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Decelerating and bunching molecules with pulsed traveling optical lattices
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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 cold1 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.
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[. INTRODUCTION creased to lower the velocity of the traveling potential well.
In this way, deceleration of an ensemble of molecules, such
In recent years, there has been strong interest in extendiras NH; and CO, was demonstrated in recent experiments
the well-established techniques developed for cooling anfk4—29. A fourth technique uses a supersonic nozzle
trapping of atoms to moleculdd]. The creation of cold mounted at a tip of a high-speed rotor, where the flow veloc-
stationary molecules offers the capability of ultrahigh-ity of gas emerging from the nozzle was canceled by the
resolution molecular-beam spectrosc@y; ultracold chem-  rotor velocity in the opposite directiof80,31). The veloci-
istry [3,4] and collisiond5—8] as well as the possibility of a ties of molecular beams of Xe or,@eeded in Xe have been
molecular Bose-Einstein condensatidh10]. However, the slowed to a few tens of meters per second with this tech-
well-developed laser cooling methods for atomic species araique. Other approaches have been proposed for decelerating
not applicable to the cooling of molecules because of thenolecules in a molecular beam. Friedrich studied slowing of
complex molecular energy structure leading to a lack ofsupersonically cooled atoms and molecules by time-varying
closed cycling transitiongl1]. nonresonant induced dipole fordeg?2]. In this approach, the
Over the last few years, four approaches have been denmolecules are scooped at right angles by a nonresonant laser
onstrated for creating cold molecules. Tirst is to use pho- beam steered by a scanner and decelerated on a circular path
toassociation of ultracold alkali-metal atorfs2]. The for- by gradually reducing the beam’s angular speed. More re-
mation of ultracold molecules arises from the deexcitation oftently, analogous to the Stark decelerator, Bagkteal. have
excited molecules created by photoassociating colliding atproposed a microlinear deceleratdiecelerating optical lat-
oms into the moleculegl3-19. The created molecules are tice) that could be used to decelerate a fraction of any mo-
translationally cold(typically, <1 mK). However, they are lecular beam to zero velocif{33]. The microlinear decelera-
not vibrationally cold as they are distributed over a largertor is created by two counterpropagating far-off-resonant
number of vibrational states. Recently two-step photoassaaptical fields, one of which has a linear frequency chirp.
ciation [20] and stimulated Raman photoassociati@i] Furthermore, molecules can be trapped and transported by
have been performed to generate state-selected moleculestil#e optical lattice when the direction of the acceleration of
second technique uses buffer-gas cooling combined witlthe optical lattice is opposite to that of beam velocity. In this
magnetic trappind22]. Here paramagnetic molecules suchscheme, polar and even heavy nonpolar molecules such as |
as CaH are cooled down to temperatures in the 100 mian be slowed to be nearly stationary by the optical lattice
range by collision with a cryogenic helium gas, while con-with intensities in the range of ¥#wWcm=2 [33].
fined in a magnetic trap. Essential to the success of the tech- Recently, bunching for storage of cold molecules and
nigue is that the spin-relaxation cross section must be mucbther applications has been pursued with time-varying elec-
smaller than the elastic collision cross sectj@2]. A third tric fields [34]. Velocity bunching is a dynamic localization
technique is to use a supersonic expansion to produce a higti molecules within the lattice at a particular velocity with a
density (~102cm %) of translationally cold molecules delocalization in phase space required to maintain phase-
(~1 K) [23] coupled with time-varying electric fields to space density. This process has been demonstrated to create
slow the beanj24-29. In this scheme any polar molecule an ensemble of molecules with a longitudinal temperature
entering an electric field gains Stark energy while losing itswidth of 250 K [34], which could be used to increase the
kinetic energy. After the electric field is switched off, mol- phase contrast in molecular-beam diffraction studies. Spatial
ecules do not gain the lost kinetic energy, and are thereforbunching, which is a localization of molecules at a particular
decelerated. In these experiments, an array of electric-fiel[ghase, has been demonstrated to be highly desirable for trap-
stages are switched on and off alternatively to create a trayping and storing cold molecules. For example, it can be uti-
eling potential well. The switching time is gradually in- lized to optimize the number of molecules loaded from the
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wherea is the polarizability. The dipole forces in the longi-
tudinal and transverse directions are respectively given by

Molecular beam

L Fi=—Fosin(k;—kp) -1 = (w,— w)t], (2

/ \ F,=F(ky, —kp,)/q, 3

where Fo= aqE,E,/2 is the maximum force, and wherp
=|kq+ky|. The vectork, andky (ki; andky,) are the

FIG. 1. A moving optical lattice is created by two optical fields !0ngitudinal (transversp components of the vectois; and
with different frequencies intersecting at an anglef$180°. A Ko. In the nearly counterpropagating configuration shown in
molecular beam with longitudinal velocityg is injected into the  Fig. 1, the included angle between the optical fields and the
interference pattern of the two crossed optical fields. molecular beam is less than 2.5°. Therefore, the magnitude
of the transverse wave vectdks, andk,, are small com-

decelerated beam into an electrostatic quadrupole[&@p g?ﬁr:garggeﬂ;ﬁ tlrc:Q%Irnejgijne?:c(i::smgf ?heentt?/\./osi)neczfmtge;ekzlf small

