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Slowing molecules by optical microlinear deceleration
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We study the creation of stationary cold molecules by rapid deceleration of supersonically cooled molecules
in a high-intensity pulsed optical lattice. Using the heavy molecukslan example we predict the evolution
of the velocity distribution function of the ensemble during the deceleration period, and show that stationary
cold molecules with temperatures beld K and densities of approximately *acm™2 can be produced over
length scales of hundreds of micrometers on submicrosecond time scales.
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The application of optical forces using tailored fields hasdepletion. We previously explored the application of this
allowed unprecedented control over the external degrees @feneral scheme for producing an accelerated ensemble of
freedom of atomg1,2]. More recently, coherent manipula- molecules or atoms. In this paper we show that this scheme
tion of neutral molecules has demonstrated alignnid), ~ could be used to slow heavy polarizable molecules and
deflection[5,6], and rotation[7], utilizing the large conser- present results for,las an example.
vative forces that can be applied using high-intensity fields Our deceleration scheme uses nondissipative optical
far from resonance. The deflection of molecules by opticaforces to transfer jet-cooled molecules in a supersonic expan-
dipole forces has been used to measure molecular polarigion (132 cm™?) to zero velocity in the laboratory frame. To
ability [8], and trapping and slowing in a focused laser bearﬁ?'OW the .molecules a decelerating optlca}l Iattlc_e with an ini-
has been suggestéd]. The periodic dipole forces produced tial velocity equal to that of the supersonic gas is created. By
within the interference pattern of a pulsed laser have beefhirping one of the two counterpropagating beams, the lattice
suggested for use as a molecular mifrb@], while acceler- velocity decelerates in time, reducing the velocity of the
ating lattices produced by frequency chirped cw fields havdrapped molecules. _
been used to study transport of ultracold atditts 12, and We assume that all fields are far detuned from resonance
Bose-Einstein condensaté3,14. Electrostatic techniques With a sufficiently slow chirp and field turn-on and turn-off
have also been used to successfully manipulate highly polafimes to ensure adiabatic evolution given BR/dt<A?,
izable atomg15] and dipolar molecule§16,17], by using whereR is the effective Rabi frequency determined for each
time varying periodic fields. These methods have been usegfectronic state and (> R) is the average detuning from the
to create a cold source of stationary molecules in the milfirst single photon resonance. For infrared fields in thert
likelvin range by slowing jet-cooled molecules moving at range, the first single photon resonance of many molecules is
supersonic speed4.8]. Such a high density of cold mol- in the UV and VUV region. Therefore, for an interference
ecules is of fundamental interest because it can be used f@@ttern traveling slowly with respect to the speed of light, the
high-resolution molecular spectroscopy, studies of cold moadiabatic condition can be met for many molecules, and the
lecular collisions, or as a starting point for dissipative cool-force is given by the quasielectrostatic approximafi2g]
ing schemes such as cavity Doppler coolird@] or colli-
sional cold buffer gas techniqué20].

In this Brief Report we study the creation of a cold en-
semble of molecules by optical dipole or Stark deceleration
in a decelerating optical lattice produced by nanosecontvherea is the static polarizability an&(z,t) is the optical
pulsed optical fields. This scheme is the optical analog of thelectric field. At high intensities (£6Wi/cn?), pendular
successful electrostatic scheme which has been used to si@iates can be created when the pulse duration is greater than
a range of dipolar moleculegl6-18. Much larger elec- the rotational period3]. In this process, the molecule li-
trodeless electrical fields can be produced within a shorbrates around the polarization direction of the optical field,
pulse, far detuned, focused laser beam and these fields agffectively aligning the molecule with the field. This process
strong enough to induce a dipole moment of sufficientincreases the optical force since it leads to a higher effective
strength to be able to decelerate most molecules. Our scherpelarizability when compared to the static polarizability. We
relies on the application of a decelerating optical lattice creconsider the slowing of molecules traveling in a supersonic
ated by a rapidly chirped, high-intensity, short pulse lasebeam by a decelerating optical potential that also travels in
[21]. Although high-intensity fields are required, we operatethe same direction as the beam and is created by the inter-
far from resonance, while maintaining the intensity well be-ference between a fixed frequenay,( single mode field of
low a value where multiphoton ionization, tunneling ioniza- wave vectork,, and a second field of the same amplitude
tion, or dissociation would cause significant neutral moleculeEq(t), with a time dependent wave vect&s(t) and fre-

