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Optical deflection of molecules
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When intense light interacts with a molecule it induces a force proportional to the gradient of the Stark shift.
We use this nonresonant force to deflect I2 and CS2 molecules. We trace the direction of molecules in a
molecular beam, showing that the molecules that pass near the center of a 1.06-mm or 10.6-mm laser beam will
focus. We predict that Stark shifts on the order of 50 meV can be obtained for all small molecules and atoms
while maintaining ionization rates below 106 s21. Among the devices that can be based on the nonresonant
Stark shift are molecular accelerators and molecular quantum wires.@S1050-2947~98!01503-0#

PACS number~s!: 42.50.Vk, 33.80.Ps, 51.70.1f
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I. INTRODUCTION

Intense laser fields apply forces to molecules that
strong enough to control both the internal and external m
lecular variables@1–5#. Experimentally, we study the contro
over the trajectory of a molecule using the force result
from the gradient of the nonresonant laser-induced S
shift. This force arises from the gradient of the interaction
the laser-induced dipole moment with the laser field. T
potential well depths that we measure are approximately
meV deep and we predict potential well depths of 50 meV
more for molecules and atoms at intensities where the
ization rate is less than 106 s21. Theoretically, we discuss
characteristics of the new class of molecular devices that
be based on the nonresonant dipole force.

We demonstrate laser-induced forces with both 1.06mm
~YAG! @6# and 10.6mm (CO2) light interacting with carbon
disulfide (CS2) and iodine (I2) molecules and show tha
these light beams can be used as molecular lenses. By ch
ing two wavelengths and two molecules we emphasize
generality of the nonresonant dipole force. On one hand,
have chosen 1.06mm to direct our thoughts towards futur
experiments where very small focal spots ('0.5mm) are
achieved. As we will discuss in the concluding section, su
small focal spots will allow us to control the position o
molecules with almost atomic scale precision. For exam
we show that such exotic new devices as molecular quan
wires can be constructed. On the other hand, we have ch
10.6-mm light since the interaction of intense infrared lig
with small molecules and atoms is especially simple@2,7#.
For example, we know that midinfrared light should be t
least intrusive strong field source@2# for manipulating a
small molecule. With infrared light, ionization, excitatio
and dissociation will all be minimized since resonances
unlikely to play a significant role in the multiphoton ioniza

*Present address: Department of Chemistry, Aarhus Univer
Langelandsgade 140, DK-8000 Aarhus C, Denmark.
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tion of the molecule and it is well known that small neutr
molecules cannot be efficiently vibrationally excited by mi
infrared light@8#. Consequently, the maximum fields that w
calculate by approximating multiphoton ionization by tu
neling is appropriate for 10-mm light and may slightly over-
estimate the appropriate fields at 1.06mm.

Our experimental approach gives us the opportunity
study the deflection of molecules with precision. We tra
the deviation of the molecular trajectories caused by th
interaction with either the CO2 or YAG laser field at differ-
ent offsets from the center of the molecular lens. Thus,
information that we get is analogous to the information o
tained in optical ray tracing.

This work should be considered in the context of the la
international effort in manipulation and control of the pos
tion and velocity of electrons@9#, atoms@10#, and nano or
microscopic particles~optical tweezers! @11,12#. We will
show that molecular optics can be developed in direct a
ogy with atomic optics and our experimental approach
molecular diagnostics based on multiphoton ionization int
duces a general method for performing molecular optics
periments.

II. OVERVIEW OF THE EXPERIMENT

A schematic of the experimental layout is shown in Fig.
Iodine or carbon disulfide molecules from a pulsed mole
lar beam are injected into a vacuum chamber along a di
tion perpendicular to the flight axis of a time-of-flight ma
spectrometer. An intense YAG or CO2 beam, traveling per-
pendicular to both the molecular beam and time-of-flig
axis, interacts with the molecular beam. Those molecu
that pass through the deflecting beam experience the la
induced dipole force.