;2?1 zﬁ?éliiligz]rlgt\]ggl]itﬁggIriparf{%SbgaaTdvantageous for COIIIand the ratid(kll_— k, )/q| is mucrl less than 1% for nearly
In this paper, we study an approach that applies a traveffOUNterpropagating beamﬁ{z 175% in Fig. 1 the_ magni-
ing far-off-resonant optical lattice, with constant velocity, to tude of the dipole forcé_ﬂ n the transverse direction is
slow a fraction of cold molecules in a pulsed supersonic je uch less than the longitudinal fo_r(Fq. To show thaF we
to nearly zero velocity. Further, we show that this scheme i$an neglgct the transverse force in further calculahor_ws we
capable of bunching molecules in position space or velocit)?St'rT]""t_e Its _effect on the molecular bea’T‘ for the du_ratlon of
space. In Sec. Il, we study the dynamics of the molecules iltlhe optical f'el.dtd i The transverse velocity change induced
the optical lattice for analyzing the capability of the optical by the force is given bﬁA_vi|<|F0(kl¢_.kﬂ)/(mq)“d’
lattice to decelerate and bunch molecules in the pulsed m@"d  the  transverse  displacement IS, [<[v .ot
lecular jet. In addition, we determine the optimal optical lat- T [Fo(ki —kz.)/(am)[tg/2, wherem is the mass of the
tice velocity for creating the maximum fraction of stationary Molecule and ¢ is tgg initial transverse X(?'OC'W- Fora CO
molecules. We present an analytical formula for the velocity(mass m=4.65<10"?° kg, a=2.15<10"* Cn¥/V) mo-
and position distribution of molecules in the optical lattice in lecular beam at temperature of 1 (kne most probable ve-
Sec. Ill, and in Sec. IV we apply our analysis to a ctldk)  locity of vy,=25m/s), we estimate a transverse velocity
supersonic beam of CO molecules and show that a significhange ofAv, |<6.19 um/s, and a transverse displacement
cant fraction (~33%) of molecules can be decelerated andof [As| <50 nm. These calculations are carried out using op-
simultaneously bunched in velocity space. Finally, we demfical fields with an intensity 8.2910"Wicn?, q
onstrate that spatial bunching can be achieved and the bunci-1.57% 10'/m, a pulse duration dfy=10 ns, and the ratio

ing position can be controlled by the optical lattice velocity (K1, —Kz,)/a|=1%. The initial transverse velocity, o we
in Sec. V. used in this estimation is twice the most probable velocity

determined by the temperature. As in this example, where the
duration of typical experimental schemes is in the nanosec-

Optical field 1 Optical field 2

Il. PRINCIPLES FOR DECELERATING AND BUNCHING ond range, the transverse velocity change, | induced by -
OF MOLECULES WITH A TRAVELING OPTICAL the potential is much less than the most probable velocity
LATTICE vm, and the transverse displaceméhs| is much less than

the typical width of the optical lattice (10@m). Therefore,

We consider molecules in a molecular beam with a Ve|OCthe weak transverse fordéL does not Signiﬁcanﬂy Change
ity vg, interacting with a traveling optical lattice, as shown the transverse position or velocity of molecules within the
in Fig. 1. The traveling optical lattice is formed by two pulse duration we consider. We conclude that only a very
nearly ~counterpropagating optical pulsesgi(r,t)  small fraction of the molecules will enter or escape from the
=Ey(t)sink,-r—w;t) and g,(r,t)=Ex(t)sink,-r—w,t),  potential during these time periods, and therefore, the optical
whereE, andE, are the amplitudes of the two optical fields, interference pattern produced by two intersecting optical
andk; andk, are the wave vectors of each field. The fre-fields as shown in Fig. 1 is essentially a quasi-one-
quenciesw; and w, are chosen to be far-off-resonant from dimensional optical lattice. Thus, the dipole force exerted on
the lowest single photon transition to form a quasielectrormolecules in the nearly counterpropagating optical fields is
static potential37,38. The temporal profile of each field has effectively given by the longitudinal forcé; and now
atop hat, so thai,(t) =E,(t) =E, for t<tq wheretgisthe  (k;, —k,,)-r, in Eq.(2) can be neglected, arf is given
pulse duration, otherwisE,(t) =E,(t) =0 [39-42. by

At the intersection of the two nonresonant fields, mol-
ecules gain the dipole potential, Fi=—Fosinlg(x—vt)], (4)

wherev, = (w,— w4)/q, and the equation of motion for mol-
U(r,t)=—aEE»/2co$(k;—ky) - r—(wy—wq)t], (1) ecules is given by
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dotted lines are separatrix, which define the enclosed region
where molecules are trapped. Outside this region molecules
are not trapped by the lattice potential. The arrows in the
figure show the direction of motion of molecules within the
phase space. Molecules in the untrapped region move from
one potential well to the other keeping their initial motion
direction unchanged, while those in the trapped region move
along closed trajectories. In the following two sections, using
the phase-space plot in Fig. 2, we will explore the mecha-
nisms for decelerating molecules to zero velocity, and bunch-
ing of molecules with the traveling optical lattice.

