser pulse~Surelite II-10, Continuum! propagating along thex
axis. The laser pulse is focused with anf 5175 mm convex
lens. The molecular beam is deflected by the nonresonant
dipole force of a laser field whose energy and polarization
are adjusted by a zero-order half-wave plate, a Glan-laser
polarizer, and a quarter-wave plate. The energy of the circu-
larly polarized laser pulse is adjusted in the range from 24
mJ to 64 mJ. The waist radius (v0) of the focused IR laser is
about 14.5mm. The peak intensity of the IR laser is varied
up to 8.431011W/cm2, which scarcely ionizes the
molecules.13

After a delay of 34 ns, the deflected molecular beam is
crossed by a 5 ns~FWHM! dye laser~ND6000, Continuum!

pulse~l5477.4 nm for benzene, 483.0 nm for CS2! which is
pumped by the third harmonic of the Nd:YAG laser. The 34
ns time delay is to avoid temporal and spatial overlap be-
tween the IR laser and dye laser pulses. IR and dye lasers are
combined and focused by the 175 mm convex lens. The dye
laser divergence is controlled by a set of convex lenses in
order to compensate for chromatic aberration and to locate
IR and dye foci at the samex coordinate. A 0.15 mJ dye laser
pulse ionizes the molecules mostly into molecular ions by

the REMPI process,1E1u←1B2u←X̃ 1A1g(21111) for

benzene14 and @2Pg3/2#4psu ,(3Pu)←X̃ 1Sg
1(311) for

CS2.
15

The deflected and subsequently ionized molecules fly
into a 570 mm TOF tube along the molecular beam axis~z
axis! guided by an electrostatic lens system of three electrode
plates: a repeller, an extractor, and a ground~Fig. 1!. These
electrodes are made of 2-mm-thick aluminum and have an
outer diameter of 110 mm. The distances from the repeller to
the extractor and from the extractor to the ground are 35 mm
and 15 mm, respectively. The repeller and extractor elec-
trodes have a central part made of stainless steel. The 0.6
mm diam pinhole at the center of the repeller determines the
molecular beam size. There is a 10 mm diam hole at the
stainless steel center of the extractor instead of the grids
usually used in molecular fragmentation experiments.11 The
repeller voltage is varied from 150 V to 1500 V and the
extractor voltage from 100 V to 1000 V keeping the ion
focusing condition. The ground electrode has a hatlike shape
with a 1 mmthick and 20 mm long head, which minimizes
distortion of the electric field.

When the ion image is focused on a 2D detector using a
combination of the three electrodes without grids, ions of the
same velocity are mapped onto the same position regardless
of their initial positions. If molecular ions withvy50 are
focused onto one point (Y50) at the detector, the ions hav-
ing a velocity ofvy are focused on the pointY5vy3TOF.
Therefore, although the trajectories of molecular ions differ
from those of neutral molecules, the shifts due to the velocity
vy (DY5vy3TOF) are retained regardless of the electric
field of the electrodes. This focusing electrode configuration
is called velocity map imaging.11 Since blurring due to a
finite ionization volume and distortions in the ionic trajectory
induced by grid wires are removed and all the ions are trans-
mitted in this scheme, the signal intensity and resolution of
images focused by the gridless electrostatic lens system are
dramatically enhanced. The focal length of the electrostatic
lens is controlled by varying the ratio of the extractor voltage

FIG. 1. Schematics of the setup: the inside of the cham-
ber, electrodes, detectors, and the coordinate conven-
tion. The molecular beam propagates along thez axis
and the laser beam along thex axis. Dipole force is
exerted along they axis. The neutral molecules de-
flected by the upper region of the molecular lens pro-
ceed downwards. After 34 ns, they are ionized by a dye
laser pulse and focused onto a detector by the electrode
system. The image of molecular ions on the phosphor
screen is detected by PMT or intensified by an image
intensifier for recording with a CCD camera.
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VE to the repeller voltageVR . For our electrode system, a
ratio of 2:3 gives optimal focusing at the 2D detector located
680 mm from the ionizing region.