We label those molecules to be measured by placing
deflecting laser beam just upstream of the focus of a fem
second diagnostic laser beam. The femtosecond pulse ion
the molecules producing singly charged molecular ions
nonresonant multiphoton ionization. Due to the highly no

y,
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57 2795OPTICAL DEFLECTION OF MOLECULES
linear nature of multiphoton ionization the measuremen
confined to the high intensity region@13# of the femtosecond
beam. The femtosecond beam is focused to a smaller
than the deflection beam. With our experimental proced
we have more than 10 resolution elements across the ce
portion of the focus of the CO2 laser.

Only molecules that come from the small nozzle~diam-
eter 250mm! and pass through the small focus of the pro
laser 8 cm below the nozzle can be ionized by the collidi
pulse mode-locked~CPM! pulse. This ensures that the mo
ecules that are studied initially have a very small velocity
the direction of the time-of-flight axis. Molecules that ga
more energy from the deflection beam than the initial tra
verse energy spread are observable through a differenc
arrival times of the singly charged molecular ions compa
to the arrival time without the deflection beam. By scann
the diagnostic beam with respect to the center of the defl
ing beam focus, the molecular deflection is measured a
function of the position inside the deflecting beam. Our m
surement is the molecular analog of ray tracing in optics
we show the molecular beam will focus.

III. EXPERIMENTAL CONSIDERATIONS

A 10-Hz pulsed beam of I2 or CS2 molecules was used
directly or was seeded in an argon or neon jet expand
from the initial pressure of 1 atm into the vacuum cham
with the average operating pressure of about 1026 Torr. For
I2, a container filled with solid I2 at room temperature wa
placed directly before the pulsed nozzle~vapor pressure of I2
at room temperature is about 0.3 Torr! while for CS2 a partial
gas pressure of 25 Torr was used. The nozzle diameter o
jet was 250mm.

The molecules entered a time-of-flight mass spectrom
with the molecular beam axis~the x axis! perpendicular to
the flight axis~the y axis!. The molecular velocity is given
by @14#

vx'S 2k

M

g

g21
T0D 1/2

, ~1!

where k is the Boltzmann constant,M is the mass of the
buffer gas atoms,g is the specific heat ratio of the buffer ga

FIG. 1. Schematic of the experimental arrangement of the ta
chamber viewed in the direction of the laser beam~z axis!.
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andT0 is the initial temperature. For Ar atT05300 K, Eq.
~1! predictsvx5560 m/s and for neon it predicts 790 m/
For iodine molecules buffered with neon, we measuredvx
5800 m/s, in excellent agreement with the prediction.

Either a Nd:YAG or a CO2 laser beam~described in Secs
IV and VI, respectively! intersected the molecular beam a
proximately 8 cm below the nozzle, exerting a dipole for
on those molecules that pass through the focus. The di
force accelerated the molecules perpendicular to the in
direction. The velocity change was measured by ionizing
molecules and using a time-of-flight mass spectromete
determine the velocity of the ions. The time-of-flight ma
spectrometer consisted of an accelerating region~approxi-
mately 30 V/cm! defined by two plates separated by 3 c
and an equal length field-free drift region. After passa
through the field-free region the ions were accelerated t
keV. Molecular ions with an initial transverse velocity com
ponent towards the detector arrived at the detector ea
than a zero transverse velocity ion. Similarly, ions w
transverse velocity away from the detector arrived later.

The 80-fs duration ionizing pulse originating from
10-Hz amplified CPM dye laser@15# contained 0.66mJ per
pulse and was focused to a spot size ofv0;2.5mm corre-
sponding to a peak intensity of 831013 W/cm2. We operated
the laser with just high enough intensity to produce the s
gly charged molecular ion by nonresonant multiphoton io
ization. It is possible to use multiphoton ionization to sele
and label the molecules of interest since ionization does
change the velocity of the molecule significantly@16#. Thus,
measuring the ion velocity is equivalent to measuring
neutral molecule velocity. Using multiphoton ionization
important because the multiphoton ionization rate is a hig
nonlinear function of the laser intensity so the measurem
can be localized in both space and time.

