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Formation of a Bose condensate of stable molecules via a Feshbach resonance

S. J. J. M. F. Kokkelmans, H. M. J. Vissers, and B. J. Verhaar
Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

~Received 31 May 2000; published 6 February 2001!

We propose and analyze an approach to convert an atomic condensate into a condensate of diatomic
molecules in the rovibrational ground state. The process consists of a stimulated Raman transition dramatically
enhanced by a time-dependent magnetic field that sweeps over a field-induced Feshbach resonance. For Na
atoms the Raman transition probability is enhanced by seven orders of magnitude, leading to a conversion
efficiency of up to 20%. The resulting condensate is expected to be as stable as the present atomic condensates.
The approach shows promise as a more general process for Feshbach engineering molecular condensates from
condensates of the constituent atoms/molecules.

DOI: 10.1103/PhysRevA.63.031601 PACS number~s!: 03.75.Fi, 05.30.Jp, 34.20.Cf
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Bose-Einstein condensation~BEC! has long been known
to be at the basis of macroscopic quantum phenomena
as superfluidity and superconductivity, but has only rat
recently been experimentally realized in a pure and unqu
tioned form in cold dilute gases of alkali-metal atoms@1#.
Since then the field of quantum gases has provided a
playground with many experimental and theoretical a
vances@2#. The formation of a Bose-Einstein condensate
molecules is generally expected as a further breakthrou
with the development of coherent matter waves consistin
molecules ~the molecule laser! as a possible application
Also, the ultimate control over all degrees of freedom
molecules realized in a condensate would open the pros
of a new type of chemical reaction~superchemistry@3#!,
where the macroscopic occupation of a single molecu
quantum state gives rise to the coherent stimulation o
chemical reaction~bosonic stimulation!.

Alkali-metal atoms are ideal for applying laser coolin
the usual first step in the cooling process needed for B
since their relatively simple level structure provides for t
requisite closed level system for successive photon abs
tion and emission cycles. Unfortunately, due to their ad
tional rovibrational level structure, molecules do not off
such possibilities. Efforts are therefore underway to c
molecules by other methods@4#. Doyle’s group at Harvard
University cools and traps molecules in a magnetic trap
side a helium refrigerator. Meijer’s group at Nijmegen us
time-varying inhomogeneous electric fields to slow and t
molecules. Three groups have produced cold molecules
photoassociation of pairs of colliding atoms followed
spontaneous emission.

In this Rapid Communication, we propose and analyze
approach that directly leads to a stable condensate of m
ecules: the efficient and coherent conversion of an ato
condensate into a diatomic molecular condensate vi
stimulated Raman transition, enhanced by a time-depen
magnetic field that sweeps over a field-induced Feshb
resonance@5#. A stimulated Raman transition induced by
pair of laser beams@6# has been used to bind freely movin
pairs of condensate atoms into fragile weakly bound m
ecules@7#, but is a very inefficient process to populate
stable low rovibrational state@8#. This is due to the poor
Franck-Condon overlap of the relatively short internucle
1050-2947/2001/63~3!/031601~4!/$15.00 63 0316
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distance range in such molecules and the more diffuse
tribution of separations of a pair of trapped atoms. The tr
sition is further obstructed by a quantum reflection region@9#
in the interatomic distance range that atom pairs have
cross to reach short distances. For atoms moving at
nanokelvin kinetic energies typical for a condensate, this
gion is almost impenetrable. A dramatic increase of the tr
sition probability by seven orders of magnitude can
achieved, however, by subjecting the condensate to a m
netic field tuned to a Feshbach resonance. Such a reson
occurs in the collision of two cold atoms with almost ze
energy when a bound state with a Zeeman dependence
ferent from that of a pair of free atoms crosses the thresh
of the collisional energy range at a magnetic fieldB0. From
there it becomes a quasibound state@see Fig. 1~a!#. Without
a change of energy, the system can then resonantly form

FIG. 1. Graphical illustration of an alternative approach.~a!
Schematic figures showing the crossing of a bound state with
atom1 atom collision threshold. Depending on the direction of t
field ramp, a real bound state below threshold or a quasibound
above threshold is formed.~b! Field ramp leading to formation o
resonance state, followed by Raman photoassociation. The firs
ser transfers a pair of colliding atoms to an electronically exci
state, while a second laser causes further transfer to a mole
ground state.
©2001 The American Physical Society01-1
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quasibound state during a collision. As illustrated in F
1~b!, this increases the penetration of the colliding atoms
the short distance range, thus greatly improving the ove
with the final molecular state.