After passing through the ground electrode, ions fly to a
40 mm diam chevron-type microchannel plate~MCP; 3040-
FM, Galileo! with a constant velocity determined by the
electrode voltages. Signal amplification of MCP is highly
nonlinear in the voltage difference across the front and back
of the MCP. Up to 1300 V, no output signals are observed
and a voltage of 1800 V is used for detection. To detect
molecular ions only, the MCP is gated by a negative high
voltage pulse. A voltage of 1300 V is constantly applied to
the back side of the MCP using a high voltage power supply.
A 2500 V pulse generated by a homemade pulse generator
using another high voltage power supply and a delay genera-
tor ~DG535, Stanford Research Systems! is applied to the
front side when the molecular ions reach the MCP. Electrons
emerging from the back of the MCP impinge on a P47 phos-
phor screen~Galileo! which is activated by applying a volt-
age of 3600 V.

The 2D emissions from the phosphor screen are intensi-
fied about 100 times by an image intensifier~Quantum leap
5n, Stanford Computer Optics! and recorded by a charge
coupled device~CCD! camera~5123512 pixels, CH350/L,
Photometrics!. The same triggering TTL pulse used for gat-
ing the MCP activates the image intensifier. The noise near
time zero generated by lasers is removed and the background
level is lowered by about 5%. Although the intensified im-
ages of molecular ions from ten laser shots are sufficiently
clear, three sets of 600-shot ion images are integrated by the
CCD camera in order to reduce the effects from drifts and
fluctuations in laser intensities and ion optics voltages. By
averaging 1800 shots, a more than 40-fold reduction
('A1800) in fluctuations is obtained.

The CCD camera and other instruments are controlled
using internal scripts implemented in the V11 software
~Photometrics!. The ion images are stored as unsigned 16-bit
words. The maximum signal intensity of a pixel of a 600-
shot image ranges from 3 000 to 30 000 as theVR is varied
from 150 V to 1500 V. Noise per pixel for a 600-shot image
is about 10 and is reduced by half when the background
image obtained without the molecular beam is subtracted.

In order to investigate the effects of the IR laser pulse on
the molecular beam, ion images on the CCD detector with
and without the IR laser beam are compared. A computer-
controlled homemade shutter is used to block the IR laser.
The CCD signals of 40 pixels along thex axis near thex
center of the image are binned together to obtain the profiles.
The basic parameters of the deflecting laser fields such as the
waist radius (v0) and the potential well depth (U0) are de-
termined by scanning the dye laser position along they axis
near the IR laser center and comparing the deflection results
with the theoretical ones.

Emissions from the phosphor screen are also monitored
by a photomultiplier tube~PMT; 1P21/E717-21, Hamamat-
su!, and displayed on a digital storage oscilloscope~Infinium
54845A, Agilent!. This dual detection method is useful for
optical alignment, MCP time gating, and ray tracing in which
it is necessary to measure both the image shift and the TOF.

Since the rise time of MCP and PMT are 550 ps and 2.2 ns,
respectively, the overall response mostly depends on the P47
phosphor screen having a 100-ns decay time to 10% of the
maximum intensity. In the experiment, the resolution (R
5TOF/2FWHM) of our system is about 100 when the repel-
ler and extractor voltages are 1500 V and 1000 V, respec-
tively.

Owing to the drastically improved resolution of the ve-
locity map imaging technique, tracing of the molecular rays
affected by a cylindrical molecular lens can be achieved by
measuringDY and the TOF of molecular ions. Molecular
ions created by the REMPI processes are accelerated by the
electrode system and then fly to the MCP with a constant
velocity. During the traveling time of molecular ions
~5TOF!, unaccelerated neutral molecules would proceed a
distance of TOF3vz ~neutral molecule! along thez axis with
the samey-shift as molecular ions (DY). Note that the ve-
locity changes during the chosen REMPI processes are neg-
ligible and the velocity of a molecular ion is the same as that
of the parent neutral molecule;vy~neutral molecule!
'vy~molecular ion!. Thus the trajectories of neutral mol-
ecules (y0 ;x50,y,z) passing through the lens aty5y0 ,
where the origin~0, 0, 0! represents the center of the IR laser
focus are given by

y5y01DY, z5vz3TOF. ~2!

By varying the electrode voltages while keeping the ratio
VE /VR constant for ion focusing, the distance to the detector
is scaled in proportion to the TOF of molecular ions; the
distance to the detector plane is virtually changed. Therefore,
ray tracing of the molecular lens can be achieved by measur-
ing DY and the TOF at eachy0 value as the electrode volt-
ages are varied.DY is measured by comparing ion images
for undeflected and deflected molecules, and a TOF value is
obtained from the PMT signals. The extrapolations of the
regression lines for the trajectories (y0 ;0,y,z) of neutral
molecules at severaly0 values yield the characteristic param-
eters of the molecular lens.