The dye amplifier was pumped with 0.53mm light from a
frequency-doubled Nd:YAG laser. The undoubled radiat
~1.06mm! from the same YAG laser was used to deflect t
molecules. We introduced a delay between the deflection
the CPM pulse to ensure that the femtosecond ioniza
occurred without the strong infrared pulse present. This
lay required the focal spots of the two beams to be offse
the direction of the molecular beam. With this experimen
arrangement, the CPM laser could probe the spatial dep
dence of the induced dipole force along direction of the tim
of-flight axis simply by moving its focus with respect to th
focal volume of the deflection beam. Although the ma
spectrometer was designed so that the flight time was in
sitive to the position where ionization occurred~space focus-
ing!, whenever we moved the relative position of the defle
tion and probe beams the probe beam was kept fixed so
keep the measurement conditions constant.

IV. EXPERIMENTAL RESULTS WITH 1.06- mm
DEFLECTION BEAM

The 10-Hz Nd:YAG laser (l51.064mm) produced
14-ns@full width at half maximum~FWHM!# pulses and we
used these pulses in the energy range of 10 mJ. Figu
shows the experimental arrangement used with the Y
beam. The YAG~deflection! and dye~measurement! beams
passed through two independent 1-m lenses and were c
bined with a dichroic beam splitter before reaching foci 1
in front of the vacuum chamber. Here, the focal spot inte

et
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2796 57HIROFUMI SAKAI et al.
sity distribution of the YAG was measured to be Gauss
and the beams were positioned with respect to each o
The foci in the target chamber were obtained with anf /2,
on-axis, 5-cm focal-length parabolic mirror, which produc
a 20 times reduced image of the measured focal spots.
YAG beam was focused in the center of the chamber to
v057 mm Gaussian focal spot giving a peak intensity,I 0
;931011 W/cm2 at 10 mJ. At this intensity the YAG puls
produced some CS2 and I2 ions. These ions arrive at th
detector earlier than the ions produced by the femtosec
pulse since the YAG pulse arrives 25 ns before the fem
second probe pulse. Thus, the peaks are clearly dis
guished.

Since our velocity measurement is restricted to those m
ecules that pass through the very small focal spot of the C
laser, in the absence of the deflection pulse, we expect
transverse velocity distribution of the molecular beam to
very narrow. The initial velocity spread along the time-o
flight axis, Dvy

init , is determined byDvy
init5D/( l /vx) where

D5250mm is the diameter of the nozzle,l 58 cm is the
distance from the nozzle to the laser focus, andvx is the
longitudinal velocity of the CS2 or I2 molecules. The esti-
mated velocity spreadDvy

init>1.4 m/s for unbuffered CS2 is
typical. It corresponds to a lateral kinetic energy of appro
mately 0.2meV. In the experiment the FWHM of the peak
;3.4 ns, corresponding to ay-axis velocity Dvy

init5

67.2 m/s for CS2 and Dvy
init563 m/s for I2. This value is

the resolution limit of our time-of-flight spectrometer.
Time-of-flight spectra obtained with or without 1.06-mm

light at a peak intensity of 131012 W/cm2 are shown in Fig.
3 for CS2 molecules. Each spectrum is the average of 10
shots. The solid curve shows the arrival time for the C2
molecules without the deflecting YAG laser. The dashed
dotted curves show the arrival times when the molecu
beam crosses the deflection beam at approximately6v0/2.
The dashed~dotted! curve shows results obtained for mo
ecules deflected towards~away from! the microchannel plate
detector. As indicated in the figure, if the molecule is d
flected away from the detector by the attractive central
tential it should arrive later than if the molecule is deflect
towards the detector. To ensure that the flight time is alw
the same without the deflection laser present, the focus o
CPM beam is not moved. Instead, we moved the focus of
deflecting laser beam.

FIG. 2. Experimental schematic showing the optical arran
ment used to position the YAG~deflection! beam and the dye~mea-
surement! beam. The deflection and measurement beams are o
in both space and time.
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The shift of arrival timesDt ~with respect to the unde
flected molecules! measured at the center position of the h
maximum of the time-of-flight spectrum is plotted in Fig.
as a function of the position of the deflection beam. T
results for the deflection of I2 ~expanded in the jet using a
argon buffer gas! are shown in Fig. 4~a! and for CS2 ~ex-
panded in a neon buffer gas! in Fig. 4~b!. In both cases the
laser intensity was approximately 1012 W/cm2. The vertical
axes show the change in the arrival time and the correspo
ing transverse velocityDvy5DteV/mL, acquired in the de-
flecting field. The charge and mass of the molecular ion
denoted bye and m, V is the extracting voltage, andL
53 cm is the separation between the first two plates of
time-of-flight spectrometer. For the measurements in Fig
the V/L was 33 V/cm.

