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Decelerating and bunching molecules with pulsed traveling optical lattices

Guangjiong Dong, Weiping Lu, and P. F. Barker
Department of Physics, School of Engineering Physical Sciences, Heriot-Watt University, Edinburgh EH14 4AS, United Kingd

~Received 9 May 2003; published 23 January 2004!

We investigate the deceleration and bunching of cold molecules in a pulsed supersonic jet using a far-off-
resonant optical lattice traveling with a constant velocity. Using an analytical treatment, we show that by
choosing the lattice velocity equal to half the supersonic beam velocity and by optimizing the pulse duration,
a significant fraction (;33%) of translationally cold~1 K! CO molecules from a supersonic molecular beam
can be decelerated to zero velocity, and simultaneously bunched in velocity space. Due to the large difference
of polarizability to mass ratio between the buffer gas and the CO molecules in the pulsed jet, the buffer gas can
be precluded from the fraction of stationary molecules by choosing a suitable pulse duration. Furthermore, we
find that spatial bunching within the optical lattice is induced and the position of the bunch within the lattice
can be chosen by varying the lattice velocity.

DOI: 10.1103/PhysRevA.69.013409 PACS number~s!: 32.80.Lg, 42.50.Vk, 47.60.1i
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I. INTRODUCTION

In recent years, there has been strong interest in exten
the well-established techniques developed for cooling
trapping of atoms to molecules@1#. The creation of cold
stationary molecules offers the capability of ultrahig
resolution molecular-beam spectroscopy@2#, ultracold chem-
istry @3,4# and collisions@5–8# as well as the possibility of a
molecular Bose-Einstein condensation@9,10#. However, the
well-developed laser cooling methods for atomic species
not applicable to the cooling of molecules because of
complex molecular energy structure leading to a lack
closed cycling transitions@11#.

Over the last few years, four approaches have been d
onstrated for creating cold molecules. Thefirst is to use pho-
toassociation of ultracold alkali-metal atoms@12#. The for-
mation of ultracold molecules arises from the deexcitation
excited molecules created by photoassociating colliding
oms into the molecules@13–19#. The created molecules ar
translationally cold~typically, ,1 mK). However, they are
not vibrationally cold as they are distributed over a larg
number of vibrational states. Recently two-step photoas
ciation @20# and stimulated Raman photoassociation@21#
have been performed to generate state-selected molecul
second technique uses buffer-gas cooling combined w
magnetic trapping@22#. Here paramagnetic molecules su
as CaH are cooled down to temperatures in the 100
range by collision with a cryogenic helium gas, while co
fined in a magnetic trap. Essential to the success of the t
nique is that the spin-relaxation cross section must be m
smaller than the elastic collision cross section@22#. A third
technique is to use a supersonic expansion to produce a
density (;1012 cm23) of translationally cold molecules
(;1 K) @23# coupled with time-varying electric fields t
slow the beam@24–29#. In this scheme any polar molecu
entering an electric field gains Stark energy while losing
kinetic energy. After the electric field is switched off, mo
ecules do not gain the lost kinetic energy, and are there
decelerated. In these experiments, an array of electric-
stages are switched on and off alternatively to create a t
eling potential well. The switching time is gradually in
1050-2947/2004/69~1!/013409~10!/$22.50 69 0134
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creased to lower the velocity of the traveling potential we
In this way, deceleration of an ensemble of molecules, s
as NH3 and CO, was demonstrated in recent experime
@24–29#. A fourth technique uses a supersonic noz
mounted at a tip of a high-speed rotor, where the flow vel
ity of gas emerging from the nozzle was canceled by
rotor velocity in the opposite direction@30,31#. The veloci-
ties of molecular beams of Xe or O2 seeded in Xe have bee
slowed to a few tens of meters per second with this te
nique. Other approaches have been proposed for deceler
molecules in a molecular beam. Friedrich studied slowing
supersonically cooled atoms and molecules by time-vary
nonresonant induced dipole forces@32#. In this approach, the
molecules are scooped at right angles by a nonresonant
beam steered by a scanner and decelerated on a circular
by gradually reducing the beam’s angular speed. More
cently, analogous to the Stark decelerator, Barkeret al. have
proposed a microlinear decelerator~decelerating optical lat-
tice! that could be used to decelerate a fraction of any m
lecular beam to zero velocity@33#. The microlinear decelera
tor is created by two counterpropagating far-off-reson
optical fields, one of which has a linear frequency chi
Furthermore, molecules can be trapped and transporte
the optical lattice when the direction of the acceleration
the optical lattice is opposite to that of beam velocity. In th
scheme, polar and even heavy nonpolar molecules such2
can be slowed to be nearly stationary by the optical latt
with intensities in the range of 1010 W cm22 @33#.