Our approach to create a molecular condensate is clo
related to a recent experiment by Ketterle’s group@10#,
showing a surprisingly strong decay of a Na condensate
magnetic field that varied rapidly over a Feshbach resona
The decay was explained via the above-mentioned diffe
Zeeman dependence: a significant field increase during
brief existence of the quasibound state gives this state a
plus energy, which after dissociation provides for a very
ficient heating mechanism leading to the destruction of m
of the condensate@11,12#. The experiment we propose com
bines the transient generation of a condensate of quasib
diatoms by the field sweep method of Ref.@10# in an optical
trap with a simultaneous coherent stimulated Raman pu
inducing the further conversion to a permanent condensa
stable molecules. The irreversibility introduced by the tim
dependent magnetic and Raman laser fields is a key ele
of our scheme, which helps to prevent back dissociation
the reverse bound-bound-free path.

We estimate the efficiency of this two-step approach
considering the atom pairs in their quasibound state a
molecular Bose-Einstein condensate, described by a cohe
field f2(xW ,t) in addition to the fieldf1(xW ,t) describing the
atomic condensate. Two further condensate components
considered: the molecules in the intermediate electronic
excited state of the coherent Raman transition and the m
ecules in the final state, described byf3(xW ,t) andf4(xW ,t),
respectively. The evolution of the mixed condensate sys
is described by a four-state model, governed by coupled fi
equations@13,3,11#:

i\ḟ15U0uf1u2f112af1* f2 ,

i\ḟ25S «22
i

2
g0Df21af1

21
1

2
\VL1f3 ,

~1!

i\ḟ35S «32
i

2
gsp2\vL1Df31

1

2
\VL1f21

1

2
\VL2f4 ,

i\ḟ45~«42\vL11\vL2!f41
1

2
\VL2f3 ,

with uniform amplitudesf j5Anjexp(iuj) over the volume of
the condensate. Here, in the notation of Ref.@11#, U0
54p\2a` /m is the off-resonant strength of the condens
self-energy witha` the background scattering length, thea
terms describe the process that converts atoms into qu
bound molecules, and «22( i /2)g05@B(t)2B0]Dm
2( i /2)g0 is the complex energy of the quasibound state
cluding its short-range widthg0 for decay inside the quan
tum reflection region@11#. Similarly, «32( i /2)gsp is the
complex excited-state energy withgsp the spontaneous de
cay width and«4 the energy of the final bound molecula
state. The coupling between thef2 and f3 condensates is
induced by laser L1, and that betweenf3 andf4 by laser L2
03160
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~laser frequenciesvLi , intensitiesI Li , and Rabi frequencies
VLi , with i 51 and 2!. We take the laser fields to propaga
in the same direction and to be in Raman resonance with
final state:\(vL12vL2)5«4. In these circumstances th
atomic recoil is negligible@7#. Furthermore, we choose equ
linear laser polarizations perpendicular to the magnetic fie

As an example we focus on the situation of the expe
ment in Ref.@10# and consider a condensate of Na atoms
the lowest hyperfine stateu f ,mf&5u1,11&. It is kept in an
optical trap and subjected to a magnetic field varied over
of the Feshbach resonances at 853 G or 907 G in the d
tion of increasing field strength. The 853-G resonance is
most favorable choice, since its decay rateg0 /\ is roughly a
factor of 100 smaller@11#. We therefore continue with this
choice. The Raman transition is taken to occur via the e
tronically excited bound state of 0g

2 symmetry that connects
asymptotically to the 32S1/2132P1/2 dissociation limit. We
select the rovibrational ground state (v,l )5(0,0) of the final
molecule in the Na1Na triplet potential~combined electron
spin S51), with spin structure (S,MS ,I ,MI)5(1,11,3,
11), identical to that of the quasibound state@14#. Combin-
ing these two electronic ground states with a (J,I ,MI)
5(2,3,11) excited state leads to a favorable combination
VL1 andVL2 Rabi frequencies.