III. THEORY

A. Deflection of molecules by the induced dipole
force

In the presence of a static electric fieldE, molecules are
located in the potential well due to the Stark shift16

U52 1
2auEu2. ~3!

For a time-varying electric field the Stark shift is given by

U~x,y,z,t !52 1
4aE~x,y,z,t !2, ~4!

wherea is the static molecular polarizability andE(x,y,z,t)
is the space- and time-dependent electric field envelope. For
a laser pulse with a Gaussian intensity profile atx50 propa-
gating along thex axis,

I 5I 0 exp@22~y21z2!/v0
2#exp@24 ln 2~ t2/t2!#, ~5!

and the induced dipole force along they axis,Fy , is given by
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Fy52¹yU

524
U0

v0
2 y expH 2

2@~vzt !
21y2#

v0
2 J expH 24 ln 2S t2

t2D J ,

~6!

wheret is time,t is the FWHM of a laser pulse,z5vzt is the
z coordinate of the molecules, andU0 is the maximum Stark
shift at the laser pulse peak,

U052 1
4aE0

252 1
2ah0I 0 ~7!

with the impedance of vacuumh0 and the laser peak inten-
sity I 0 . The effect of thez component of the induced dipole
force can be neglected for the casevz@Dvz . It is also pos-
sible to neglect changes in the molecule’sy coordinate dur-
ing the deflection whenDvyt!y. The experimentally ob-
served velocity shift is then given by2

Dvy5
1

m E
2`

`

Fy~ t !dt, ~8!

yielding

Dvy5
DY

TOF
52

2A2pU0y exp~22y2/v0
2!

mv0vzA112 ln 2~v0 /@vzt#!2
, ~9!

where m is the mass of a molecule. This implies that the
molecular velocity change due to the IR laser depends onm,
a, andI 0 as follows:

Dvy}
U0

m
}

aI 0

m
. ~10!

uDvyu reaches a maximum aty56v0/2. The sign ofDvy is
negative ify.0 and vice versa. This deflection effect results
in the focusing of a molecular beam as an optical lens fo-
cuses a light beam. As in the case of an optical lens, we can
define and determine the associated lens parameters.

B. Molecular ray tracing

By assuming, for convenience, a virtual aperture block-
ing the molecular beam withuy0u.v0 as in Fig. 2, the char-
acteristic parameters of a molecular lens can be obtained
from the traces of molecular rays. The focal length,f, is
defined as the distance to the point of maximum molecular
density.W is the minimum molecular beam width in they
direction andD is thez value at which the molecular beam
width is W.

To determinef, let us consider a group ofN0 molecules
in the yz plane passing through a cylindrical molecular lens
of aperture width, 2v0 . At t50, the molecules are equally
distributed along they axis and all the molecules have the
same initial velocities,v(0)5vz(0)ẑ. As molecules pass by
the molecular lens,vz increases before the IR focus center
and then decreases after the center. Since these two effects
mostly cancel each other out, the effects of the molecular
lens onvz can be effectively accounted for by assuming the
same initial velocities along the aperture and neglecting the
changes invz . Let l(y,z) be the line density function:

l(y,z)dy is the number of molecules indy along the linez
5vzt at position~y, z!. At z50, the molecular distribution is
constant over the aperture,

l~y,0!5
N0

2v0
5l0 . ~11!

From Eq.~2!, the trajectory of a molecule passing through
the lens aty0 is given by the line,

y5y01
Dvy~y0!

vz
z. ~12!

After a little algebra,17 the focal lengthf, thez coordinate at
which l(y,z) is maximum, is given by

f 5
a

I 0
, ~13!

where

a5
mv0vz

2A112 ln 2@v0 /~vzt!#2

A2pah0

. ~14!

W is determined by the intersection of two rays starting
from y051v0(2v0) andy052bv0(1bv0) (0<b<1).
From Eqs.~9! and~12!, they value of the intersectionyint is
given by

yint~b!52v01v0

~11b!e22

be22b2
1e22

. ~15!

From the condition]yint /]b50, the minimumyint is ob-
tained withb50.384. ThenW andD are given by

W51.1 v0 , ~16!

D53.3
a

I 0
. ~17!