F(z,t):%aVE(z,t)z (1)
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dergo stable deceleration. However, the velocity of un-
trapped particles can still be significantly perturbed by the
lattice potential for short deceleration periofi2l]. This
phase space plot has the same form as that produced by
periodic switching of electrodes as in REL8] when repre-
sented in non-normalized coordinates.

The depth of the potential well in each case is determined
by the difference in potential height between a saddle point
and its closest equilibrium point. The potential well depth
AU is given by[21]

n (rel.units)

_ma P S |
25 20 -15 -10 05 00 05 1.0 AU q [2 cogsin™2y) = g(m=2sin )] (4)

0 (m) It can be seen from E@4) that no potential well exists for
FIG. 1. Trajectories of both trapped and untrapped molecules ithe case)=1, because either the chirp is too high, or the
the phase space of Eq&) for =0.735. The teardrop shaped force per unit mass supplied by the lattice is not sufficient to
closed trajectories define a stable region of phase space where métap particles. The maximum well depth is given AY 4
ecules are trapped and slowed by the decelerating optical lattice. =2maq when =0, which corresponds to the case with no
chirp.

quencyw,(t). The initial frequency difference between the  We are interested in slowing molecules that are initially
beams is given by o= w,(0)—w;=0quo, Where q=|k;  uniformly distributed in space, but molecules cannot be in-
+ky(t)| is the wave number of the decelerating lattice and troduced selectively into the periodic nanoscale stable region
is the initial velocity of the lattice and the supersonic beamof phase space. Instead, a smaller fraction of the molecules
We limit our consideration to counterpropagating plane wavehat are initially at the correct phase and velocity are trapped
fields with square temporal intensity profiles. In the absencend decelerated. The maximum initial velocity of the trapped
of collisions, and neglecting an arbitrary phase factor, thespecies is phase dependent and is giveh2iy
equation of motion for the molecule in the lattice is given by

. vo(0)=V[cosh—cog w+sin L) — (6— 7—sin Ty) ]2

z=—a(t)sin(qz+ Bt2—quot), 2) (5)

wherea(t) =3 aqEy(t)?/m is the maximum force per unit
mass supplied by the lattice, ang(t)=dw,(t)/dt is the
frequency chirp. We consider the case whefe,
<wq,w,(t), and therefore wherg is approximately con-

where V=28/ylq. Particles are trapped in stable orbits
whenevery<1. To estimate the fraction of the distribution
that can be trapped by the decelerating field, we calculate the
overlap between the region of stability and the initial veloc-

. . ; li'ﬁ/ distribution function over a zr region. For molecules that
lattice velocity and therefore the mean velocity of theare initially in thermal equilibrium and homogeneously dis-

trapped molecules is given ly,—2(B/9g)t. . . c o9
We study the motion of the molecule in the deceler::xtingmbUte{j in phase space, the trapped fractigris given by

reference frame with phasé=qz+ Bt>—quot and the di- 1 16, (ou(6) -~

mensionless phase velocity=(qz+ 28t —quo)/+/B. To in- 5= z_f Zj S /2 - e m2ATg,d0  (6)
vestigate the trajectory of particles in this phase space we TJey Jo KT

find the critical points of the system of dimensionless equa-

tions derived from Eq(2): where®, and®, are the roots of Eq5). Figure 2 is a plot
of the decelerated fraction of molecules as a functionyof
dn 240, 99_ (3 s well as the minimum deceleration time.
R A L We have chosen to study the deceleration 0ft 1 K,