We assume that the rovibrational relaxation of molecu
states due to atom-molecule and molecule-molecule c
sions has a relatively small effect compared to theg0 decay.
We have verified that assumption for the collisions betwe
atoms and quasibound molecules by adding a term\Guf1u2
to g0 with G the rate coefficient. To very good approxim
tion G is equal to the value 4310210 cm3 s21 for the 907-G
resonance, extracted from experiment@10# in Ref. @11#. Note
that the molecular states 3 and 4 are not susceptible to r
brational relaxation.

Thea andV terms describe coherent intercondensate
changes of atom pairs and play a role analogous to the
pling terms in the field equations for a coexisting mixe
condensate system of atomic87Rb hyperfine component
@15#. The values of thea andV parameters are obtained b
a full quantum scattering calculation for staticB and static
laser intensities, taking into account the relevant subspa
of unbound ground-state atoms, and bound excited
ground states. All laser couplings between these subsp
are taken into account to arbitrary order, as well as a sp
taneous emission decay width for the excited state. We
phasize that Eq.~1!, with the appropriate values of the pa
rameters, reproduces the results of the full quant
scattering calculation in the static case@16#.

We first determine the Rabi frequencyVL1 of laser L1 by
setting the second laser intensity to zero, performing eff
tively a one-color photoassociation~PA! experiment. In Fig.
2 we show the static photoassociation signal as a functio
the excited-state energy«3. The coupled-channels calcula
tion is done for two cases: one for a magnetic-field va
close to resonance and the other off resonance. In agree
with the Franck-Condon principle, the maxima and minim
correspond to the oscillations of the ground-state radial w
function squared. Clearly, the Feshbach resonance enha
the signal by seven orders of magnitude. Especially
1-2
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deeper 0g
2 states perform well since in a nonresonant c

they have a poor Frank-Condon overlap. The PA signal
be described in a straightforward way by an analytical tw
state model following from Feshbach’s resonance theory@5#
for the quasibound state and the excited state. The inela
transition probability is then given by

uSPAu25

1

4
gspgqb\

2VL1
2

Fl2l32
1

4
\2VL1

2 G2

1
1

4
\2gsp

2 l2
2

, ~2!

with l25«22E, l35«32E2\vL1, and gqb /\ the long-
range decay rate of the quasibound state to outside the q

FIG. 2. Probability uSPAu2 of the photoassociation transitio
for two Na atoms with collision energy of 1 nK, prepared in t
u f ,mf51,11& state.~a! Result close to theB05853 G resonance
calculated forB2B050.0004 G. ~b! Off-resonant result forB
5800 G.
03160
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tum reflection region@11#, which decreases strongly wit
decreasing collision energy. A comparison with the coupl
channels result foruSPAu2 allows us to deriveVL1.

As can be seen in Fig. 2, the PA signal and thusVL1
show a strong decrease for deeper excited-state levels
flecting the fast radial oscillations of the quasibound state
small r. For similar reasons the Rabi frequencyVL2, cou-
pling the excited state with the (v,l )5(0,0) ground state,
shows an increase for the deeper«3 levels. This leads us to
select theJ52 state at«3521346 cm21 as a favorable
compromise, with an associated outer turning po
r 513.7a0. As Fig. 2 shows, the one-color PA signal
in a Franck-Condon maximum at this value of«3. We
find VL151.073106 s21AI L1(W/cm2). This is a very sat-
isfactory result taking into account the loss rateg0 /\
50.693106 s21.

