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Stimulated Raman molecule production in Bose-Einstein condensates
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A Raman photoassociation process can be used to form translationally cold molecules from a Bose-Einstein
condensate. Coupled-channels scattering calculations show that the rate coefficient for coherent production of
molecules in specific target states,.10210 cm3/s, can greatly exceed the rate coefficient for heating and loss
channels due to excited-state spontaneous decay. This implies the feasibility of rapid coherent conversion of
atom pairs in a condensate to molecules on a time scale short compared to the trap oscillation time.
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PACS number~s!: 34.50.Rk, 34.80.Qb, 34.50.Pi, 05.30.Jp
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The successful experimental realization of Bose-Eins
condensates@1–3# makes possible their application a
sources of coherent matter waves. A prototype ‘‘pulsed a
laser,’’ a matter analog of a pulsed photon laser, has b
demonstrated experimentally with a Na atom condensate@4#,
using radio-frequency~rf! pulses to switch the atoms trappe
in the F51,M521 Zeeman sublevel to an untrapped su
level, causing pulses of coherent matter waves to be eje
from the trap. Here we propose using a Raman photoa
ciation scheme, as indicated schematically in Fig. 1, to fo
translationally ultracold molecules from pairs of collidin
atoms in a condensate. This offers the prospect of a ‘‘m
ecule laser’’ or even Bose-condensed molecules. The pro
could also be used to make molecules~1! in a cold, dense
thermal gas that has not yet reached temperatures below
critical temperature for condensation or~2! in an optical lat-
tice if it were possible to put two atoms in a single ce
Photoassociation, the process by which two colliding ato
are excited by light to form a bound molecule, has be
suggested as a means of making cold molecules@5–7#, and
production of cold Cs2 molecules has now been observed
a magneto-optical trap@8#; a nonoptical method of making
cold molecules has also been proposed@9#. Our treatment is
specifically developed for making molecules from conde
sates.

As long as the detuningDA from atomic resonance i
large compared to the atomic linewidthgA , or collective
linewidth in the case of a condensate, the atoms in a c
thermal gas or a condensate scatter light of frequencyv1 at
the rate per atom,GA5gA(VA /DA)2, where\VA is the op-
tical coupling matrix element. A condensate will have
prominent photoassociation spectrum@10#, and the rate of
light scattering per atom due to binary collisions of pairs
atoms isG(p)5K(p)n5^spv&n, wheren is the atomic den-
sity, sp the cross section for the collisional process mak
PRA 581050-2947/98/58~2!/797~4!/$15.00
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productp, v the relative collisional velocity, and the brack
ets indicate an average over the distribution ofv. The cross
section fors-wave collisions of identical atoms nearT50 is
written in terms of theS-matrix element for the collisiona
process as

sp~k!5~22x2!
p

k2
udpg2Spg~k!u2, ~1!

wherek5mv/\ is the relative collisional momentum of th
atom pair with reduced massm and collision energyE
5\2k2/2m, andSpg(k) is theS-matrix element for undergo
ing a transition from the colliding ground-state atoms (g) to
the productp; the factor (22x2) represents the modificatio
due to the presence of a condensate of fractionx @11#. For
the case of one-photon photoassociation through levelv1 in
Fig. 1, the productsp1 of the inelastic collision process resu
in loss of trapped atoms when the excited vibrational leve
molecular potentialV1(R) decays by spontaneous emissi
back to translationally hot ground-state atoms or to bou
molecules distributed over a number of molecular states
cording to the Franck-Condon factors for emission. Ref
ence@12# gives a resonant scattering expression for the pr
ability of such loss:P(loss)5uSp1gu2. Reference@10# applied
this expression to the case of a condensate to show tha
binary pair light scattering rateG(p) typically exceeds the
free atom light scattering rateGA by several orders of mag
nitude, on the order of (DE1 /\g1), when the light is tuned
to resonance with an upper levelv1: Ev1