The intensity dependence of the lens parameters is obvious.
While W is independent of the laser intensity,D and f are
proportional to the inverse of laser intensity (1/I 0) according

FIG. 2. Theoretical trajectories of benzene molecular rays within6v0 ex-
erted by a molecular lens are shown. The peak intensity of the laser (I 0) is
5.331011 W/cm2 and the waist radius (v0) is 14.5mm. The lens parameters
are indicated:W is the minimum beam width,D the distance to the mini-
mum beam width position, andf is the focal length of the molecular lens.
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to Eqs.~13! and ~17!, and the ratio of their slopes is 3.3. In
addition, sincea is proportional tom/a, D andf are propor-
tional to m/a, while W is independent of it.

IV. RESULTS AND DISCUSSION

A. Deflection of molecules

Shown in Fig. 3 are ion images of the molecular beams
of benzene and CS2 deflected by the IR Nd:YAG laser pulses
with reference images of the undeflected molecular beams.
The peak intensityI 0 of the laser pulse for deflecting ben-
zene is 8.431011W/cm2. The benzene molecular ion image
with 0.24-mm FWHM obtained by focusing the ionizing dye
laser beam 7.6mm above ~below! the IR laser focus is
shifted 0.35 mm downward~upward!. These image shifts
and a 42-ms TOF with a repeller voltage of 150 V corre-
spond toDvy568.3 m/s. The chromatographic resolution
~Rs! ~Ref. 18! between the undeflected and the deflected im-
ages is given byRs[0.589 Dypeak/W1/250.84, where
Dypeak andW1/2 are the distance between the peaks and the
FWHMs of the two images, respectively. The resolution of
the CS2 ion image is 0.80 at the same laser intensity of 8.1
31011W/cm2.

The velocity spread~FWHM! of 4.8 m/s for CS2 and 5.4
m/s for benzene estimated from the ion images of unde-
flected molecular rays should be a convolution of several

factors including the initial transverse velocity spread
(Dv trans

init ) of the molecular beam, velocity changes during
ionization, and blurring at the detector.

Molecular beam geometry determines the initial trans-
verse velocity spread. Simple line-of-sight arguments give
Dv trans

init as

Dv trans
init 5

DN

l /vz
, ~18!

whereDN is the nozzle diameter andl the distance from the
nozzle to the dye laser focus.2 Substituting the values of
DN50.5 mm andl 585 mm, Dv trans

init 53.4 m/s.
The maximum velocity change during the REMPI pro-

cesses (DvREMPI) can be estimated from the photoelectron
kinetic energy and the momentum conservation law. The
photoelectron energies of benzene and CS2 are 1.15 eV and
0.18 eV, which give transverse velocities of 4.5 m/s and 1.8
m/s, respectively.14,15 Benzene undergoes a vibrational
relaxation14 with a rate19 of 1014s21 after reaching high vi-
brational levels of the1E1u electronic state by absorbing the
third photon with a wavelength of 477.4 nm. The ionization
rate from the1E1u state is estimated to be 1012s21 for a dye
laser intensity of 231010W/cm2.14 Therefore, the vibra-
tional relaxation should be a much faster process than the
ionization. As much as 0.82 eV of energy is lost during the
relaxation process14 and the photoelectron energy is lowered

FIG. 3. Portion of the velocity-
mapped ion images of deflected mol-
ecules and their profiles at the detector
of the undeflected~Off! molecules and
the deflected molecules~IR On!.
Schemes show the relative locations of
the foci of the IR laser and the dye
laser. The velocity change due to the
molecular lens can be estimated from
the image shift. The vertical scale
shows the distance along they axis on
the phosphor screen. The IR laser is
circularly polarized and of peak inten-
sity ~a! I 058.431011 W/cm2 for ben-
zene, and~b! I 058.131011 W/cm2 for
CS2.
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to 0.33 eV which results in a reduction of the transverse
velocity spread of benzene molecular ions from 4.5 m/s to
2.4 m/s.