Recently, bunching for storage of cold molecules a
other applications has been pursued with time-varying e
tric fields @34#. Velocity bunching is a dynamic localizatio
of molecules within the lattice at a particular velocity with
delocalization in phase space required to maintain pha
space density. This process has been demonstrated to c
an ensemble of molecules with a longitudinal temperat
width of 250mK @34#, which could be used to increase th
phase contrast in molecular-beam diffraction studies. Spa
bunching, which is a localization of molecules at a particu
phase, has been demonstrated to be highly desirable for
ping and storing cold molecules. For example, it can be
lized to optimize the number of molecules loaded from t
©2004 The American Physical Society09-1
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decelerated beam into an electrostatic quadrupole trap@26#.
The spatial bunching could also be advantageous for c
sion studies@34# and lithography@35,36#.

In this paper, we study an approach that applies a tra
ing far-off-resonant optical lattice, with constant velocity,
slow a fraction of cold molecules in a pulsed supersonic
to nearly zero velocity. Further, we show that this schem
capable of bunching molecules in position space or velo
space. In Sec. II, we study the dynamics of the molecule
the optical lattice for analyzing the capability of the optic
lattice to decelerate and bunch molecules in the pulsed
lecular jet. In addition, we determine the optimal optical l
tice velocity for creating the maximum fraction of stationa
molecules. We present an analytical formula for the veloc
and position distribution of molecules in the optical lattice
Sec. III, and in Sec. IV we apply our analysis to a cold~1 K!
supersonic beam of CO molecules and show that a sig
cant fraction (;33%) of molecules can be decelerated a
simultaneously bunched in velocity space. Finally, we de
onstrate that spatial bunching can be achieved and the bu
ing position can be controlled by the optical lattice veloc
in Sec. V.

II. PRINCIPLES FOR DECELERATING AND BUNCHING
OF MOLECULES WITH A TRAVELING OPTICAL

LATTICE

We consider molecules in a molecular beam with a vel
ity vB , interacting with a traveling optical lattice, as show
in Fig. 1. The traveling optical lattice is formed by tw
nearly counterpropagating optical pulses,«1(r ,t)
5E1(t)sin(k1•r2v1t) and «2(r ,t)5E2(t)sin(k2•r2v2t),
whereE1 andE2 are the amplitudes of the two optical field
and k1 and k2 are the wave vectors of each field. The fr
quenciesv1 and v2 are chosen to be far-off-resonant fro
the lowest single photon transition to form a quasielect
static potential@37,38#. The temporal profile of each field ha
a top hat, so thatE1(t)5E2(t)5E0 for t,td wheretd is the
pulse duration, otherwiseE1(t)5E2(t)50 @39–42#.

At the intersection of the two nonresonant fields, m
ecules gain the dipole potential,

U~r ,t !52aE1E2/2 cos@~k12k2!•r2~v22v1!t#, ~1!

FIG. 1. A moving optical lattice is created by two optical field
with different frequencies intersecting at an angle ofb'180°. A
molecular beam with longitudinal velocityvB is injected into the
interference pattern of the two crossed optical fields.
01340
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wherea is the polarizability. The dipole forces in the long
tudinal and transverse directions are respectively given b

F i52F0sin@~k12k2!•r2~v22v1!t#, ~2!

F'5F i~k1'2k2'!/q, ~3!

whereF05aqE1E2/2 is the maximum force, and whereq
5uk1i1k2iu. The vectorsk1i andk2i (k1' andk2') are the
longitudinal ~transverse! components of the vectorsk1 and
k2 . In the nearly counterpropagating configuration shown
Fig. 1, the included angle between the optical fields and
molecular beam is less than 2.5°. Therefore, the magnit
of the transverse wave vectorsk1' andk2' are small com-
pared to the longitudinal components. Since there is sm
difference in the frequencies of the two beams,k1''k2' ,
and the ratiou(k1'2k2')/qu is much less than 1% for nearl
counterpropagating beams (b*175° in Fig. 1! the magni-
tude of the dipole forceF' in the transverse direction i
much less than the longitudinal forceF i . To show that we
can neglect the transverse force in further calculations
estimate its effect on the molecular beam for the duration
the optical fieldtd . The transverse velocity change induc
by the force is given byuDv'u,uF0(k1'2k2')/(mq)utd ,
and the transverse displacement isuDs'u,uv'0tdu
1uF0(k1'2k2')/(qm)utd

2/2, where m is the mass of the
molecule andv'0 is the initial transverse velocity. For a CO
~mass m54.65310226 kg, a52.15310240 C m2/V) mo-
lecular beam at temperature of 1 K~the most probable ve
locity of vm'25 m/s), we estimate a transverse veloc
change ofuDv'u,6.19mm/s, and a transverse displaceme
of uDsu,50 nm. These calculations are carried out using
tical fields with an intensity 8.2931011 W/cm2, q
51.573107/m, a pulse duration oftd510 ns, and the ratio
u(k1'2k2')/qu51%. The initial transverse velocityv'0 we
used in this estimation is twice the most probable veloc
determined by the temperature. As in this example, where
duration of typical experimental schemes is in the nanos
ond range, the transverse velocity changeuDv'u induced by
the potential is much less than the most probable velo
vm , and the transverse displacementuDsu is much less than
the typical width of the optical lattice (100mm). Therefore,
the weak transverse forceF' does not significantly chang
the transverse position or velocity of molecules within t
pulse duration we consider. We conclude that only a v
small fraction of the molecules will enter or escape from t
potential during these time periods, and therefore, the opt
interference pattern produced by two intersecting opti
fields as shown in Fig. 1 is essentially a quasi-on
dimensional optical lattice. Thus, the dipole force exerted
molecules in the nearly counterpropagating optical fields
effectively given by the longitudinal forceF uu and now
(k1'2k2')•r' in Eq. ~2! can be neglected, andF i is given
by