Normalized velocity n

0 (w rads)

A. Creating nearly stationary molecules using reflection
FIG. 2. Trajectories in the phase spa@ ¢) are calculated by in the lattice frame

Egs.(6) and(8). Each line is an equal-energy line and the arrows . . . .

show the direction of the motion in the lattice frame. The dotted The .dylr;.amlzcal pr%cess %f tregectltlﬁnl]t Ina Ilattl(l;e’ ?S

lines are separatrix and the region enclosed by the separatrix is%mw_n In 7ig. 2, can be used 1o deceerate molecules 1o zero
velocity. The upper thick solid line in the figure, correspond-

trapping region. The molecules with initial relative velociy will ! . -
arrive at velocity— 75, after half an orbit around the phase space.iNd 0 & beam velocityy= 7g, where the normalized beam
velocity ng is defined by

d?x .

—5 = —aM)sina(x—v )], 5

dt .
shows an ensemble of molecules which have a narrow ve-

wherea(t) = aqE; (t)E,(t)/(2m) is the maximum force per locity distribution as produced by a cold supersonic beam.
unit massm is the molecular mass. The lower thick solid line = — »g) corresponds to the

For the convenience of studying the dynamics in the tray€nsemble of molecules whose initial velocity=7g has
eling optical lattice we introduce the reference frame been reversed via motion along the closed trajectories shown

in the figure. Three dynamical processes contributing to re-

ng=(vg—v)/vn, (11

0=q(x—uvt), (6) flection of molecules are identified. The first involves mol-
ecules whose initial phases are between 0 arahd corre-
moving with the optical lattice, and a normalized time spond to trajectories from poir to B in the figure. Here,
the time required for reflection is shorter than half an oscil-
7=two, (7)  lation period around the phase space. The second process

h — Jqais the h ) tf in th involves molecules whose initial phases are symmetrical
wheré wo=vqa IS the harmonic resonant Irequency In e ., 4 |n the diagram this corresponds to the molecules
optical lattice. Since we are interested in the motion of mo"moving fromF and C and toD andE, respectively. These
_e(ijules v(\jnthltnlatﬁuli,e ofl_cons:cant mtefnsmyls tTwow tltmel | molecules reverse their initial velocity after traveling half
Independent. In the traveling reference frame, the optical 1aty, o o it A third process involves molecules whose initial
tice is a standing wave, and we define a normalized Veloc'%hases are between and 0. which are reflected after trav-

7 by eling more than a half of an orbit. These are molecules that
do travel fromG to H in Fig. 2. When the lattice velocity is set
(7) L :
=g (8) to half the initial velocity of a molecular beamg (v,

T =vgl2), the molecules reflected by the three processes now
: Lo . have zero velocity in the laboratory frame. Therefore, an
The normalized velocity, is related to the velocity in the ensemble of coldystationary molecu)lles can be produced by
laboratory fram ; : . .
aboratory frame by turning off the optical fields at the time that the ensemble has
(9)  been reflected.

If the lattice velocity is not equal to the half beam velocity

wherev,,= wq/q. From Eq.(5), we arrive at the normalized (v #vg/2), an ensemble of nearly stationary molecules can

7= —v)lvy,

equation of motion, be obtained by switching off the optical fields when the en-
semble is slowed to a normalized velocify=—v, /v,,. As
dnp the value ofz, is not equal to— 7g, until v, =vg/2, the
EJFS"‘( 9)=0, (10 lines = ng and »= 7, in the phase spaced( ) are not

symmetric around the axig=0, such that for cases where
which is the well-known equation of motion of a nonlinear v, #vg/2, the reflection processes discussed above cannot be
pendulum43—-45. The dynamics of Eq.10) has been stud- exploited. This is true especially for the second process
ied previously for nonlinear pendulunig3—46, and we which does not lead to the creation of stationary molecules.
briefly review the dynamics in the phase spaggr) as  Without the second process, we will slow less molecules to
shown in Fig. 2, where each line is an equal-energy line. Theero velocity and thus the lattice velocity =vg/2 is opti-
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mal for slowing molecules to a standstill. This conclusion isthe lattice, as well as the efficiency of the deceleration and
supported by the simulations of molecular deceleration abunching processes. We consider a pulsed molecular beam

detailed in Sec. IV. with an initial temperaturd@ and beam velocity g perturbed
by the optical lattice. Initially, the ensemble of molecules is
B. Bunching of molecules in the optical lattice resulting uniformly distributed in position space, and has a longitudi-
from conservation of phase space density nal velocity distribution function given by o(v)=exd (v

22 — PRTIm i ]
The trajectories in phase space as shown in Fig. 2 are ve) wall(\7v4), wherev,= 2K T/m is the most prob

plotted under the assumption that collision between mo|_able velocity. After the optical fields are turned on, the evo-

ecules can be neglected when the pulse duration is short!ﬁt'on of the distribution function of the molecules within the

than the characteristic collision time of molecules in the mo_one-dimensional traveling optical lattice can be described by

lecular beam. Due to the collisionless environment, and théhe collisionless Boltzmann equatip47] when the duration

conservative motion of the molecules in the lattice theof optical lattice is much shorter than the mean collision

phase-space density for the ensemble is unchanged with tinfne- As the dipole force has I|ttIe_eﬁgct On transverse mo-
[49]. Previously, the conservative feature of the phase-spac{éon of molecules, the transverse distribution in the collision-
’ e