The charge clouds of the amplified electrons ejected
from the MCP give rise to a blurring in the phosphor screen
image.20,21The smallest images of ions produced by ten laser
shots of minimal dye laser intensity has a spread of 130mm
FWHM which corresponds to a velocity spread (Dvdetector)
of 3.1 m/s under the present experimental conditions. There-
fore, it is estimated that 130mm is the minimum image size.
Note that the smallest detectable change in the center
of an image could be much smaller than the minimum
image size. Assuming that these contributions are random
and independent, the total velocity spreadDv tot

'A(Dv trans
init )21(DvREMPI)

21(Dvdetector)
2, which gives 5.2

m/s for benzene and 4.9 m/s for CS2. These values agree
well with those from the image size: 5.4 m/s and 4.8 m/s,
respectively.

The deflected images are about 10% larger than the un-
deflected ones. This extra spread comes from the finite pulse
duration and size of the ionizing laser. For a given time delay
~534 ns! between the deflecting and ionizing laser pulses,
the spatial delay between the deflecting laser pulse and the
ionizing laser pulse is adjusted to achieve the maximum de-
flection; the molecules passingz50 at t50 also pass the
center of the ionization region when the intensity of the ion-
izing laser is at its peak. Due to the finite size (v0

510mm) and pulse duration (t55 ns) of the ionizing laser,
molecules which have been nearz50 at t50 are also ion-
ized. In a four-photon REMPI process, the ionization prob-
ability profile will be proportional toI 4 and be a Gaussian
with v0'5 mm andt52.5 ns. These effects cause the de-
flection near the maximum points (y56v0/2) to be under-
estimated since the velocities spread to the lower values. At
most other points the velocities spread to higher and lower
values. We estimate the overall broadening due to these ef-
fects to be up to about 1.5 m/s corresponding to a 6% in-
crease in the image size when convoluted with other broad-
ening effects. A typical longitudinal velocity spread of a
supersonic beam is less than 10%~FWHM! of its average
velocity.22 This velocity spread will result in about 10%
spreads off and D values. However, the influence of this
spread invz is negligible in measuringDvy from ion images.
Ions are accelerated to have velocities 20 times larger than
the neutral beam velocity and the angular spread of ions of
the deflected molecular beam due to the 10% spread invz is
less than 0.5% of its deflection angle.

Deflection of the molecular beam as a function ofy is
obtained by changing they position of the dye laser focus.
Figure 4 showsDvy of the molecules with a 44 mJ circularly
polarized IR pulse. With aVR of 150 V, TOFs for molecular
ions are 42 ms. Using the molecular beam speedvz

5570 m/s for benzene and 560 m/s for CS2 at 293 K calcu-
lated from Eq.~1!, and an IR pulse ofI 055.831011W/cm2

with durationt57 ns, the experimental data are excellently
fitted by Eq.~9! as shown by the solid lines in Fig. 4. The fit
for benzene yields an IR laser waist radius (v0) 14.5mm and
potential well depths (U0) of 7.9 meV@Fig. 4~a!#. For CS2,

the values obtained from the fit arev0514.2mm and U0

56.3 meV@Fig. 4~b!#.
Using a pulse energy of 44 mJ and an average static

polarizability23 a511.6310240C m2/V for benzene anda
59.6310240C m2/V for CS2, Eq. ~7! yields values ofU0

524 meV and 21 meV for benzene and CS2, respectively.
The differences between the two sets ofU0 values estimated
from Eq. ~7! and Eq.~9! are due to the complicated spatial
beam mode of the IR pulse and uncertainties in measuring
the waist radii. The Nd:YAG laser generates pulses at a fun-
damental wavelength of 1064 nm. To pump the dye laser, the
third harmonic at 355 nm are obtained by passing the funda-
mental beam through the second and the third harmonic gen-
eration crystals. The remaining fundamental component is
then used to deflect the molecular beam. We obtain the in-
tensity profile of the focused laser by scanning with a 12.5
mm diam aperture in the vicinity of the waist of the residual
fundamental beam focused with the 175-mm-focal-length
convex lens. There are three peaks along they axis and the
deconvolution of the central peak givesv0516.3mm. Since
only the major peak is used for the scanning studies, the peak
intensity calculated from the total energy of the beam is cer-
tainly overestimated. Moreover, an error of only 1mm in
measuringv0 for the IR laser leads to an 11% error in the

FIG. 4. The deflection velocity changes along they axis are plotted as a
function of the relative positions of the IR laser focus from the dye laser
focus. The IR laser is circularly polarized with peak intensityI 055.8
31011 W/cm2. The solid curves show the fitting results from whichv0 and
U0 are calculated using Eq.~11!. ~a! Benzene,v0514.5mm and U0

57.9 meV. ~b! CS2, v0514.2mm andU056.3 meV.
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peak intensity. Therefore, the peak intensity calculated from
the laser pulse energy by Eq.~7! requires calibration. As the
deflecting laser intensity is varied, the ratios of the twoU0

values estimated from Eq.~7! and Eq.~9! remain constant at
3.1, the value which is used as an intensity calibration factor.
In addition, the ratioU0(benzene)/U0(CS2)51.2 agrees
with the theoretical ratio (a/m)(benzene)/(a/m)(CS2)
51.2, supporting the intensity calibration method used in
this work.