F i52F0sin@q~x2vLt !#, ~4!

wherevL5(v22v1)/q, and the equation of motion for mol
ecules is given by
9-2
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d2x

dt2
52a~ t !sin@q~x2vLt !#, ~5!

wherea(t)5aqE1(t)E2(t)/(2m) is the maximum force pe
unit mass,m is the molecular mass.

For the convenience of studying the dynamics in the tr
eling optical lattice we introduce the reference frame,

u5q~x2vLt !, ~6!

moving with the optical lattice, and a normalized time

t5tv0 , ~7!

wherev05Aqa is the harmonic resonant frequency in t
optical lattice. Since we are interested in the motion of m
ecules within a pulse of constant intensitya is now time
independent. In the traveling reference frame, the optical
tice is a standing wave, and we define a normalized velo
h by

h5
du~t!

dt
. ~8!

The normalized velocityh is related to the velocityv in the
laboratory frame by

h5~v2vL!/vn , ~9!

wherevn5v0 /q. From Eq.~5!, we arrive at the normalized
equation of motion,

dh

dt
1sin~u!50, ~10!

which is the well-known equation of motion of a nonline
pendulum@43–45#. The dynamics of Eq.~10! has been stud
ied previously for nonlinear pendulums@43–46#, and we
briefly review the dynamics in the phase space (u,h) as
shown in Fig. 2, where each line is an equal-energy line. T

FIG. 2. Trajectories in the phase space (u, h) are calculated by
Eqs. ~6! and ~8!. Each line is an equal-energy line and the arro
show the direction of the motion in the lattice frame. The dot
lines are separatrix and the region enclosed by the separatrix
trapping region. The molecules with initial relative velocityhB will
arrive at velocity2hB , after half an orbit around the phase spa
01340
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dotted lines are separatrix, which define the enclosed reg
where molecules are trapped. Outside this region molec
are not trapped by the lattice potential. The arrows in
figure show the direction of motion of molecules within th
phase space. Molecules in the untrapped region move f
one potential well to the other keeping their initial motio
direction unchanged, while those in the trapped region m
along closed trajectories. In the following two sections, us
the phase-space plot in Fig. 2, we will explore the mec
nisms for decelerating molecules to zero velocity, and bun
ing of molecules with the traveling optical lattice.

A. Creating nearly stationary molecules using reflection
in the lattice frame

The dynamical process of reflection@41# in a lattice, as
shown in Fig. 2, can be used to decelerate molecules to
velocity. The upper thick solid line in the figure, correspon
ing to a beam velocityh5hB , where the normalized beam
velocity hB is defined by

hB[~vB2vL!/vn , ~11!

shows an ensemble of molecules which have a narrow
locity distribution as produced by a cold supersonic bea
The lower thick solid line (h52hB) corresponds to the
ensemble of molecules whose initial velocityh5hB has
been reversed via motion along the closed trajectories sh
in the figure. Three dynamical processes contributing to
flection of molecules are identified. The first involves mo
ecules whose initial phases are between 0 andp and corre-
spond to trajectories from pointA to B in the figure. Here,
the time required for reflection is shorter than half an os
lation period around the phase space. The second pro
involves molecules whose initial phases are symmetr
with u50. In the diagram this corresponds to the molecu
moving from F and C and toD and E, respectively. These
molecules reverse their initial velocity after traveling ha
their orbit. A third process involves molecules whose init
phases are between2p and 0, which are reflected after trav
eling more than a half of an orbit. These are molecules t
travel fromG to H in Fig. 2. When the lattice velocity is se
to half the initial velocity of a molecular beam,vB (vL
5vB/2), the molecules reflected by the three processes
have zero velocity in the laboratory frame. Therefore,
ensemble of cold stationary molecules can be produced
turning off the optical fields at the time that the ensemble
been reflected.

If the lattice velocity is not equal to the half beam veloci
(vLÞvB/2), an ensemble of nearly stationary molecules c
be obtained by switching off the optical fields when the e
semble is slowed to a normalized velocityhs[2vL /vn . As
the value ofhs is not equal to2hB , until vL5vB/2, the
lines h5hB and h5hs in the phase space (u, h) are not
symmetric around the axish50, such that for cases wher
vLÞvB/2, the reflection processes discussed above canno
exploited. This is true especially for the second proc
which does not lead to the creation of stationary molecu
Without the second process, we will slow less molecules
zero velocity and thus the lattice velocityvL5vB/2 is opti-
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mal for slowing molecules to a standstill. This conclusion
supported by the simulations of molecular deceleration
detailed in Sec. IV.