In a similar way, the second Rabi frequency
determined by settingI L1 and gsp to zero. This isolates
the bound-bound two-level system. We findVL2

51.123106 s21AI L2(W/cm2). Considering the spon
taneous emission rategsp /\563107 s21, it should be
possible to transfer a sizable fraction of the excited st
into the ground state. Let us consider an experim
with equal Rabi frequenciesVL15VL25343106 s21 (I L1
51000 W/cm2, I L25905 W/cm2), zero detunings, and a
magnetic field ramp speedḂ50.3131022 G/ms, for which
a 60% transfer of atoms to the quasibound state occurs in
MIT experiment@10–12#. We consider a tailored time de
pendence of the laser intensities with a sequence of sti
lated Raman adiabatic passage~STIRAP @17#! Raman laser
pulses. With a sequence of seven pulses, a 3% conver
efficiency can be obtained. This result can be improved@11#

by turning to a negative magnetic-field rampḂ520.31
31022 G/ms, thus avoiding theg0 decay term in Eq.~1!,
since the«2 state is then below threshold. In Fig. 3 the s
lution of the coupled field equations~1! is shown for this
case. We note that in this case the atom-molecule collisi
remain as the only decay process for thef2 decay. A con-
version of about 20% of the
ld
n

nd

me

n-
FIG. 3. Solution of coupled condensate fie
equations ~1! for sequence of seven Rama
pulses separated by 2.5ms and positioned
around time instantt50 at whichB crosses the
resonant valueB0. ~a! Field ramp. ~b! Time-
dependent Rabi frequencies of transition 1 a
transition 2~indistinguishable in figure!. In each
pulse the laser intensities have a Gaussian ti
dependence (FWHM50.28 ms) with the L1
signal following the L2 signal after 0.04ms.
Maximum laser intensities:I L151000 W/cm2,
I L25905 W/cm2. Figures ~c! to ~f! show the
time-dependent solutions for the densityn1 of the
atomic condensate, and the densitiesn2 , n3 , n4

of the molecular condensates. Initial atomic de
sity n155.231014 cm23 @10#.
1-3
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atomic condensate is achieved, including the~relatively
small! reduction due to this decay.

Once a condensate of molecules is obtained, the rem
ing atoms can be removed by switching off the optical tr
and replacing it by a magnetic trap. This will push out t
strong-field seeking atoms and trap the molecules in t
weak-field seeking (S,MS)5(1,11) state. After the remova
of the atoms, the remaining decay rate due to molec
molecule collisions can be reduced by an expansion of
trap potential.

During the 16 years of struggle to realize a BEC of atom
the main obstacle was the instability due to inelastic p
cesses in collisions. In the case of molecules, stability w
certainly also be a vital issue. With the molecules produ
in the v5 l 50 state we avoid rovibrational relaxation, th
main decay channel for the weakly bound molecules~life-
time of the order of tens of microseconds!. To avoid also the
inelastic exchange processes, we propose to fully stretch
electronic and nuclear spins by a weak-field rf or Ram
transition. What remain are the dipolar two-body decay a
the three-body recombination with rates comparable to th
for atomic condensates. Interestingly, an additional sing
molecule decay channel is the radiative decay to the lo
singlet (S50) states induced by the electronic spin-or
coupling. We estimate the decay rate to be small: of or
0.01 s21 for Rb2 and even slower for Na2. The formation of
Na3 molecules will be an improbable process with a sm
overlap of initial and final states. Details of the stabili
problem will be described elsewhere@18#. We expect the
i
in

M.

in

ffi
i
t

M
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final BEC of molecules to be as stable as the present ato
condensates.

The Bose-Einstein condensation of diatomic alkali-me
molecules will open a subject of intense theoretical and
perimental study. Compared to the existing atomic cond
sates with their internal spin states, molecular condens
will add the feature of new internal degrees of freedom o
spatial type: the rotational and vibrational excitations. It w
be possible to study their interplay with the spin degrees
freedom. In this connection we note that the Feshbach1
Raman approach can be used to create~superpositions of!
higher rovibrational states with comparable or even be
conversion rates. This should allow a stable multicompon
condensate system of a new type.

Another fascinating possibility would be to apply th
above Feshbach1 Raman technique to a degenerate gas
fermionic atoms in two different hyperfine components
allow s-wave collisions to take place. The freedom in t
choice of experimental parameters within our scheme m
enhance the formation of just the types of correlations t
occur in a Bose condensate of Cooper pairs. Finally, Fe
bach resonances in molecule-molecule scattering could
used also more generally in Feshbach catalyzing the bind
of like and unlike molecules in a~multispecies! condensate
to engineer condensates of heavier molecules.

This work is part of the research program of the Stichti
Fundamenteel Onderzoek der Materie~FOM!, which is fi-
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