B. Tracing of the molecular beams

Molecular rays passing through the cylindrical molecular
lens of width 2v0 are traced by placing the ionizing dye
laser focus at representative points,y050, 60.25v0 ,
60.384v0 , 60.50v0 , 6v0 . Figure 5 shows the experi-
mentally obtained trajectories in theyzplane. The peak laser
intensity forming this cylindrical lens is 5.331011W/cm2. W
and D are obtained from the intersection of molecular rays
starting atv0 (2v0) and 20.384 v0 (0.384v0). For ex-

perimental convenience, we measure the distance
f 8@5(a/I 0)e1/2# to the intersecting point of the two most
deflected molecular rays, which pass the molecular lens at
v0/2 and 2v0/2, and calculatef from the relation f
5 f 8/e1/2.

The experimentally obtained values ofD, W, and f are
shown in Fig. 6 as a function of 1/I 0 . The energy per IR
laser pulse is varied from 24 mJ to 56 mJ. As discussed
above, the peak intensity is corrected using the calibration
factor of 3.1.W is independent of the peak intensity, whereas
f and D are proportional to 1/I 0 . In addition, the ratio be-
tween the slopes forD and f is 3.3. In Table I, experimental
and theoretical values of the molecular lens parameters are
compared. These are in excellent agreement with Eqs.~13!,
~16!, and~17! ~dashed lines!.

In the previous theoretical work, the focal length was
expressed asf /v085AR/sin(2/AR), whereR is the ratio of

FIG. 5. Tracing of molecular rays passing through the cylindrical lens of
width 2v0 formed by the IR laser. The IR laser is circularly polarized with
peak intensityI 055.331011 W/cm2. The insert box shows the region near
the molecular lens focus. The result~a! is for benzene and~b! is for CS2.
Each set of data with the same symbol represents the trajectory of molecules
starting from the same point, and each trajectory is obtained by least-squares
fit. Horizontal scale is the distance from the lens traveled by neutral mol-
ecules during the TOF given by the productvz(neutral molecule)
3TOF~moleular ion).

FIG. 6. Intensity dependence of the characteristic parameters of the molecu-
lar lens.W is the minimum beam width,D the distance to the minimum
beam width position, andf is the focal length of the lens. Solid lines are fits
of the experimental results and dotted lines are the theoretical predictions for
~a! benzene and~b! CS2. W is independent of the peak intensity of the IR
laser, whileD and f are proportional to the inverse of the peak intensity.D
andf are inversely proportional to the polarizability per mass of a molecule
a/m andW is insensitive to the molecular species.

TABLE I. Experimental and theoretical values of the molecular lens param-
eters.

Benzene CS2 Theoretical

f 1.1a/I 0 1.0a/I 0 1.0a/I 0

D 3.5a/I 0 3.4a/I 0 3.3a/I 0

W 0.96v0 0.93v0 1.1v0
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the kinetic energy of a molecule to the potential energy depth
by light-molecule interaction.8 ~Note thatv08 in Ref. 8 is 1/&
of the waist radius,v0 , in this paper.! The kinetic energies
of benzene and CS2 molecules can be calculated easily from
their beam velocities, 570 m/s for benzene and 560 m/s for
CS2. At a laser intensity of 5.831011W/cm2, the potential
well depths are 7.9 meV and 6.3 meV, respectively. In Ref.
8, the potential well depth is treated as a time-independent
quantity when molecules pass the laser. In our case, how-
ever, the time taken by the molecules to traverse the distance
2v08(521mm) is about 36 ns, which is longer than the laser
pulse duration of 7 ns~FWHM!. Therefore, the potential well
depth is a time-dependent function and should be averaged
over time to traverse 2v08 for comparison. Then the theoret-
ical focal lengths (f /v08) are 40 for benzene and 48 for CS2

and the experimental values for benzene and CS2 are 43 and
48, respectively. They indicate good agreement between pre-
vious theoretical work and our current work.