B. Bunching of molecules in the optical lattice resulting
from conservation of phase space density

The trajectories in phase space as shown in Fig. 2
plotted under the assumption that collision between m
ecules can be neglected when the pulse duration is sh
than the characteristic collision time of molecules in the m
lecular beam. Due to the collisionless environment, and
conservative motion of the molecules in the lattice, t
phase-space density for the ensemble is unchanged with
@49#. Previously, the conservative feature of the phase-sp
density has been explored in bunching~squeezing or focus
ing! of particles.d-kicked squeezing of atoms within optica
lattices was investigated for atom lithography@35#, while
bunching of neutral atoms and neutrons with time-vary
magnetic fields has been discussed@50–52# for the purpose
of cooling. Most recently, longitudinal focusing of neutr
polar molecules with time-varying electric fields was de
onstrated for application to the storage of cold molecules
molecular optics@34#.

Now we consider bunching of molecules within optic
lattices and illustrate this process again using Fig. 2. The
h5hB shown in Fig. 2 can be considered to be molecu
that are initially spread uniformly in position space and ha
a very narrow velocity width as is produced by a cold m
lecular beam. Molecules start to travel along their equ
energy lines in the phase space and therefore the widt
distribution of the trapped molecules will increase in veloc
space, while narrowing the distribution in position. When t
velocity width of the distribution is at a maximum, spati
bunching is obtained. The position where the spatial bun
ing occurs depends on the lattice velocity. For example, fo
molecular beam~horizontal dot-dashed line! with velocity
hB50 (vL5vB), molecules accumulate aroundu50 ~verti-
cal dot-dashed line! while the velocities of the trapped mo
ecules spread fromh522 to h52, after traveling one
quarter of their orbits. If the relative velocityhBÞ0, or the
lattice velocityvLÞ vB , the spatial bunching position wil
be changed fromu50, because in this case the time f
molecules to travel from the initial positions tou50 is de-
pendent on initial positions. Therefore, we can alter the
sition of the spatial bunching within a potential well b
choosing a different beam velocity, and similarly, we c
manipulate the bunching in velocity space. The creation
stationary molecules using reflection of molecules in the
tice frame, discussed in Sec. II A, is one special case
bunching of molecules in velocity space. Thus, we can cre
an ensemble of nearly stationary molecules and simu
neously bunch the ensemble in velocity space.

III. KINETIC DESCRIPTION OF MOLECULAR MOTION
IN THE OPTICAL LATTICE

In this section, we present a statistical description of
ensemble of molecules within the lattice in order to pred
the distribution function of the molecular beam perturbed
01340
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the lattice, as well as the efficiency of the deceleration a
bunching processes. We consider a pulsed molecular b
with an initial temperatureT and beam velocityvB perturbed
by the optical lattice. Initially, the ensemble of molecules
uniformly distributed in position space, and has a longitu
nal velocity distribution function given byf 0(v)5exp@(v
2vB)2/va

2#/(Apva), whereva5A2KBT/m is the most prob-
able velocity. After the optical fields are turned on, the ev
lution of the distribution function of the molecules within th
one-dimensional traveling optical lattice can be described
the collisionless Boltzmann equation@47# when the duration
of optical lattice is much shorter than the mean collisi
time. As the dipole force has little effect on transverse m
tion of molecules, the transverse distribution in the collisio
less environment can be decoupled from longitudinal dis
bution @46#. We can therefore calculate the evolution of t
longitudinal velocity and position distribution function of th
gas using the one-dimensional collisionless Boltzmann eq
tion,

] f ~x,v,t !

]t
1v

] f ~x,v,t !

]x
1

F i~x,t !

m

] f ~x,v,t !

]v
50, ~12!

wheref (x,v,t) is the position and velocity distribution func
tion, which satisfies the initial conditionf (x,v,t)5 f 0(v).
The dipole forceF i(x,t) exerted on a molecule is given b
Eq. ~4!. Previously, the collective behavior of free molecul
beams in dipole force experiments using short pulsed la
have been well described by the one-dimensional collisi
less Boltzmann equation@33,48#.

The collisionless Boltzmann equation with an external p
riodic traveling force has been treated analytically for ar
trary initial conditions @46#. In the following analysis we
briefly present the process for obtaining the analytical so
tion to Eq.~12!.

To discuss how the distribution evolves within the pha
space as a function of time, we apply the normalizat
transform given by Eqs.~6!–~8! and define the normalized
distribution function by

f ~u,h,t!5q f~x,v,t !/yn . ~13!

Inserting Eqs.~6!–~8! and~13! into Eq. ~12!, the normalized
distribution functionf (u,h,t) satisfies the normalized colli
sionless Boltzmann equation,

] f ~u,h,t!

]t
1h

] f ~u,h,t!

]u
2sin~u!

f ~u,h,t!

]h
50. ~14!