Figure 4~a! shows data, plotted with open and sol
circles, obtained on two successive runs indicating the ac
racy of the iodine data. Figure 4~b! contains plots obtained
for linear and circular polarization. Experimentally, thel/4
wave plate in the 1.06-mm beam path is rotated withou
changing the light intensity. The good agreement betw
the deflection measured with both polarization shows that
molecules do not align.

The experimental results allow us to determine the de
of the potential well produced by the intense laser bea
When a molecule enters the YAG laser focus a dipole m
ment is induced. The interaction of this dipole and the fie
results in a Stark shiftU of the ground state of the molecul
given by @17#

U~x,y,z,t !52 1
4 aE2~x,y,z,t !, ~2!

whereE(x,y,z,t) is the space- and time-dependent pulse
velope of the deflecting laser field. Equation~2! includes a
time average over one period of the laser field and negl
any effect of alignment of the molecule by averaging over

-

et
FIG. 3. Portion of the time of flight spectrum showing the tim

of arrival of the undeflected beam~solid curve! and the deflected
beams~dashed and dotted curves!. A schematic shows the relativ
placement of the focus of the deflecting laser and the measure
laser. Deviations of the arrival time of a zero transverse veloc
molecule from the arrival time of a deflected molecule allow t
transverse velocity to be measured. The horizontal scale shows
the arrival time and the velocity.
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57 2797OPTICAL DEFLECTION OF MOLECULES
angles@a5(a i12a')/3 wherea i and a' are the polariz-
ability parallel and perpendicular to the molecular axis,
spectively#.

The induced dipole force,F52¹U, exerted on a mol-
ecule is proportional to the gradient of the intensity. Usi
I (x,y,z,t)5I 0exp@22(x21y2)/v0

2#exp(24ln2t2/t2) ~we probe
nearz50!, they component of the dipole force,Fy , is given
by

Fy524
U0

v0
2 y exp$22@~v it !21y2#/v0

2%

3expH 24 ln2S t2

t2D J , ~3!

whereU0 is the Stark shift at the peak of the laser pulse
both space and time andx52v it describes the motion of th
molecules along the molecular beam direction. ForDvyt
!y, the experimentally observed velocity shift is given
Dny5(1/m)*2`

` Fy(t)dt yielding

FIG. 4. Change in flight time caused by deflection of the m
lecular beam by the deflection beam and the associated chan
transverse velocity of the molecular beam plotted as a function
the relative position of the focus of the deflecting and the ioniz
laser beams. The derivative of the measured focal distributio
also shown by the solid curve.~a! Data obtained for I2 with linear
polarized light. The open and filled circles correspond to two s
cessive scans with realignment.~b! Data for CS2 with the deflection
laser polarized linearly, or circularly~d!. In both cases the expan
sion of the CS2 molecules was buffered with neon.
-

Dny52
4ApU0

&mv0v i

1

A112 ln2@~v0 /vi!/t#2
y

3exp~22y2/v0
2!. ~4!

Equation~4! shows that the data points in Fig. 4 shou
have a dispersionlike shape. In both Figs. 4~a! and 4~b!, the
solid line corresponds to the normalized derivative of t
spatial intensity profile of the YAG beam. In Fig. 4~b! de-
viation of the data points from the dispersion curve are
served for molecules deflected away from the microchan
plate detector. This deviation disappears when the deflec
laser intensity is lowered and ionization caused by the YA
beam is absent. We ascribe the deviation to the influenc
the charge produced by the deflecting YAG beam. Molecu
ions produced by the YAG, although produced 25 ns ear
than those ions produced by the CPM beam, have o
moved about a micron during that 25 ns. They have there
not left the focal volume before the femtosecond pu
probes the deflected molecules. Molecular ions from m
ecules that are deflected away from the microchannel p
detector~positive direction! interact with these YAG pro-
duced molecular ions much more strongly than molecu
deflected toward from the detector.