: : . : i t can be decoupled from longitudinal distri-
density has been explored in bunchifsgueezing or focus- SS environmen !
ing) of particles.s-kicked squeezing of atoms within optical bution [46]. We can therefore calculate the evolution of the

lattices was investigated for atom lithograpfgs], while longitudinal velocity and position distribution function of the
bunching of neutral atoms and neutrons with ti;ne-varyingg.as using the one-dimensional collisionless Boltzmann equa-

magnetic fields has been discus$g8-57 for the purpose lon,
of cooling. Most recently, longitudinal focusing of neutral
polar molecules with time-varying electric fields was dem-
onstrated for application to the storage of cold molecules and ot X m v
molecular opticg34]. . . e

Now we consider bunching of molecules within optical vyheref(x,v,t) is the position and velocity distribution func-

lattices and illustrate this process again using Fig. 2. The lindon, which satisfies the initial conditioh(x,v,t)= fo(v).
n=7g shown in Fig. 2 can be considered to be molecules "€ dipole forceF(x,t) exerted on a molecule is given by
the collective behavior of free molecular

that are initially spread uniformly in position space and haveEd: (4)- Previously, _ \
a very narrow velocity width as is produced by a cold mo-Peams in dipole force. experiments using short pulsed _Ia_sers
lecular beam. Molecules start to travel along their equa|_have been well described by the one-dimensional collision-

energy lines in the phase space and therefore the width ¢SS Boltzmann equatidig3,48. _ _

distribution of the trapped molecules will increase in velocity . The collisionless Bolizmann equation with an external pe-
space, while narrowing the distribution in position. When the/0dic traveling force has been treated analytically for arbi-
velocity width of the distribution is at a maximum, spatial {rary initial conditions[46]. In the following analysis we
bunching is obtained. The position where the spatial buncht?”eﬂy present the process for obtaining the analytical solu-
ing occurs depends on the lattice velocity. For example, for 40N t0 Eq.(12).

molecular beam(horizontal dot-dashed linewith velocity To discuss how_ the dis_tribution evolves within the _pha_lse
7s=0 (v, =vg), molecules accumulate aroudie-0 (verti- ~ SPace as a function of time, we apply the normalization

cal dot-dashed linewhile the velocities of the trapped mol- ransform given by Eqsi6)—(8) and define the normalized

ecules spread fromy=—2 to »=2, after traveling one distribution function by
quarter of their orbits. If the relative velocityg+# 0, or the
lattice velocityv, # vg, the spatial bunching position will

be changed fromp=0, because in this case the time for Inserting Eqs(6)—(8) and(13) into Eq. (12), the normalized

molecules “? t'rgvel frqm the initial positions =0 is de- distribution functionf (6, n, ) satisfies the normalized colli-
pendent on initial positions. Therefore, we can alter the POsionless Boltzmann equation

sition of the spatial bunching within a potential well by

choosing a different beam velocity, and similarly, we can at(6,7,7) at(0,7,7) f(0,5,7)
manipulate the bunching in velocity space. The creation of p —yn —sin( 0)3—=O. (14
stationary molecules using reflection of molecules in the lat- T K
tice frgme, discussed n Sec._ 1A, is one special case 0Ifirom Eq.(14), the differentiation of (9, , 7) with respect to
bunching of molecules in velocity space. Thus, we can create satisfies
an ensemble of nearly stationary molecules and simulta®

neously bunch the ensemble in velocity space. df(o(r), n(7),7) _

dr '

Jf(x,v,t) af(x,v,t)  Fy(x,t) af(x,0,1)
+v + =

0, (12

f(0,n,7)=qf(x,v,t)/v,. (13

(15
IIl. KINETIC DESCRIPTION OF MOLECULAR MOTION

IN THE OPTICAL LATTICE and §(7) and »(7) satisfy Eqs.(8) and(10).

In this section, we present a statistical description of the The functionf(6(7),»(7),7) can be interpreted as the
ensemble of molecules within the lattice in order to predictprobability density of a single molecule, and Efj5) shows
the distribution function of the molecular beam perturbed bythat this probability density is conserved, i.e.,
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f(e,n’T):f(elﬂ,o):nmexq_n;]z('r](o)_nD)_z]/\/;’ = 0.3 E_IIII IIIIIIIIIIIIIIIIIIIIIIIIIIII_E
(16) E : 3
=02 b 3
where n,=v,/v, is the normalized most probable velocity. é T F .
In Eqg. (16), the initial velocity of a moleculey(0), can 2 01 [
be obtained by solving Eq$8) and(10). The velocity 7(0) = s
IS g|Ven by[46] 0 L IIIIIIII IIIIIIIIIIII
0 2 4 6 8 10 12
nen(7,N) +sin(#)sn( 7,N)dn(7,N) 1 (ns)
7(0)= ; 5 0.025 P T T T T T T T
1- sm(i)sr(r,N) oo Lo = 0 ns ]
| ———- (=1.12ns Dl i
(N=<1 for trapped moleculgs 17 E o015 | —— =1%ns Pl i
2 L == t=5.54ns -
or 2 oo f Do -
~ | ot i
1 ) 1 1
ndn N7, —| +sin(@)sn N7, —|cn N7, —|/N 0.005 = . : . A
N N N 5 . . ; . A
_ o—— - : (®)
7(0)= 1172 o WIS, 1, 1Y p M
1172 nsr( N, N) -100 -50 0 50 100 150 200 250 300 350 400
o — v (in/s)
cn( NT,N) 5N
FIG. 3. (a) A plot of the fraction of molecules with velocity
(N>1 for untrapped moleculgs (18 between—25 m/s and 25 m/s as a function of pulse duration. The
CO molecular beam has an initial velocity 230 m/s and a tempera-
where ture d 1 K which is perturbed by an optical lattice with a velocity
i 115 m/s.(b) The initial distribution function(dotted, and the dis-
N=/n/4+sin(6/2) (19)  tribution functions for three pulse durations, after the lattice is