5E1\v1 . Here

DE1 is the vibrational spacing of the upper vibrational le
els, andg1 is the molecular decay rate. When the detuni
DA is more than a fewgA , DE1 is much larger thang1 , and
the resonant enhancement factor is much larger than un
R797 © 1998 The American Physical Society
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Bohn and Julienne@13# generalized the resonant scatte
ing expression of Napolitanoet al. @12# to two colors, the
case when a second frequencyv2 is added in Fig. 1. The
target molecular levelv2 is assumed to decay by some pr
cess, with decay rateg2 . In contrast to Ref.@13#, where the
level v2 was an excited Rydberg state that decayed spo
neously to produce ground-state molecules, the target l
v2 in Fig. 1 represents a nondecaying stable bound-state
ecule. Here the decay process represents the removal o
untrapped molecules by their falling out of the trap; th
g251/t res , wheret res is the residence time of the molecule
in the region of the focused light beam. Reference@13# sug-
gested that by selecting the laser frequencies so that the
bound states are in exact resonance with the collision en
E, namelyEv1

5E1\v1 andEv2
5E1\v12\v2 , and by

choosing the two laser intensities appropriately, it should
possible to make the probabilityP(mol)5uSp2g(k)u2 for for-

mation of the ejected molecule productsp2 approach the
unitarity limit, P(mol)→1, in which caseP(loss) becomes
very small. Thus, it should be possible to form molecu
efficiently from a collision of two cold atoms without de
structive loss processes being introduced by spontaneou
cay of the intermediate state.

We test our proposed molecule production scheme by
troducing a numerical model that sets up a coupled-chan
scattering calculation for the atoms in the two light fields
represent the five channels in Fig. 1:~1! the colliding
ground-state atoms with potentialVg(R), ~2! the excited
state with potentialV1(R), ~3! the target channel with poten

FIG. 1. Schematic molecular potential-energy curves for m
ecule formation via resonant photoassociative Raman transition
two colliding ground-state atoms with potentialVg(R) (R is inter-
atomic separation! through the intermediate levelv1 in excited po-
tentialV1(R). The target molecular levelv2 can be any level in the
potentialV2(R). Level v1 decays with rateg1 to loss products, and
level v2 decays with rateg2 to the artificial molecular channel with
potential Vmol(R), simulating ejection of the molecules from th
optical excitation region where they are made.
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tial V2(R), ~4! the decay channel for the excited state w
decay rateg1 , and ~5! the artificial molecular channel with
potential Vmol(R) representing the ejection of molecule
from the trap. The excited-state channel is coupled to
ground state by the optical coupling matrix element\V1 ,
and the two bound-state channels are coupled by the op
coupling matrix element\V2 . These are proportional to th
strengths of the corresponding electronic transition dip
matrix elements and the square root of the correspond
laser intensitiesI 1 and I 2 . The specific intermediate leve
uv1& and final target leveluv2& are selected by tuning th
laser frequenciesv1 andv2 . The decay of the excited chan
nel by spontaneous emission with rateg1 is included by
using a complex potential, as in Refs.@5,12,13#. Thus, the
decay channel forv1 is not explicitly represented, but instea
P(loss) is calculated from loss of unitarity of theS matrix.
The open decay channel 2 is represented explicitly as
@5,13# by an arbitrary ‘‘artificial channel,’’ whose coupling
matrix element\Vmol is selected so that the desiredg2 is
given by the golden rule:g25(2p/\) z^v2u\VmoluEmol& z2.

Although the model potentials were taken from the mo
of Ref. @5#, the qualitative features of resonant Raman m
ecule production should be robust, scaling approximately
the laser intensities times the Franck-Condon factors
volved, i.e., I 1z^v1uE& z2 and I 2z^v1uv2& z2. Therefore, our
qualitative conclusions should be applicable to a variety
different molecular schemes with a wide range of Fran
Condon factors. For example, ifF1 and F2 represent the
lower and upper hyperfine spin states of an alkali-me
atom, collisions of doubly spin-polarizedF2 atoms only oc-
cur on thea 3Su

1 potential, implying a gerade intermedia
state forV1 anda 3Su

1 for V2 . A distribution of trapped and
untrapped Zeeman components of thea 3Su

1 rotational state
is likely, with some control over the distribution through th
polarizations of the two Raman lasers. Possible intermed
states are3Sg

1(P1/21S) or the 0g
2(P3/21S), where ~Pj

1S) indicates the separated atom limit to which the st
correlates. The 0g

2(P3/21S) intermediate state is known t
produce molecules efficiently for Cs2 photoassociation@8#,
and Almazoret al. @14# calculate that the same should b
true for Rb2 . By contrast, collisions of twoF1 atoms occur
on a mixture ofa 3Su

1 and X 1Sb
1 potentials, implying an

intermediateV1 of either gerade or ungerade symmetry, su
as A 1Su

1(P1/21S), so thatV2 could beX 1Sg
1 as well as

a 3Su
1 .