Equation ~4! can be used to estimate the depth of t
Stark potential,U0 based on the experimental measureme
and to compare with the results obtained from Eq.~2! for I2
and CS2 ~see next section!. Solving Eq. ~4! for U0 at y
5v0/2 ~where the acquired transverse velocity is maximu!
yields U057 meV for CS2 andU056.6 meV for I2.

V. ACHIEVABLE MAGNITUDES
OF THE LASER-INDUCED DIPOLE POTENTIAL

The polarizabilities of atoms and small molecules are w
known. Assuming that the static values@18# can be used a
1.06 mm we expect from Eq.~2! U0510 meV at I 5
931011 W/cm2 for CS2 andU0512 meV for I2. There are a
number of uncertainties in our experiment. For examp
only 1-mm error in measuringv0 of the deflection beam
leads to 25% error in the intensity. In addition, we expect
experiment to underestimateU0 since the spatial resolution
of the measurement is still limited. The measured and ca
lated values ofU0 agree within our experimental accuracy

Our theoretical estimate of the Stark potential ignores a
molecular alignment to the laser field either for CS2 or for I2.
However, the alignment potential, given byUA52 1

4 (a i

2a')E2 exceeds 10 meV for CS2 in a 931011-W/cm2 laser
field. With an expected rotational temperature of 5 K@19# we
should expect an average angular spread of about 30° a
the direction of polarization for linearly polarized light@20#
and thena i must replacea in Eq. ~2! ~that is,U'2 1

4 a iE2!
anda i(a i517.3310240 C m2/V for CS2! is almost twicea
~a59.6310240 C m2/V for CS2!.

Experimentally, we find no difference between the defle
tion using linear and circular polarization in Fig. 4~b! indi-
cating that alignment does not play a significant role in o
experiment, even for rotationally cooled molecules. We
lieve that the reason that we do not see significant alignm
is that the longitudinal mode beating of our non-transfor
limited YAG laser pulse gives rise to unobserved tempo
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2798 57HIROFUMI SAKAI et al.
structure on the pulse. This approximately 50-ps struct
introduces a fluctuating potential that rotationally heats
molecules.

The potential well that we measure through the nonre
nant laser-induced dipole force is approximately 4 orders
magnitude larger than the typical potential depths reache
continuous waves studies on atoms~on the order of 1meV
@10,21#!. Thus to trap molecules with the nonresonant dip
force will require much less cooling than is typical in atom
trapping experiments. The Stark potential is proportiona
the laser intensity, so the maximum potential well depth t
can be achieved is limited by the maximum achievable
tensity without ionization@2,7,22,23#. For CS2 (I2), with its
ionization potential of 10.1 eV~9.3 eV!, the tunnel ionization
rate equals 106 s21 at an intensity of 831012 W/cm2

(531012 W/cm2). Although multiphoton ionization does no
exhibit threshold behavior, the ionization rate is a very no
linear function of the laser intensity and a rate of 106 s21 can
be taken as an approximate effective threshold. This rat
particularly appropriate for our 10-ns pulse duration sinc
corresponds to about only 1% ionization during a 10
pulse. For these intensities Eq.~2! predicts a potential wel
depth of about;90 meV for CS2 and;70 meV for I2. The
slightly lower ionization potential of iodine molecules
compensated by its higher polarizability and conseque
the maximum Stark shift remains about the same. At t
laser field strength many molecules should align with
field ~the alignment potential would be approximately 1
meV for CS2! making the total well depth even greater.

In our YAG results we could not achieve this avera
intensity without ionization for two reasons. First, o
Nd:YAG laser produces multilongitudinal mode outpu
which gives rise to transient spikes of higher peak inten
than would occur for a pulse with a smooth temporal profi
Since multiphoton ionization is highly nonlinear, the hig
intensity spikes limit the average intensity that can be e
ployed before multiphoton ionization occurs. Second,
1.06 mm light illuminating I2 or CS2, we do not satisfy the
conditions for tunnel ionization@23# although we have use
the tunneling approximation to calculate the maximum fi
that we can use. Other multiphoton ionization processes@24#
raise the ionization rate and therefore lowers the peak in
sity at which significant ionization is reached. Using 10
mm light places us securely in the tunneling limit@7,23#. We
now demonstrate that deflection is also observable wit
10-mm deflection field.