) turned on. The three pulse durations correspond to the first three
and cn@,N), sn(r,N), and dng,N) are, respectively, peaks in Fig. ).
the Jacobian elliptical cosine, sine, and tangent

functions[53,54. created by switching off the optical fields when the mol-
ecules are reflected in the lattice frame. Therefore, the pulse

IV. SLOWING AND VELOCITY BUNCHING duration is critical for implementation of our scheme when a

OF AN ENSEMBLE OF MOLECULES significant fraction of stationary molecules is required. In the

By using the analytical results presented in Sec. III, Westudy of the reflection of neutral molecules and atoms by a

investigate the deceleration and bunching of molecules in ulse?] <)|]Pt|cal_ Igttu;ét?]OAl,StQ, the pulzetﬁurat;]on IS set to b
traveling optical lattice. Here, we consider a translationally € a hall period of the motion aroun € phase space by

cold (1 K) carbon monoxidgCO) molecular beam with a assuming simple harmonic motion._Howe_ver, as a number of
velocity of v =230 m/s, which can be produced by a super-mOIeCUIeS do not undergo harmonic motion, the pulse dura-

sonic expansiorj24]. The traveling optical lattice is pro- tion (_jetermmed by their fapproach c.annot be optn[rztlzﬁ].
duced by two counterpropagating optical plane waves. Thén thls.plaper, we determme'the optimal pulse dqratlon by
lattice spatial frequency is chosen to be1.57x 107/m, maximizing the slowed fraction of moleculeB(t), in the
and the optical lattice velocity, is set to the optimal value velocity range 61 K (~(§S£T])//SU for EO molecule{60)}, cal-
of v, =vg/2=115 m/s. The optical fields are chosen to havetulated by F()=J "5 5 7, [7f(6,7,7)dod 7yl (2m),
amplitudesE,; =E,=2.5x 10° V/m corresponding to an in- wheref(6,#,7) is calculated with Eq(17) or (18) depend-
tensity| =8.29x 10** W/cm?, which is much lower than the ing on the corresponding parametérdefined by Eq(19),
dissociative ionization threshold intensity for CO moleculesand 7 is related tot through Eq.(7). Figure 3a) shows the
[55]. This produces a potential well depth of 49 K which calculated fractiorF(t) as a function of pulse durationg.
enables trapping of molecules traveling at 115 m/s relative té\s the molecules travel around the phase space of Fig. 2 the
the lattice velocity. The lattice beams(~X\,=800 nm with  fraction centered at zero velocity is almost periodic and
w1~ w,=2.36x 10 rad/s) are detuned from the first single slowly decreases after each orbit around the phase space. The
photon allowed electronic statghe RO) line of Al first three maxima occur aty=1.12 ns, 1.94 ns, and
—X1$7(0,0) transiton at A=154.4nm] [56] by 5.54 ns. The first peak which occurstgt1.12 ns takes less
9.8x 10" rad/s. This value is approximately three orders ofthan half of the period expected from simple harmonic mo-
magnitude  greater than the Rabi  frequencytion. This peak is produced by the first reflection process (
(1.0x 10*3 rad/s) calculated for this transition usiliy and  to B) in Fig. 2. In contrast, the largest slowed fraction which
E, given abovd57]. occurs atty=1.94 ns takes longer than half the period of
In our scheme, a fraction of stationary molecules can bsimple harmonic motion and corresponds to the three pro-
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Lattice velocity V, (m/s) FIG. 5. A plot showing the sensitivity of optimal velocity den-
) ) sity at zero velocityp(0.t,p), and pulse duratiorn,, as a func-

FIG. 4. A graph of the optimal pulse duratiog,y, (dot-dashed  {ion of intensity. As the intensity increases the potential-well depth
line) and the velocity distribution at zero velociy(O.tq opy) (SOlid  jncreases, and the normalized beam velocity decreases vid Ea.
line), as a function of the lattice velocity, . The velocity distribu-  Thys more molecules are trapped and reflected, and the half period
tion function p(O.ty,op) has a bell shape with the summit at the gecreases. The optimal pulse durattgp, decreases when the op-
optimal lattice velocity 115 m/s, denoted by a dotted line. The ratg;qq) intensity increases, and the corresponding velocity density
of decrease of the velocity distribution functigrn{Otyop) With (gt ) increases. This figure demonstrates that a small change in

respect to the lattice velocity at the right side of _the dotted line is_the intensity does not significantly change the optimal velocity den-
smaller than that at the left side because the motion of molecules Sity and pulse duration.