The dependence of the lens parameters on the polariz-
ability per massa/m also agrees well with the prediction
~see Table II!. Since the parametera is inversely proportional
to a/m, D andf are inversely proportional toa/m, while W
is independent ofa/m. Both the ratiosD(CS2)/D(benzene)
and f (CS2)/ f (benzene) are 1.1. These values are nearly
equal to the polarizability per mass ratioa/m(ben-
zene)/a/m(CS2) of 1.2. On the other hand, the ratio
W(CS2)/W(benzene) is 0.97, independent ofa/m.

C. Aperture size dependence of the lens parameters

As noted in the previous subsection, the ratio ofD to f
was 3.2 and 3.4 for benzene and CS2, respectively. This
represents the lens aberration due to the aperture size. The
closer to 1 the ratio is, the smaller is the aberration. Since the
linear region of the deflection velocity isuyu,v0/2 as shown
in Fig. 4, the aperture size should be reduced to at leastv0 to
reduce the lens aberration. Let the aperture size be 2wa .
Then D and W can be found easily from the intersection
points of the lines starting fromy051wa(2wa) and y0

52bwa(1bwa). They value of the intersectionyint is then
given by

yint~b!52wa1wa

~11b!e22~wa /v0!2

be22b2~wa /v0!2
1e22~wa /v0!2 . ~19!

The lens parameters obtained by minimizingyint(b) are
shown in Fig. 7.f is independent of the aperture size since
the maximum density point is determined by the molecular
ray starting from neary050 and is not influenced by the
aperture size.D andW decrease rapidly as the aperture size
is reduced. When the aperture size 2wa50.5v0 , D

51.1a/I 0 andW50.016v0 , and the lens aberration is neg-
ligible. ~D/ f 51.1 andW is 3.2% of the initial width, 2wa .!

D. Laser polarization effects

Since the polarizability of a symmetric top molecule is
anisotropic, the potential well depth felt by the molecule de-
pends on the angleu between the molecular axis and the
laser polarization. The Stark shift is given by

U52 1
4aeffE

252 1
4@~a i2a'!cos2 u1a'#E2, ~20!

whereaeff is the effective polarizability anda i and a' are
the polarizability components parallel and perpendicular to
the molecular axis, respectively.24 Since molecules seek an
angle of low potential energy, they will be aligned with the
laser polarization direction. Therefore, the molecules have
different ^cos2 u& values depending on the degree of align-
ment;^cos2 u&51 for perfectly aligned molecules and 1/3 for
randomly oriented molecules. Several theoretical pre-
dictions3,25–27and experimental results4–6 have been reported
on the alignment of molecules in laser fields. In general, the
average valuê cos2 u& depends on the laser intensity; the
increase in the laser intensity causes^cos2 u& to be closer
to 1.

When the alignment effect is absent, the rotationally av-
eraged polarizability of a symmetric top molecule is the
same for both the cases of linear polarization and circular
polarization asaave5(a i12a')/3. If molecules are per-
fectly aligned with the laser polarization direction, the mo-
lecular polarizability depends on the laser polarization and
the molecular shape. For linear molecules such as CS2, a i

(516.8310240C m2/V) is larger than a' (56.2
310240C m2/V).28 The effective polarizability will not be
aave but a i if aligned with a linearly polarized field and
(a i1a')/2 (511.5310240C m2/V) if aligned with a circu-
larly polarized field. On the other hand, oblate molecules
such as benzene have a larger value ofa' (513.7
310240C m2/V) thana i (57.1310240C m2/V), and the ef-
fective polarizability isa' for the both polarization cases.

In this study, however, the results do not show an align-
ment effect. If there is an alignment effect,aeff of Eq. ~20!
depends on the laser intensity andU is not linear in the laser

TABLE II. Ratios of various lens parameters for CS2 and benzene.