which can be produced in an isentropic supersonic expansion
where T= /Bt is defined as the dimensionless time, ad [6]. We study molecular iodine to demonstrate that a signifi-
=2plaqg. The critical points of this system of equations arecant fraction of even very heavy nonpolar molecules can be
given by [61,71]=[2n7—sin"14,0], which are stable decelerated using this scheme. We chose an initiatlocity
points wheren is an integer, and 6,,7,]=[(2n—1)7  of 560 m/s at 1 K, contained within a supersonic jet of inert
+sin"1y,0], which are unstable equilibrium or saddle buffer gas such as helium and argon. In order to study the
points. Figure 1 shows selected trajectories in the phasevolution of the velocity distribution function of both the
space of Eq(2) for ¢4y=0.735. The closed teardrop shapedtrapped and untrapped molecules, we predict the evolution of
regions separated by define the boundaries between the distribution functions for each of the mixture components
stable orbits in phase space, where particles that are initiallynder the influence of the decelerating lattice by numerical
trapped by the lattice stay trapped during the deceleratiointegration of the one-dimensional Boltzmann equation
period and all other particles outside this region do not ungiven by
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B . culated velocity distribution function of,las the lattice is

: decelerated over the 0.75s period. These conditions can be
~0.25 created in a supersonic pulsed valve by expandjrdjluted

in a buffer gas into a vacuum through a small orifice. For |
we used the ratiq’/,zzo.735, which corresponds to a chirp

of 5.82x10% rad s ! andq=1.56x 10" m ! for two coun-

terpropagating beams with an intensity of 12 GW/crAt

this intensity, essentially no alignment was previously ob-

served[4], and therefore we use the static polarizability to

determine the optical force on.IWe also note that previous

) alignment experiments of, lusing 1.064um radiation de-

0 =3 000 tected no significant ionization at intensities approximately
08 o4 05 06 07 08 05 10 two orders of magnitude higher than the value used here. The

v final accelerated fraction of 8% obtained at the end of the

deceleration period agrees reasonably well with the value of

9.1% calculated analytically, with the small discrepancy due

to numerical dissipation in our integration scheme. If we

expand the4 contained in a buffer gas of argon, we predict,

using the same arguments, that approximatef{# £t of

7 argon will be trapped and decelerated simultaneously when

expanded isentropically from an initial temperature of 300 K

and pressure of 1 atm. The inset in Fig. 3 contains an ex-

where f=f(x,v,t) is the velocity distribution function, panded plot of the final distribution functions of and Ar
(af/at). is the collision integral, andF(x,t) is the optical  after the 0.75us deceleration period. Although the velocity
force given by Eq(1). The collisional term can be ignored spread for each distribution of land Ar is the same, the
during the deceleration period when the total deceleratio@ptical potential and therefore the temperature of the decel-
time is less than the average time between collisions anérated fraction are lower for Ail57 mK) than for }, (1 K).
therefore we can find solutions to the Boltzmann equation forrhe final peak values for the decelerated distribution func-
the buffer gas and,lindependently. The maximum pressure tions of I, and the buffer gas Ar are determined by the well
for collisionless deceleration can be estimated frgm depth, by the root®; and®,, and also by the initial veloc-
<Imo(To/300)/(vyr+ar?/2), wherep is the pressure in torr, ity spread or temperature. The potential well depth and the
| o is the free-collision length at 1 torr and 300 K, ands roots are determined solely by the polarizability to mass ratio
the time of deceleration. We calculate the distribution func-of each of the species in the same optical field. We note that
tion during the deceleration as detailed in our previous workhe potential well depth for argon is smaller than that of |

on acceleratiofi21]. Figure 3 contains snapshots of the cal- S0 that if both were simultaneously trapped following decel-
eration the § could be sympathetically cooled by the colder