From Eq.~14!, the differentiation off (u,h,t) with respect to
t satisfies

d f~u~t!,h~t!,t!

dt
50, ~15!

andu(t) andh(t) satisfy Eqs.~8! and ~10!.
The function f (u(t),h(t),t) can be interpreted as th

probability density of a single molecule, and Eq.~15! shows
that this probability density is conserved, i.e.,
9-4
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f ~u,h,t!5 f ~u,h,0!5hmexp@2hm
22~h~0!2hD!22#/Ap,

~16!

wherehm5va /vn is the normalized most probable velocit
In Eq. ~16!, the initial velocity of a molecule,h(0), can

be obtained by solving Eqs.~8! and~10!. The velocityh(0)
is given by@46#

h~0!5
hcn~t,N!1sin~u!sn~t,N!dn~t,N!

12FsinS u

2D sn~t,N!G2

~N<1 for trapped molecules! ~17!

or

h~0!5

hdnS Nt,
1

ND1sin~u!snS Nt,
1

ND cnS Nt,
1

ND /N

FcnS Nt,
1

ND G2

1F hsnS Nt,
1

ND
2N

G 2

~N.1 for untrapped molecules!, ~18!

where

N5Ah2/41sin~u/2!2 ~19!

and cn(t,N), sn(t,N), and dn(t,N) are, respectively,
the Jacobian elliptical cosine, sine, and tang
functions@53,54#.

IV. SLOWING AND VELOCITY BUNCHING
OF AN ENSEMBLE OF MOLECULES

By using the analytical results presented in Sec. III,
investigate the deceleration and bunching of molecules
traveling optical lattice. Here, we consider a translationa
cold ~1 K! carbon monoxide~CO! molecular beam with a
velocity of vB5230 m/s, which can be produced by a sup
sonic expansion@24#. The traveling optical lattice is pro
duced by two counterpropagating optical plane waves.
lattice spatial frequency is chosen to beq51.573107/m,
and the optical lattice velocityvL is set to the optimal value
of vL5vB/25115 m/s. The optical fields are chosen to ha
amplitudesE15E252.53109 V/m corresponding to an in
tensity I 58.2931011 W/cm2, which is much lower than the
dissociative ionization threshold intensity for CO molecu
@55#. This produces a potential well depth of 49 K whic
enables trapping of molecules traveling at 115 m/s relativ
the lattice velocity. The lattice beams (l1'l25800 nm with
v1'v252.3631015 rad/s) are detuned from the first sing
photon allowed electronic state@the R~0! line of A 1P
2X 1S1(0,0) transition at l5154.4 nm] @56# by
9.831015 rad/s. This value is approximately three orders
magnitude greater than the Rabi frequen
(1.031013 rad/s) calculated for this transition usingE1 and
E2 given above@57#.

In our scheme, a fraction of stationary molecules can
01340
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created by switching off the optical fields when the mo
ecules are reflected in the lattice frame. Therefore, the p
duration is critical for implementation of our scheme when
significant fraction of stationary molecules is required. In t
study of the reflection of neutral molecules and atoms b
pulsed optical lattice@40,41,59#, the pulse duration is set to
be a half period of the motion around the phase space
assuming simple harmonic motion. However, as a numbe
molecules do not undergo harmonic motion, the pulse du
tion determined by their approach cannot be optimal@46#.
In this paper, we determine the optimal pulse duration
maximizing the slowed fraction of molecules,F(t), in the
velocity range of 1 K (;25 m/s for CO molecule! @60#, cal-
culated by F(t)5* (2252vB)/vn

(252vB)/vn *p
p f (u,h,t)dudh/(2p),

where f (u,h,t) is calculated with Eq.~17! or ~18! depend-
ing on the corresponding parameterN defined by Eq.~19!,
and t is related tot through Eq.~7!. Figure 3~a! shows the
calculated fractionF(t) as a function of pulse durationstd .
As the molecules travel around the phase space of Fig. 2
fraction centered at zero velocity is almost periodic a
slowly decreases after each orbit around the phase space
first three maxima occur attd51.12 ns, 1.94 ns, and
5.54 ns. The first peak which occurs attd51.12 ns takes less
than half of the period expected from simple harmonic m
tion. This peak is produced by the first reflection processA
to B) in Fig. 2. In contrast, the largest slowed fraction whi
occurs attd51.94 ns takes longer than half the period
simple harmonic motion and corresponds to the three p

FIG. 3. ~a! A plot of the fraction of molecules with velocity
between225 m/s and 25 m/s as a function of pulse duration. T
CO molecular beam has an initial velocity 230 m/s and a temp
ture of 1 K which is perturbed by an optical lattice with a veloci
115 m/s.~b! The initial distribution function~dotted!, and the dis-
tribution functions for three pulse durations, after the lattice
turned on. The three pulse durations correspond to the first t
peaks in Fig. 3~a!.
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DONG, LU, AND BARKER PHYSICAL REVIEW A69, 013409 ~2004!
cesses (A to B, C to E, andF to D and G to H) in Fig. 2.
This corresponds to a maximum slowed fraction of 33.4%
the total number of molecules. The following peaks occ
because of the periodic nature of molecular motion in
potential wells. As the molecules that contribute to the s
ond peak have different periods, at a later time not all
them arrive at the same velocityv50 at the same time
Consequently, the peak height decreases with time as sh
in Fig. 3~a!. In Fig. 3~b!, we plot the velocity distribution
function p(v,t), given by p(v,t)5*2p

p f „u,(v
2vL)/vn ,t…du/(2pvn), for the first three peaks. This figur
shows that by choosing a suitable pulse duration we
create a fraction of nearly stationary molecules which has
approximately Gaussian distribution centered at zero ve
ity, indicating a bunching in velocity space. Our mechani
for creating stationary molecules is to use reflection of m
ecules in the lattice frame. However, the velocity distributi
shown in Fig. 3~b! does not resemble the initial distribution
because of anharmonicity of molecular motion in the latti
Therefore, it is essential to use the kinetic description p
sented in Sec. III to determine the optimal pulse durati
rather than the assumption of simple harmo
motion @40,41,46#.