VI. EXPERIMENTAL RESULTS
WITH 10.6-mm DEFLECTION BEAM

The pulsed 10-Hz CO2 laser consisting of a hybrid TEA
CO2 oscillator and a double-passed TEA CO2 amplifier pro-
duced a 10.6-mm pulse with approximately 50% of the puls
energy of 600 mJ in a 70-ns~FWHM! gain switched peak
The remaining part of the energy was contained in a long
that is not used in this experiment. The temporal structure
the pulse was monitored to ensure single longitudinal m
operation using a photon-drag detector.

Because of the high energy of the CO2 pulse it was not
possible to use the same focusing procedure as desc
above for the YAG laser. Figure 5 shows the experimen
re
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arrangement used with the CO2 deflection beam. The CO2
~deflection! and dye~measurement! beams were combined
using a Ge window~M2 in Fig. 5! antireflection coated for
l510.6mm and reflective at 0.625mm. The beam diameter
were approximately 2 and 1 cm atl510.6mm and l
50.6mm, respectively. Using two diaphragms~D1 and
D2!, the beams were aligned with an accuracy of about 2
mrad along the mirror axis of the 5-cm focal-length, 2.5-c
diameter (f /2) parabolic mirror~M3 in Fig. 5!, mounted
inside the vacuum chamber.

We measured the diameter of the focal spot atl
510.6mm with the CO2 amplifier switched off. For that
measurement the parabolic mirrorM3 was placed outside
the vacuum chamber. A 5-mm-thick NaCl window wa
mounted in front of the mirror at the angle of 45° with r
spect to the incident beam. A 25-mm-diameter pinhole was
scanned in the vicinity of the waist of the CO2 beam reflected
from the NaCl window. The measured focal spot diamete
about 35mm ~FWHM!. Thus, we estimate the intensity i
the beam waist as 4.531011 W/cm2.

We used a reference beam to properly adjust the rela
position of the deflection and the probe foci. A wedge
(;2 in.) NaCl window ~SP in Fig. 5! reflected approxi-
mately 4% of the incident radiation at both wavelength
Using a 1-m focal-length gold-coated mirror~M4 in Fig. 5!
the foci of the reflected beams are projected onto the re
ence plane~RP in Fig. 5! producing a magnified (320) im-
age of the measurement area inside the vacuum chamber
adjusted the relative position of the beam waists in the jet
tilting the infrared beam (;0.1°) in the vertical direction so
that the CO2 beam shifted 25mm upstream of the CPM lase
focus. In that case it takes the molecules about 75 ns to tr
from the center of the deflection beam to the probed volu
~note: argon was used as the buffer gas for these meas
ments!.

Each time-of-flight spectrum was a result of averagi
over 250–500 shots. There was no ionization by the C2
laser pulse. To eliminate the influence of the timing jitt

FIG. 5. Experimental schematic showing the optical arran
ment used to position the CO2 ~deflection! beam~1! and the dye
~measurement! beam~2!. M1, M3, andM4 are gold-coated mirror.
M1 is flat,M2 is a germanium plate used as a beam splitter,M3 is
an f /2 parabolic mirror with focal length of 5 cm while the radius
curvature ofM4 is R52 m. SP is a NaCl window used to reflect
small sample of the beam for alignment purposes. The focal p
erties of the beam inside of the chamber were imaged of the re
ence plane RP.
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57 2799OPTICAL DEFLECTION OF MOLECULES
between the CO2 and dye pulses, time-of-flight spectra we
only recorded if the two pulses arrived at the proper dela

Figure 6 shows the successive CS2
1 spectra recorded a

different horizontal positions of the deflecting beam. Just
for CS2 molecules deflected by the YAG beam one can se
definite shift in the temporal position of the ion spectra.
Fig. 7 we have plotted the temporal shift of the maximum
the time-of-flight spectra and the correspondingDvy versus
horizontal position of the deflecting beam for three succ
sive scans. The solid line corresponds to the normalized
rivative of a Gaussian profile withv0530mm. This magni-
tude is in agreement with our estimated beam waist of
infrared beam.