more closely approximated by simple harmonic motion as the lat-

tice velocity increases. . . . .
greater than this optimum velocity the motion of a larger

fraction of the trapped molecules is more closely described

cessesA to B, Cto E, andF to D andG to H) in Fig. 2. by simple harmonic motion. Therefore, the number of
This corresponds to a maximum slowed fraction of 33.4% ofslowed molecules at lattice velocities higher than the opti-
the total number of molecules. The following peaks occurmum value decreases more slowly when compared to lattice
because of the periodic nature of molecular motion in thevelocities lower than the optimum. For a lattice velocity that
potential wells. As the molecules that contribute to the seceeviates by+5 m/s from half the beam velocitfoptimum
ond peak have different periods, at a later time not all ofvelocity), the optimal pulse duratioty,,;, and the velocity
them arrive at the same velocity=0 at the same time. distribution at zero velocityp(0.t,,), only decrease by 5%
Consequently, the peak height decreases with time as shovemd 8%, respectively, from their optimum values, indicating
in Fig. 3(a). In Fig. 3b), we plot the velocity distribution little sensitivity to small variations in lattice velocity. This
function  p(v,t), given by p(v,t)=/7_f(6,(v implies that in an experiment that the frequency difference of
—v)lv,,1)d6/(27v,), for the first three peaks. This figure the pulsed laser beams must be controlled withit0 MHz.
shows that by choosing a suitable pulse duration we caithe type of frequency stability can be attained using nano-
create a fraction of nearly stationary molecules which has asecond pulsed lasers that are injection seeded with a narrow
approximately Gaussian distribution centered at zero velodinewidth (<10 KHz) continuous wavéCW) laser(Model
ity, indicating a bunching in velocity space. Our mechanism126 Lightwave Electronics for a Nd:YAG laser systeon by
for creating stationary molecules is to use reflection of molpulsed amplified systems.
ecules in the lattice frame. However, the velocity distribution  We also have investigated how the intensity of the optical
shown in Fig. 8b) does not resemble the initial distribution, fields affects the velocity density at zero velocif0.t,p),
because of anharmonicity of molecular motion in the lattice.as well as the optimal pulse duratityp,. In Fig. 5, the beam
Therefore, it is essential to use the kinetic description prevelocity of the CO molecular beam is the same as that used
sented in Sec. Il to determine the optimal pulse durationjn Fig. 3 where the lattice velocity is half the molecular-
rather than the assumption of simple harmonicbeam velocity. As the intensity increases the potential-well
motion [40,41,48. depth increases, and the normalized beam velocity decreases

To understand how different lattice velocities affect decel-via Eqg.(11). Thus, more molecules are trapped and reflected,
eration in the lattice, we plot in Fig. 4 the optimal timg,,  and the half period within the potential decreases. This is
(dot-dashed line for producing the maximum fraction of why in the figure the optimal pulse duratidg,, decreases
slowed molecules as a function of lattice velocity. Also inwhen the optical intensity increases, and the corresponding
this figure, we plot the peak height, of the velocity distribu-velocity density p(0t,,) increases. In an experiment a
tion function at zero velocity at the optimum tima(0,t,p), smooth temporal profile that varies by approximately less
as a function of lattice velocity. The graph of the peak valuethan 5% can be obtained by a pulsed amplified CW system
of the velocity distribution functiorp(0t,,) has an asym- that is electro-optically sliced to produce a flat top temporal
metric bell shape with a maximum occurring when the latticeprofile. If the intensity increases by 5%, no particles are lost
velocity is half the beam velocity. The maximum indicatesfrom the potential. However, when the intensity drops by 5%
that this velocity is optimal for creating the maximum frac- Fig. 5 indicates that the velocity density would decrease in
tion of stationary molecules. When the lattice velocity isthe same proportion.
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AVLEEERERAREE RALEN LELLE LR to mass ratio can be separated in velocity sjaé¢ There-
fore, we compare the fraction of the nearly stationary CO
molecules with that of the nearly stationary heavy Xe, as
shown in Fig. 6. In this figure, the temporal evolution of the
slowed fraction of CO moleculetsolid line) and Xe mol-
ecules(dashed lingshows that the stationary CO molecules
are produced earlier than the stationary Xe atoms. This is
~a because the polarizability to mass ratio for Xe is less than
half that for CO, and the maximum force per unit mass for
Xe is lower than that for CO. For a pulse duratidn
=1.94 ns, the number of the nearly stationary Xe atoms is
FIG. 6. The fraction of nearly stationary CO moleculsslid about 0.6% of the tqtal Xe atoms.. If we assume that 95% Xe
line) and Xe atomgdashed ling as a function of pulse duration. &{0ms are seeded in the gas mixture to create a CO beam
Due to the large difference in polarizability to mass ratio, CO mol-With 230 m/s[24], att=1.94 ns, the number of Xe atoms
ecules can be slowed down to nearly zero velocity at an earlier im@resented in the stationary gas mixture is about 25.7%. For a
than Xe atoms. Therefore, by choosing a suitable pulse duratiopulse duration of=1.83 ns, the percentage of Xe molecules
only the CO molecules and not the Xe buffer gas are slowed dowiin the nearly stationary gas mixture is about 0.22%, while a
to zero velocity. high fraction (~30.1%) of stationary CO molecules is main-
tained. In conclusion, taking advantage of the large differ-
ence of the polarizability to mass ratio between the gas mol-
ecules and the buffer Xe atoms, we can obtain a high fraction
of nearly stationary molecules mixed with a low fraction of