To understand how different lattice velocities affect dec
eration in the lattice, we plot in Fig. 4 the optimal timetopt
~dot-dashed line! for producing the maximum fraction o
slowed molecules as a function of lattice velocity. Also
this figure, we plot the peak height, of the velocity distrib
tion function at zero velocity at the optimum time,p(0,topt),
as a function of lattice velocity. The graph of the peak va
of the velocity distribution functionp(0,topt) has an asym-
metric bell shape with a maximum occurring when the latt
velocity is half the beam velocity. The maximum indicat
that this velocity is optimal for creating the maximum fra
tion of stationary molecules. When the lattice velocity

FIG. 4. A graph of the optimal pulse durationtd,opt ~dot-dashed
line! and the velocity distribution at zero velocity,p(0,td,opt) ~solid
line!, as a function of the lattice velocityvL . The velocity distribu-
tion function p(0,td,opt) has a bell shape with the summit at th
optimal lattice velocity 115 m/s, denoted by a dotted line. The r
of decrease of the velocity distribution functionp(0,td,opt) with
respect to the lattice velocity at the right side of the dotted line
smaller than that at the left side because the motion of molecul
more closely approximated by simple harmonic motion as the
tice velocity increases.
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greater than this optimum velocity the motion of a larg
fraction of the trapped molecules is more closely describ
by simple harmonic motion. Therefore, the number
slowed molecules at lattice velocities higher than the o
mum value decreases more slowly when compared to la
velocities lower than the optimum. For a lattice velocity th
deviates by65 m/s from half the beam velocity~optimum
velocity!, the optimal pulse durationtopt , and the velocity
distribution at zero velocity,p(0,topt), only decrease by 5%
and 8%, respectively, from their optimum values, indicati
little sensitivity to small variations in lattice velocity. Thi
implies that in an experiment that the frequency difference
the pulsed laser beams must be controlled within'10 MHz.
The type of frequency stability can be attained using na
second pulsed lasers that are injection seeded with a na
linewidth (,10 KHz) continuous wave~CW! laser~Model
126 Lightwave Electronics for a Nd:YAG laser system! or by
pulsed amplified systems.

We also have investigated how the intensity of the opti
fields affects the velocity density at zero velocity,p(0,topt),
as well as the optimal pulse durationtopt . In Fig. 5, the beam
velocity of the CO molecular beam is the same as that u
in Fig. 3 where the lattice velocity is half the molecula
beam velocity. As the intensity increases the potential-w
depth increases, and the normalized beam velocity decre
via Eq.~11!. Thus, more molecules are trapped and reflect
and the half period within the potential decreases. This
why in the figure the optimal pulse durationtopt decreases
when the optical intensity increases, and the correspond
velocity density p(0,topt) increases. In an experiment
smooth temporal profile that varies by approximately le
than 5% can be obtained by a pulsed amplified CW sys
that is electro-optically sliced to produce a flat top tempo
profile. If the intensity increases by 5%, no particles are l
from the potential. However, when the intensity drops by 5
Fig. 5 indicates that the velocity density would decrease
the same proportion.

e

s
is

t-

FIG. 5. A plot showing the sensitivity of optimal velocity den
sity at zero velocity,p(0,topt), and pulse duration,topt , as a func-
tion of intensity. As the intensity increases the potential-well de
increases, and the normalized beam velocity decreases via Eq.~11!.
Thus, more molecules are trapped and reflected, and the half p
decreases. The optimal pulse durationtopt decreases when the op
tical intensity increases, and the corresponding velocity den
p(0,topt) increases. This figure demonstrates that a small chang
the intensity does not significantly change the optimal velocity d
sity and pulse duration.
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Simultaneous separation of the slowed molecules
from the buffer gas

The slow cold molecules produced by our method co
be used for further cooling and other applications. Howev
beams of light molecules are normally mixed with a hig
density buffer gas such as Xe in a supersonic expansion.
many applications, the buffer gas would need to be remo
from the ensemble of slow cold molecules. Recently,
have shown that different species with different polarizabi