8
S
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uojjoel{ pemols
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FIG. 2. A plot showing the minimum deceleration time and the
maximum slowed fraction of,Imolecules as a function of the di-
mensionless paramete.

of of  F(x,t) of (af)
—tv—+ —=—=,
a7 ox m dv \dt),

Ar.
0.07 1 0 To estimate an upper limit to the number of decelerated
T molecules we note that the momentum chandgrvg) im-
0.06 parted toN,, decelerated particles with initial velocity,
g 0010{ =075k must be less than the final momentum in the two counter-
= 00573 I, propagating beamsn(r 28721 /2cw) over the duratiorr. The
2 0.04 Z o005 maximum number of particles that can be trapped is then
z ] !‘5 Ar given by
A =
>><‘ 0.034 ¥ 00005 ! 252
T 1 v, mis 0.125 1 wrpBrel
0.02- 0.25 m<5 oo (8)
0.014 07518 O-
] ‘ ) e wherew~w,w,, | is the intensityr, is the spot size of
0.00 -—r— S S S WA the focused laser beams, andis the mass of the iodine

1
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molecules. Based on these criteria we estimate for an inten-

sity of 12 GW/cnf that a maximum number of approxi-
FIG. 3. The evolution of the ,l distribution function, in Mately 16 I molecules could be decelerated. For a spot size

0.125 s time increments, showing the creation of a stationary enOf 40 um and 1 cm overlap determined by the Rayleigh

semble. The inset graph shows the distribution functions of hoth | range of the focused beam, a density of?i&m* could be

(1 K) and Ar (157 mK) following simultaneous slowing in the de- decelerated. We point out that the optical deceleration

celerating lattice. scheme that we propose does not cool the molecules, but
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instead maintains phase space density while transferrintice produced by a high-intensity pulsed laser. We predicted
them from supersonic speeds to zero velocity in the laboradecelerated distribution function profiles, and the fractions,
tory frame. . . _ using molecular iodine as an example of a heavy, nonpolar
Due to collisions with the buffer gas, or with nontrapped molecular species, that can be slowed to create a stationary
species, trapped particles can be lost from the deceleratinghsemble of cold molecules. This scheme appears feasible
potential. The effect of many of these collisions can be conysing current laser technology, and should be applicable to a
s!dered in t.he S|mp_lest form_as a frlct_|onal force. The Magiarge variety of both polar and nonpolar molecules. The vol-
nitude of this effective force is determined by the rate of the e and therefore total number density of the decelerated
momentum chinge duehto tpfe cplllsf|0ns, ang, tne equ?tlon Upecies are limited by the focused spot size of the laser beam,
motion is modified by the effective force, which transformsy, \, yhig gisadvantage is offset by the ability to decelerate a
t_he closed p_has_e space trajectories for (_:olllsu_)nless accelerﬁ]-gh density due to the rapid collisionless deceleration that
tion, shown in Fig. 1, into open spiral trajectories that are NO._h be achieved with short pulsed laser sources in the 100—
longer locked to the center of the stable phase space. Inste . i
00 ns range. We point out that in order to use the

the center of the perturbed trajectories translates in time to-""". ; S . o
ward the unstable equilibrium point. When the '[rajectoriesquas"e'%tros'[.atIC approximation, and to ensure a@abaucny,
eventually cross the boundary of the closed teardrop shape! reful selection of .the Ias.e.r wavelength is r(_aquwed. For
stable region they are lost from the decelerating potentialighter molecules, this condition should be easily met with
Therefore a particle is decelerated when the deceleratiofffrared pulsed laser sources. However, for some of the
time is less than its lifetime in the decelerating potential. heavy molecules with electronic transitions in the visible, far
We have presented a general scheme for creating a highfrared sources such as a pulsed and chirped lager may

density of neutral molecules by optical deceleration in a latbe required.
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