Experiment Theory

U0
21(CS2)/U0

21(benzene) 1.2 1.2
f (CS2)/ f (benzene) 1.1 1.2
D(CS2)/D(benzene) 1.1 1.2
W(CS2)/W(benzene) 0.97 1.0

FIG. 7. Variations of the lens parameters according to the aperture size
(2wa). As the aperture size gets close to 0,D approachesf and W ap-
proaches 0, which means the lens aberration becomes small. The dotted line
represents the molecular lens in this report (2wa52v0).
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intensity. Then, the focal length will not be linear with re-
spect to the inverse of laser intensity. However, the linear
dependence of focal length on 1/I 0 shown in Fig. 6 is evi-
dence against the possibility of molecular alignment. The
lack of an alignment effect is probably due to the multilon-
gitudinal mode of an IR laser pulse having picosecond tem-
poral spikes. These rapid spikes prevent molecules from
aligning themselves with the polarization direction, since the
laser field rising time should be long enough for the mol-
ecules to be aligned with the laser polarization.2,3,5 Hence,
the alignment of molecules is neglected in the present study.

E. Separation of molecules

The dependence of molecular lens properties on the
value ofa/m resembles the dispersion of an optical medium
depending on the wavelength anda/m can be called a dis-
persion factor. Analogous to an optical prism, a mixture of
neutral molecules with differentaave/m values can be sepa-
rated by a molecular lens utilizing the nonresonant di-
pole force. For example, benzene and nitrogen oxide
having aave/m values of 9.0310215C m2/V kg and 3.8
310215C m2/V kg, respectively, could be separated spatially
using a molecular lens. This technique can be called ‘‘optical
force chromatography.’’

Alignment effects can also be utilized to enhance the
separation of molecules. Consider a linear molecule and an
oblate molecule of similaraave/m values mixed with other
molecules of differentaave/m values. Since circularly polar-
ized lasers produce much lower ionization than linearly po-
larized lasers,29,30 it should be easier to separate out the two
molecules from the matrix of other molecules using a mo-
lecular lens composed of a circularly polarized laser of high
peak intensity. For a linearly polarized laser field, linear mol-
ecules are more polarizable than oblate molecules although
their rotationally averaged polarizabilities are the same. Thus
the two can be further separated from each other using a
molecular lens of a linearly polarized laser of lower intensity
without causing ionization. This combination could act as a
tandem molecular-lens separator.

Recently, an elliptically polarized laser field has been
used for aligning molecules three-dimensionally.7 With an
electric field vector of elliptical polarization,E5Ea ı̂
1 iEb¤̂, whereEa

21Eb
25E0

2 ~E0 is constant; constant laser
intensity! andEa>Eb , the Stark shift of a linear molecule is
given by

U5
1

4
~a iEa

21a'Eb
2!5

1

4

a i1~12e2!a'

22e2 E0
2, ~21!

where e5A12(Eb /Ea)2 is the eccentricity of the ellipse,
which is 0 for circular polarization and 1 for linear polariza-
tion. As discussed in the previous subsection and noted from
Eq. ~21!, linear molecules are deflected more by a linearly
polarized laser field than by a circularly polarized one of the
same intensity while the deflection of oblate molecules is
independent of the polarization. This implies that the degree
of deflection can be adjusted not only by the laser intensity
but also by the eccentricity which can be easily controlled by
rotating a wave plate. Proper combination of the intensity

and eccentricity of the laser polarization will determine the
optimum separation conditions in optical force chromatogra-
phy.

V. CONCLUSION

We have constructed a cylindrical molecular lens con-
sisting of a far-off-resonant nanosecond Nd:YAG laser pulse
which acts on a molecular beam as an optical lens does on a
light beam. This molecular lens is based on the optical dipole
force due to the Stark shift. Molecular beams of benzene and
CS2 are deflected by the molecular lens and the trajectories
of the affected neutral molecules are determined from those
of molecular ions created by a REMPI process. The velocity
map imaging technique dramatically improved the resolution
of the deflected ion images. The changes in the transverse
velocities of molecular beams were as much as 8.3 m/s and a
chromatographic resolution of 0.84 between the deflected
and undeflected molecular beams was obtained. Tracing of
the trajectories of the deflected molecules allowed us to de-
termine the characteristic parameters of the molecular lens
including the focal length, minimum beam width, and dis-
tance to the minimum beam width position. The focal length
and distance to the minimum beam width position were pro-
portional to the inverse of laser peak intensity and polariz-
ability per mass, whereas the minimum beam width was in-
dependent of these quantities. These successful applications
of a molecular lens to the molecular beams of benzene and
CS2 confirm the universality of molecular optics. The possi-
bility of separating molecules from a mixture based on their
different polarizability per mass values was also investigated
as a new type of optical force chromatography.
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