The model potentials were selected according to
model of Ref.@5#. The specific detunings and optical co
plings can be scaled for other schemes according to the
ergies and Franck-Condon factors for the levels involved;
of the schemes mentioned above have ranges of levels
which the two Franck-Condon factors are suitable. The le
v1 was given a decay rate ofg152p(10 MHz) and the
level v2 was given a decay rate ofg252p(0.8 kHz), cor-
responding to a residence time of 200ms, a typical time to
leave the condensate due to two recoil units of photon m
mentum. Thev1 level in Ref.@5# is deeply bound, withDA
on the order of 2p(2.4 THz), and the target levelv2 is the
vibrational ground state of its potential,V2(R). Schemes
with v1 andv2 much higher in their respective potentials a
more likely to be experimentally realistic.

l-
of
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Figure 2 showsP(mol) and P(loss) for several optica
couplingsV2 and for a range of collision energiesE near
E/kB51 mK, a relatively high collision energy range tha
might characterize an evaporatively cooled gas before re
ing condensation. We represent collision energy in temp
ture units by dividingE by the Boltzmann constantkB . The
actual rate coefficients should average these ene
dependent probabilities over the distribution of collision e
ergies in the gas. TheV2 value in Fig. 2 must be multiplied
by the Franck-Condon factorz^v1uv2& z250.002 05 to get the
actual optical coupling. The optical couplingV1 is fixed at
2p(6800 MHz), which is beyond the saturation limit whe
the free-bound transition would be driven to saturation
cording to the criterion of Ref.@13#, that is, the stimulated
rate,gs5(2p/\) z^v1u\V1uE& z2, is larger than the spontane
ous rateg1 . This largeV1 , implying a laser power on the
order of 20 kW/cm2, is needed because of the very lar
DA52p(2.4 THz) for the resonance level used. For oth
levels the intensity should scale inversely asz^v1uE& z2, and
V1 could easily be reduced by two orders of magnitude, a
I 1 by four orders of magnitude, by selecting a resonance w
'24 GHz binding energy~such av2 implies av1 level close
to its dissociation limit to have a favorablez^v1uv2& z2). For
the lowestV250.5 MHz, Fig. 2 shows thatP(loss) is flat
as a function of energy~the width 10 MHz of the levelv1
corresponds to a collision energy spread of\g1 /kB
5500 mK); P(mol) exhibits a sharp Raman resonance w
a width \g2 /kB540 nK, andP(mol)!P(loss). AsV2 is
increased, the strength of the resonance increases lin
with the intensity until it saturates and the resonance exhi
power broadening and a shift in its peak position.P(loss)
clearly exhibits the effect of the Raman resonance, w
P(loss)!P(mol) over a significant range of collision ene
gies near the resonance position, in accordance with
qualitative predictions of Ref.@13#. Even if averaged over a
Maxwellian velocity distribution that would characterize
thermal gas near 1mK, the molecule production rate can b
driven to near its upper bound given by unitarity of theS
matrix, and the rate coefficientK(mol) can be comparable t
or larger thanK(loss).