FIG. 6. The fraction of nearly stationary CO molecules~solid
line! and Xe atoms~dashed line! as a function of pulse duration
Due to the large difference in polarizability to mass ratio, CO m
ecules can be slowed down to nearly zero velocity at an earlier
than Xe atoms. Therefore, by choosing a suitable pulse dura
only the CO molecules and not the Xe buffer gas are slowed d
to zero velocity.
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to mass ratio can be separated in velocity space@58#. There-
fore, we compare the fraction of the nearly stationary C
molecules with that of the nearly stationary heavy Xe,
shown in Fig. 6. In this figure, the temporal evolution of th
slowed fraction of CO molecules~solid line! and Xe mol-
ecules~dashed line! shows that the stationary CO molecul
are produced earlier than the stationary Xe atoms. Thi
because the polarizability to mass ratio for Xe is less th
half that for CO, and the maximum force per unit mass
Xe is lower than that for CO. For a pulse durationt
51.94 ns, the number of the nearly stationary Xe atoms
about 0.6% of the total Xe atoms. If we assume that 95%
atoms are seeded in the gas mixture to create a CO b
with 230 m/s@24#, at t51.94 ns, the number of Xe atom
presented in the stationary gas mixture is about 25.7%. F
pulse duration oft51.83 ns, the percentage of Xe molecul
in the nearly stationary gas mixture is about 0.22%, whil
high fraction (;30.1%) of stationary CO molecules is main
tained. In conclusion, taking advantage of the large diff
ence of the polarizability to mass ratio between the gas m
ecules and the buffer Xe atoms, we can obtain a high frac
of nearly stationary molecules mixed with a low fraction
buffer gas by choosing a suitable pulse duration.

V. SPATIAL BUNCHING OF AN ENSEMBLE
OF MOLECULES

Figures 7~a! and 7~b! are contour plots of the velocity
distributionp(v,t) and the number density~spatial distribu-

-
e
n,
n

-
-
s

i-
s

-

e

f
-
e
by
,

-

FIG. 7. Contour plots of the
velocity distribution function@Fig.
7~a!#, and the number density
@Fig. 7~b!#, for the molecules in
the optical lattice with velocity
115 m/s. The intensity of the lat
tice fields and the spatial fre
quency of the lattice, as well a
the initial temperature and beam
velocity of the molecular jet, are
the same as used in Fig. 3. In
tially, the ensemble of molecule
has a narrow velocity distribution
and is spread uniformly in the lat
tice. After the optical fields are
turned on, the increase in th
width of velocity distribution is
accompanied by the bunching o
the molecules in the lattice, be
cause of the conservation of th
phase-space density. Therefore,
choosing a suitable pulse duration
we can realize bunching in posi
tion or velocity space.
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DONG, LU, AND BARKER PHYSICAL REVIEW A69, 013409 ~2004!
tion! N(u,t)5*2`
` f (u,h,t)dh, respectively, for the CO

molecular beam which is discussed in Sec. IV. Initially, t
ensemble of molecules are uniformly distributed in posit
space, but narrowly distributed in velocity space. After t
optical fields are turned on, the spatial distribution begins
narrow, while the velocity distribution expands due to t
conservation of phase-space density. These figures show
spatial bunching and velocity bunching can be obtained
different times. Velocity bunching was discussed in Sec.
and in this section we consider the spatial bunching. T
spatial bunching appears first atu50.34p, and then atu
520.34p. Due to the periodic anharmonic motion, th
bunching reoccurs almost periodically, and the first bunc
the narrowest.

To see how the traveling lattice velocity affects the spa
bunching, we show a contour plot of the number of C
molecules in the optical lattice in Fig. 8 when the latti
velocity is equal to the beam velocity. The other parame
used in this plot are the same as those in Fig. 7. Compare
Fig. 7~b!, the spatial bunching position in Fig. 8 is shifted
u50 and the number density is increased. In Fig. 9,
further study a bunching positionub and the highest numbe
densityN(ub ,topt) as well as the optimal pulse durationtopt
as a function of the lattice velocity. This figure shows that
bunching position can be adjusted by the traveling latti
and the highest number density is an increasing function
the lattice velocity while corresponding optimal pulse du
tion decreases, because the anharmonicity decreases a
lattice velocity increases. However, when the lattice veloc
increases to 205 m/s, the highest number density satu
because the contribution to the spatial bunching is domina
by simple harmonic motion.

FIG. 8. Contour plot of the number density of molecules in
optical lattice with velocity 230 m/s. The initial velocity and tem
perature of the molecular beam, and the optical intensity as we
the spatial frequency of the lattice are the same as those used in
7. In this scheme, the lattice velocity is set equal to the beam
locity. Note that the molecules which initially have a uniform di
tribution in space, can be focused at the phaseu50, after the op-
tical fields are turned on. Compared with Fig. 7, we show that
bunching position can be altered by using the lattice velocity.
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VI. DECELERATION USING GAUSSIAN PULSES
IN A SUPERSONIC BEAM

In Secs. II and III, we have investigated the bunching
slow cold molecules in a molecular beam with a far-o
resonant traveling optical lattice using a flat top tempo
intensity profile. Although this pulse shape may be realiz
with electro-optic chopping techniques, it is instructive
study how our scheme would perform using the more co
mon Gaussian shaped temporal profile. We now consid
lattice produced by two Gaussian pulses whose electric fi
profiles are described byE(t)5E0exp@2t2/(2ts

2)#, whereE0

is the maximum amplitude of the electric fields, andts is
e21 width of the pulse intensity.