The slow cold molecules produced by our method couldyffer gas by choosing a suitable pulse duration.
be used for further cooling and other applications. However,

beams of light molecules are _normally mixv_ad with a_high- V. SPATIAL BUNCHING OF AN ENSEMBLE

density buffer gas such as Xe in a supersonic expansion. For OFE MOLECULES

many applications, the buffer gas would need to be removed

from the ensemble of slow cold molecules. Recently, we Figures 7a) and 7b) are contour plots of the velocity
have shown that different species with different polarizabilitydistributionp(v,t) and the number densitgpatial distribu-
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Simultaneous separation of the slowed molecules
from the buffer gas

124 12 FIG. 7. Contour plots of the

0.187 0.0801 velocity distribution functiorjFig.
07 o160 7(a)], and the number density
’ [Fig. 7(b)], for the molecules in
oseo 10 410 0.240 the optical lattice with velocity
115 m/s. The intensity of the lat-
0.747 0.320 tice fields and the spatial fre-
_— 0.400 quency of the lattice, as well as

the initial temperature and beam
velocity of the molecular jet, are
the same as used in Fig. 3. Ini-
tially, the ensemble of molecules
has a narrow velocity distribution
and is spread uniformly in the lat-
tice. After the optical fields are
turned on, the increase in the
width of velocity distribution is
accompanied by the bunching of
the molecules in the lattice, be-
cause of the conservation of the
phase-space density. Therefore, by
choosing a suitable pulse duration,
we can realize bunching in posi-
tion or velocity space.

4100 0 100 200 300 400 -10 -05 00 05 1.0
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FIG. 8. Contour plot of the number density of molecules in an ;Z ! N ]
optical lattice with velocity 230 m/s. The initial velocity and tem- = .
perature of the molecular beam, and the optical intensity as well as — 1 1 1 1 1 1 1 1
the spatial frequency of the lattice are the same as those used in Fig. 0 50 100 150 200
7. In this scheme, the lattice velocity is set equal to the beam ve- v, (m/s)
locity. Note that the molecules which initially have a uniform dis-
tribution in space, can be focused at the phase), after the op- FIG. 9. Graphs of bunching positiah, (dotted ling, the highest
tical fields are turned on. Compared with Fig. 7, we show that thenumber of densityN( 8y ,tq op) (Solid line) and, corresponding op-
bunching position can be altered by using the lattice velocity. timal pulse durationty,p; (dot-dashed lineas a function of the
lattice velocityv, .
tion) N(6,t)=[Z.f(0,7,7)d», respectively, for the CO VI. DECELERATION USING GAUSSIAN PULSES
molecular beam which is discussed in Sec. IV. Initially, the IN A SUPERSONIC BEAM

ensemble of molecules are uniformly distributed in position q h . . d the bunchi f
space, but narrowly distributed in velocity space. After the | In Seltas. I ?n I”I’ we avelmvelstlgste t gthuncf mgf?
optical fields are turned on, the spatial distribution begins tgo o Ccold molecules In a molecuiar beam with a far-ott-

narrow, while the velocity distribution expands due to theresonant traveling optical lattice using a flat top temporal

conservation of phase-space density. These figures show tha ensity proﬂle._AIthough this puls_e shap_e may be rt_aallzed
h electro-optic chopping techniques, it is instructive to

. ) . . . I
spatial bunching and velocity bunching can be obtained aﬁudy how our scheme would perform using the more com-

differgnt t@mes. \(elocity bunching was disc_ussed in Sec. Vimon Gaussian shaped temporal profile. We now consider a
and in this section we consider the spatial bunching. Thggice produced by two Gaussian pulses whose electric field
Spatlal bUnCh|ng appears first at= 034‘77, and then atd prOﬁleS are described tﬁ(t):Eoqu_tZ/(zti)], WhereEO

=—0.34r. Due to the periodic anharmonic motion, the is the maximum amplitude of the electric fields, andis
bunching reoccurs almost periodically, and the first bunch i$;—1 \idth of the pulse intensity.