FIG. 2. Calculated molecule production and trap loss probab
ties, P(mol) ~solid! and P(loss) ~dashed!, versus collision energy
for three cases of optical coupling between the bound levelsv1 and
v2 . Laser 1 is tuned on-resonance with levelv1 , and laser 2 is
tuned to place thev2 Raman resonance with a 0.8-kHz width
E/kB51 mK. The listed V2/2p does not include the Franck-
Condon factorz^v1uv2& z250.002 05.
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The position of the resonance depends on the detun
Dv5v12v2 . Figure 3~a! shows howK(mol) varies asv2
is tuned to place the resonance close to zero collision ene
appropriate to a condensate, where the order of magnitud
the kinetic energy can be estimated fromkX'1, with X a
characteristic size of the mean-field wave function in t
confining trapping potential. This predicts typical kinetic e
ergies on the order of 1 nK in a condensate. Figure 3~a!
clearly shows thatK(mol) remains large even forE/kB as
small as 1 nK. The threshold law requires thatK(mol) ap-
proach a constant value asT→0. Figure 3~b! shows that
K(loss) can be strongly reduced by the existence of the re
nance, remaining up to two orders of magnitude less t
K(mol) in this extreme low-temperature limit.

Taking 10210 cm3/s as a conservative estimate f
K(mol) in a condensate, the time scale for converting 1/e of
the atoms in a condensate is@K(mol)n#215100 ms at the
n51014 cm3/s density characteristic of magnetic traps, a
only 3 ms at then5331015 cm3/s density possible in an
optical trap@15#. If K(loss)/K(mol)50.01, a laser pulse on
the order of 1ms would convert a large fraction of the atom
in the condensate into the target molecular level, with ab
half of the atoms being lost via the uncontrolled spontane
decay channel. A shorter pulse could convert a smaller fr
tion of atoms, but with greatly reduced losses.

These calculations suggest that stimulated Raman pu
can be used to form a large number of molecules from
atom pairs in a Bose-Einstein condensate on a time s

i-

FIG. 3. Calculated rate coefficients versusE/kB : ~a! K(mol) for
molecule production and~b! K(loss) for trap loss for five different
cases ofv2 detuning that place the Raman resonance close to
E50 collision energy.V1 and V2 are kept constant at the value
used in Fig. 2 for the largestP(mol) case. The solid line cas
exhibits the lowestK(loss)/K(mol) ratio in the 1-nK region.
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short compared to the oscillation period in the harmonic tr
This process is analogous to the use of an rf pulse to rap
flip the internal spin state of condensed atoms, causin
coherent matter wave in the outcoupled~i.e., untrapped! spin
state to be produced@4#. We have assumed that the mo
ecules produced by the coherent Raman process, which
erates on the internal relative motion coordinate of at
pairs, are produced in an untrapped state so that the cen
mass of the associated pair~i.e., the molecule! moves out of
the trap. This will result in a ‘‘pulsed molecule laser’’ anal
gous to the ‘‘pulsed atom laser’’ of Ref.@4#, with similar
coherence properties expected for the molecule wave. M
ecules produced in theX 1Sg

1 state will not be trapped by a

magnetic field, whereas3Su
1 molecules may be trapped o

not, depending on the specific molecular Zeeman levels
duced. If the molecules remained trapped, and did not exi
the g2 process, a different theoretical approach appropr
to initial and final bound states would be necessary. Ho
ever, our calculations suggest that coherent conversio
atom pairs in the atomic condensate to trapped molec
may be feasible.

An important experimental issue for making our molecu
production scheme viable is the ability to situate the Ram
resonance within the kinetic-energy spread of the c
atomic gas or the condensate. With the parameters we
used, assuming a residence time broadening on the order
u-
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kHz, this requires locking the frequencies of the two lasers
a difference defined to within a kHz. This is relative
straightforward to do if the frequencies do not differ by mo
than a few GHz. Thus, it may be best to try to produ
molecules in very high-lying, weakly bound levels of th
lowest two potentials. Such levels have been measured
the Rb2 molecule using two-color photoassociation spectr
copy @16#, and presumably such measurements could
done for the Na2 molecule as well.

Finally, we note that if the excitation laserv1 is tuned
betweenmolecular photoassociation resonances, the bin
pair light scattering rate will be strongly reduced, and in fa
will be small compared to the free atom light scattering r
@10#. In this case, it may be feasible to use Raman pulse
lieu of rf pulses to induce the spin flip of the atomic Zeem
sublevels, say, from the trappedF51,M521 level to the
untrappedF51,M50 level. Thus, by tuning the two lasers
it may be possible to switch between outcoupled atoms
outcoupled molecules. The prospects of using a stimula
Raman adiabatic passage~STIRAP! process@6# in this con-
text should be investigated.
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