The velocity distribution of CO molecules produced b
Gaussian pulses withts51.12 ns is shown in Fig. 10. This
velocity distribution is calculated by numerical solution
the Boltzmann equation@41#. As before the molecules hav
an initial velocity of 230 m/s at 1 K, and the peak electr
field is E05 2.53109 V/m. The major features of the veloc
ity distribution function produced by the top hat and Gau
ian temporal profiles are similar indicating that both can
used to create slow cold molecules with comparable e
ciency. For 5% CO contained within Xe buffer gas at 2 a
backing pressure we estimate the number density of CO
pulsed supersonic beam to be 131012 cm23 . For a Gaussian
pulse with a transverse width of 100mm, and a half Ray-
leigh range of 3.5 mm, the number of molecules in the latt
can be as high as 13108. The nearly stationary molecule
produced with our method is predicted to be about 33
therefore up to 33107 molecules could be confined in a tra
with 1 K depth for CO molecules. This is a conservati
value which will depend on the experimental geometry. T

as
ig.

e-

e
FIG. 9. Graphs of bunching positionub ~dotted line!, the highest

number of densityN(ub ,td,opt) ~solid line! and, corresponding op
timal pulse durationtd,opt ~dot-dashed line! as a function of the
lattice velocityvL .
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time for experimentation is limited by the available vacuu
in the deceleration region as the collision frequency~100 Hz!
of the slowed with the unslowed molecules is not signific
on the time scale of jet pulse (80ms). Therefore, due to the
low density in the jet there are essentially no interactio
between the slowed and unslowed molecules. This has b
demonstrated in experiments that have slowed jet cooled
lar molecules using electrostatic techniques@26,27#.

VII. SUMMARY AND REMARKS

We have analyzed the capability of using a traveling o
tical lattice to decelerate trapped molecules in a pulsed
molecular jet, and have found that the optimal lattice vel
ity for obtaining the highest fraction of nearly stationa
molecules is half of the jet velocity. The mechanism for c
ating stationary molecules is the reflection in the travel
lattice frame whereby the reflected molecules have zero
locity in the laboratory frame. We have also shown that
molecules can be bunched in velocity space or posi
space, while keeping the initial phase-space density
changed. An analytical expression for the velocity and po
tion distribution function of the molecular beam is given
using a general analytical solution to the collisionless Bo
mann equation with an external periodic traveling force@46#.

FIG. 10. The velocity distribution of molecules produced by
optical lattice formed by two counterpropagating fields with
Gaussian temporal intensity profile. The peak intensity of
Gaussian pulses is 8.2931011 W/cm2, and thee21 pulse width is
1.2 ns. The lattice velocity and the beam velocity, as well as
initial temperature, are the same as those used in Fig. 3. For c
parison, the initial velocity distribution function is plotted an
shown as a dotted line.
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With our analytical solution, we can determine the fracti
of molecules decelerated by the traveling potential well, a
calculate the number density in order to predict the efficien
of the deceleration and bunching processes. We have sh
that a significant fraction (;33%) of CO molecules in a
molecular beam, with velocity 230 m/s and translational te
perature of 1 K, can be decelerated to zero velocity a
simultaneously bunched in velocity space. When there
large difference of polarizability to mass ratio between t
buffer gas and the CO molecules in the pulsed jet, the bu
gas can be precluded from the fraction of stationary m
ecules by choosing a suitable pulse duration. Further,
show that the traveling optical lattice can be used to lon
tudinally focus~bunch! an ensemble of molecules in positio
space, and the focus position can be adjusted by optical
tice velocity. The control of molecular distribution in spac
may benefit nanoscale molecular deposition@35,36#.

Our approach is in some respects similar to a Stark de
eration or time-varying electric fields which can be appli
to polar molecules@24–29#. Both use the trapped dynamic
of a molecule in potential well, but in our approach, the Sta
energy averaged over an optical period is zero, and the
duced dipole plays a role in manipulating the velocity dist
bution of molecular beams. In the Stark decelerat
schemes, the velocity of the traveling potential well is lo
ered gradually for decelerating molecules and many sta
are needed, in contrast, our method uses a single optica
tice at constant velocity. In the electrostatic method, the
celeration of the molecular beam, and the velocity bunch
of cold molecules, must be performed in two success
steps. However, in our method, deceleration and bunch
can be completed simultaneously with a single optical pu

The optical microlinear decelerator@33# and our scheme
can be used for the manipulation of all molecular beam
since we use the second-order Stark effect. The form
method has the advantage that lower intensity optical fie
(;1010 W/cm2), chirped over durations of 100’s of nanose
onds, can be used to decelerate molecular beams. In this
both the buffer gas and the molecular species are decele
simultaneously in the lattice which may be undesirable
some applications of cold molecules. Our scheme which u
fixed frequency, shorter pulses in the nanosecond reg
uses higher intensity fields (;1012 W/cm2) to create cold
stationary molecules and is capable of both bunching in
locity and phase. Additionally, it can separate the buffer g
from the slowed cold molecules of interest.
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