The data in Fig. 7 are more symmetric than those obtai
using the YAG laser. We observed no ionization of the C2
molecules up to 531011 W/cm2, the highest intensity tha
we could achieve. Consequently, there are no space-ch
effects. Moreover, the bigger diameter of the waist of
CO2 beam allows higher relative resolution of measureme

Assuming the Gaussian shape of the curve withv0
530mm we obtainU054 meV from Eq.~4!. This value can
be compared to a well depth of about 4.5 meV obtain
usingU52 1

4 aE2 @Eq. ~2!# at our estimated operating inten
sity of 431011 W/cm2.

VII. DISCUSSION AND CONCLUSIONS

A. Maximum Stark shifts

We have studied two molecules that have relatively la
polarizabilities ~a59.6310240 C m2/V for CS2 and a
'12.1310240 C m2/V for I2! and we have noted that th
maximum Stark shift that can be achieved for I2 and CS2
should be approximately the same. In general, any neu
atom or small molecule has approximately the same m
mum Stark shift although the polarizability can vary great
This is because, as the molecular polarizability decreases
ionization potential increases and the increase in the m
mum intensity that the molecule can withstand@2,22#
roughly compensates for the decreasing polarizability.
example, we predict that H2, a very unpolarizable molecule
can experience a 50-meV Stark shift at an intensity@2,22#
where the tunnel ionization rate reaches our reference v
of 106 s21. Even helium, a very unpolarizable atom a
Cs, a very polarizable atom can support a maximum S

FIG. 6. Ion spectra for successive 12-mm steps between the
relative positions of the deflecting and measurement beams.
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shift of approximately 30 meV at the intensity where the
ionization rates approach 106 ~for He this intensity is
2.631014 W/cm2 and for Cs, 3.531011 W/cm2!. Therefore,
the deflection that we have demonstrated above, and the
sequences discussed below, are very general.

B. Focusing of molecules

In addition to showing control over the external variabl
of a molecule through the nonresonant laser-induced dip
force, we have also shown a method of focusing molecu
The data in both Fig. 4 and in Fig. 7 show that molecules t
pass near the center of the deflection beam gain a velo
that is proportional to their distance from the center. The
molecules must meet at a common point below the la
focus. For example, in the CO2 data in Fig. 7, the molecule
gain a transverse velocity of 5 m/s at an offset from the be
center of 5mm. These molecules will reach the axis~defined
by the line joining the aperture and the center of the la
beam! in 1 ms. During that time the CS2 molecules, moving
with a longitudinal velocity of 500 m/s, travel 500mm. Con-
sequently the focal length of the molecular lens isf
>500mm.

This experiment demonstrates one-dimensional focus
Two deflection laser beams at right angles to each o
would produce two-dimensional focusing as would a la
beam focused through an axicon.

C. Two-dimensional trapping: Molecular quantum wires

A dramatic implication of the results that we have ju
described is the possibility of forming molecular~or atomic!
quantum wires. That is, confining molecules~or atoms! in
two dimensions with confinement so strong that their tra
verse translational energy is quantized. Molecules propa
ing in a molecular quantum wire would be the analog of lig
propagating in an optical fiber. What makes molecular qu
tum wires especially exciting is that it appears that molecu
can be confined to within about 10–60 Å, not much larg
than a molecular dimension.

FIG. 7. The dependence of CS2
1 time of flight ~left axis! and

transverse velocity~right axis! on the relative displacement of th
deflecting and measurement beams. Open and filled circles
squares correspond to three successive scans with realignm
Solid curve is a derivative of the Gaussian curve with FWHM
mm.
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Producing a molecular quantum wire does not requir
large extrapolation over the present experiment. Conside
output of a long-pulse 1.06-mm laser focused to produce
line of high-intensity radiation. Such a line can be achiev
using an axicon or a hollow core waveguide. Alternatively
standing wave pattern produced by counterpropaga
beams in two perpendicular directions produces an arra
molecular quantum wires. The diameter of a line focus c
be less than one wavelength of light~the FWHM diameter of
a standing wave is approximatelyl/4! providing a confine-
ment potential in two dimensions that is required for t
molecular quantum wire. The length of the line focus is n
confined by physics, but is, of course, confined by the s
and complexity of the laser required.