the narrowest. The velocity distribution of CO molecules produced by
To see how the traveling lattice velocity affects the spatialgayssian pulses with, =1.12 ns is shown in Fig. 10. This
bunching, we show a contour plot of the number of COyelocity distribution is calculated by numerical solution of
molecules in the optical lattice in Fig. 8 when the lattice the Boltzmann equatiof41]. As before the molecules have
velocity is equal to the beam velocity. The other parameterain initial velocity of 230 m/s at 1 K, and the peak electric
used in this plot are the same as those in Fig. 7. Compared field is E,= 2.5x 10° V/m. The major features of the veloc-
Fig. 7(b), the spatial bunching position in Fig. 8 is shifted to ity distribution function produced by the top hat and Gauss-
#=0 and the number density is increased. In Fig. 9, waan temporal profiles are similar indicating that both can be
further study a bunching positiofy, and the highest number used to create slow cold molecules with comparable effi-
densityN( 6, ,t,,) as well as the optimal pulse duratibgy,;  ciency. For 5% CO contained within Xe buffer gas at 2 atm
as a function of the lattice velocity. This figure shows that thebacking pressure we estimate the number density of CO in a
bunching position can be adjusted by the traveling latticepulsed supersonic beam to b& 10*? cm™2 . For a Gaussian
and the highest number density is an increasing function gpulse with a transverse width of 1Qom, and a half Ray-
the lattice velocity while corresponding optimal pulse dura-leigh range of 3.5 mm, the number of molecules in the lattice
tion decreases, because the anharmonicity decreases as ta@ be as high asx10°. The nearly stationary molecules
lattice velocity increases. However, when the lattice velocityproduced with our method is predicted to be about 33%,
increases to 205 m/s, the highest number density saturatéserefore up to X 10’ molecules could be confined in a trap
because the contribution to the spatial bunching is dominatediith 1 K depth for CO molecules. This is a conservative
by simple harmonic motion. value which will depend on the experimental geometry. The
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0.03 (AT T T T T T T T With our analytical solution, we can determine the fraction
0.025 IR /= 0 s ] of molecules decelerated py 'Fhe traveling pqtential wc_all_, and
L = 1.12ns i calculate the number density in order to predict the efficiency
0.02 |- P — of the deceleration and bunching processes. We have shown
i P 7 that a significant fraction £33%) of CO molecules in a

p(v,t) (s/m)

0.015 § Do 7] molecular beam, with velocity 230 m/s and translational tem-
001 . perature of 1 K, can be decelerated to zero velocity and
- - simultaneously bunched in velocity space. When there is a

0.005 = ; ] . large difference of polarizability to mass ratio between the
0 [t Y T A buffer gas and the CO molecules in the pulsed jet, the buffer
2100 550 0 50 100 150 200 250 300 350 gas can be precluded from the fraction of stationary mol-

v (m/s) ecules by choosing a suitable pulse duration. Further, we

S show that the traveling optical lattice can be used to longi-
FIG. 10. The velocity distribution of molecules produced by an tudinally focus(bunch an ensemble of molecules in position

optical lattice formed by two counterpropagating fields with aspace and the focus position can be adjusted by optical lat-
Gaussian temporal intensity profile. The peak intensity of the '

Gaussian pulses is 82901 W/cn, and thee—! pulse width is tice velocity. The control of molecular di_stribution in space
1.2 ns. The lattice velocity and the beam velocity, as well as thd"ay benefit nanqsgale molecular depqsﬂﬂ@ﬁﬁ(ﬂ.
initial temperature, are the same as those used in Fig. 3. For com- OUr @pproach is in some respects similar to a Stark decel-
parison, the initial velocity distribution function is plotted and €ration or time-varying electric fields which can be applied
shown as a dotted line. to polar molecule$24—-29. Both use the trapped dynamics
of a molecule in potential well, but in our approach, the Stark
time for experimentation is limited by the available vacuumenergy averaged over an optical period is zero, and the in-
in the deceleration region as the collision freque(i0 H2  duced dipole plays a role in manipulating the velocity distri-
of the slowed with the unslowed molecules is not significantoution of molecular beams. In the Stark deceleration
on the time scale of jet pulse (80s). Therefore, due to the Schemes, the velocity of the traveling potential well is low-
low density in the jet there are essentially no interactionsered gradually for decelerating molecules and many stages
between the slowed and unslowed molecules. This has beé&#€ needed, in contrast, our method uses a single optical lat-
demonstrated in experiments that have slowed jet cooled pdice at constant velocity. In the electrostatic method, the de-

lar molecules using electrostatic techniq(i26,27). celeration of the molecular beam, and the velocity bunching
of cold molecules, must be performed in two successive
VII. SUMMARY AND REMARKS steps. However, in our method, deceleration and bunching

can be completed simultaneously with a single optical pulse.

We have analyzed the capability of using a traveling op- The optical microlinear deceleratpd83] and our scheme
tical lattice to decelerate trapped molecules in a pulsed freean be used for the manipulation of all molecular beams,
molecular jet, and have found that the optimal lattice velocsince we use the second-order Stark effect. The former
ity for obtaining the highest fraction of nearly stationary method has the advantage that lower intensity optical fields
molecules is half of the jet velocity. The mechanism for cre-(~10'° W/cn?), chirped over durations of 100’s of nanosec-
ating stationary molecules is the reflection in the travelingonds, can be used to decelerate molecular beams. In this case
lattice frame whereby the reflected molecules have zero vesoth the buffer gas and the molecular species are decelerated
locity in the laboratory frame. We have also shown that thesimultaneously in the lattice which may be undesirable in
molecules can be bunched in velocity space or positiorsome applications of cold molecules. Our scheme which uses
space, while keeping the initial phase-space density urfixed frequency, shorter pulses in the nanosecond regime,
changed. An analytical expression for the velocity and posiuses higher intensity fields~(10'2 W/cn?) to create cold
tion distribution function of the molecular beam is given by stationary molecules and is capable of both bunching in ve-
using a general analytical solution to the collisionless Boltz4ocity and phase. Additionally, it can separate the buffer gas
mann equation with an external periodic traveling fd4&].  from the slowed cold molecules of interest.
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