It is possible to calculate the zero-point energy of suc
trap. Assuming the confinement potential characteristic o
standing wave in one dimensionU0cos2(2pr/l), the potential
well structure near the well minimum is given byU5
2U0@12(2p2/l2)r 2# so the zero-point energy of th
ground state isEg5p\U0

1/2/lm1/2. For realistic parameters
l51 mm, U0550 meV and taking the H2 mass form, we
obtain Eg51024 eV. The approximate dimensions of th
ground-state wave function would be about 60 Å. For lar
mass molecules the zero-point energy is reduced as is
diameter of the ground-state wave function. Having de
mined the level spacing in the quantum wire we now disc
the issues involved in coupling molecules into the fundam
tal mode of the wire.

In our molecular deflection experiment, the molecu
beam had an estimated lateral kinetic energyEkin of about
1027 eV in the region of the laser focus. This is orders
magnitude less than the zero-point energy in the molec
wire. Since the lateral kinetic energy of the beam is given
Ekin5 1

2 mv'5 1
2 mvx sin2q whereq5d/2l , it is clear that the

lateral kinetic energy can even be reduced ifvx or m is
reduced.

The major problem to be overcome before molecu
quantum wires are produced is coupling this beam of m
ecules into the wire without simultaneously coupling t
much of their longitudinal energy into transverse motion.
analogy with optical fibers where laser light is coupled in
the fundamental mode of the fiber using lenses, we beli
that molecular lenses, such as we have just described, wi
very helpful.

D. Three-dimensional trapping: Molecular quantum dots

The approximatelyl/4 dimensions of a two-dimensiona
trap can also be achieved in three dimensions. With w
depths of 50–100 meV the zero-point energy will again
approximately 1024 eV. It is clear that trapping is possibl
even for molecules at or near room temperature. For a
lecular temperature of approximately 1 degree K the gro
state will be preferentially populated. Methods for cooli
have been discussed@4,21#. However, molecules in such
trap will interact differently than in free space. Laser-induc
van der Waals complexes will play a major role and must
considered@25#.

E. An accelerator for neutral molecules

If the Stark shift can be on the order of 100 meV, appro
mately one order of magnitude greater than those meas
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here, the gradient of the Stark shift can be much larger s
The largest intensity gradient that can be produced witho
surface present occurs in standing waves where the regio
highest and lowest intensity are separated by 0.25l. This is
almost two orders of magnitude smaller than the scale len
of the intensity gradient that we have used and should lea
much higher acceleration.

Molecules trapped in a standing wave can be acceler
if the pattern is accelerated. Acceleration of a standing w
pattern is possible using an appropriately chirped pulse.
velocity Va of a pattern is determined by the frequency d
ference dn between the counterpropagating beamsdv
52Va /l. Since the maximum force is constant, the veloc
will increase linearly with time so the frequency chirp that
required to follow the molecules’ motion is linear. The tec
nology of pulse shaping and chirping is well advanced@26#
and linearly chirped pulses covering a wide frequency ra
are readily produced.

In an optimally accelerated standing wave with a gradi
of the Stark shift of 43105 V/m, a hydrogen molecule will
achieve a velocityVa520 km/s in 1 ns corresponding to
kinetic energy of 4 eV. For such a short acceleration leng
the maximum frequency differencedv between the counter
propagating beams is only about 40 GHz. Since the kin
energy increases quadratically with time a kinetic energy
400 eV is possible after 10 ns and the required freque
chirp is within the bandwidth of a picosecond pulse. T
requirements necessary for this acceleration are availab
many laboratories today. Accelerating neutral rotationa
and vibrationally cold molecules to hundreds of keV en
gies appears feasible.

F. Excited states

Although this paper has only explicitly discussed groun
state molecules or atoms, the polarizability can be mu
larger for excited states than for the ground state@27#. Thus,
for a given laser intensity the ground and excited states
molecule experience different Stark shifts and therefore
be spatially separated according to their electronic state
addition, since Stark shifts are dependent on the internuc
coordinates, intense nonresonant radiation modifies the
tential energy surfaces of a molecules and consequently
internal dynamics. In general, the nonresonant laser-indu
Stark shifts provide us with robust methods for manipulat
the external and internal variables of quantum systems.
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