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Role of collisions in creation of overlapping Bose condensates
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We study the elastic scattering length and inelastic decay rate associated with collisions of23Na and87Rb
atoms in different hyperfine states: one with atoms in theu f52,mf52& and one with atoms in the
u f51,mf521& state. For Na the real part of thea(22)1(121) scattering length foru22&1u121& collisions is
predicted to be positive and equal to 6565 Bohr length unitsa0 for smallB. The zero-temperature low-field
decay rate is of the order of a typical exchange rate:G(22)1(121)5(1.560.7)10211 cm3 s21, showing that a
two-condensate experiment is not feasible for a Na gas sample in a static magnetic trap. For the case of Rb
atoms the present knowledge of the singlet interaction does not allow a similar calculation. The extreme
suppression ofG(22)1(121) demonstrated by a recent experiment is shown to be very restrictive for the value
of the singlet accumulated phase.@S1050-2947~97!50403-3#

PACS number~s!: 34.50.Rk, 33.70.Ca, 32.80.Pj
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The successful realization of a Bose condensate in di
ultracold gas samples of87Rb @1#, 23Na @2#, and 7Li @3#
atoms has opened a rapidly expanding field of studies
condensate properties, starting with the study of its collec
modes@4,5#. A very remarkable new result@6# is the creation
of overlapping 87Rb condensates in two different groun
state hyperfine levelsu f52,mf52& and u f51,mf521&,
thus realizing a fascinating system that has been stu
theoretically long ago in the case of spin-polarized atom
hydrogen@7# and very recently also for binary mixtures o
alkali Bose condensates@8#. The most remarkable aspect
this experiment is the slow decay due to mixed collisions
pairs of atoms in the two different hyperfine states: due to
presence of decay channels with the same totalmF511
value one would expect the much faster decay for a typ
exchange collision (Gexch'10211 cm3 s21 @9#! instead of
that experimentally observed:G(22)1(121)52.2(9)310214

cm3 s21.
In this paper we consider the question of whether this

be understood on the basis of the theory of cold collisio
We study the rates of decay due to mixed collisions to
three available exchange decay channels~21!1~10!, ~20!
1~11!, and~11!1~10!, in the low-field range of experimenta
interest. Another mixed collision property of interest is t
elastic ~22!1~121! scattering length, its sign implying a
effectively repulsive or attractive interaction of the conde
sates@10# and its magnitude determining the efficiency of t
sympathetic cooling of the two interpenetrating gas samp
In view of the interest in similar experiments for a Na g
sample, an obvious second item to be considered is
analogous decay rate and elastic scattering length for Na
start with this system, which has the advantage that the
glet and triplet interaction properties are rather well know
and find that for weak fields the mixed collisional decay r
has the full strength expected for exchange relaxation, w
the scattering length is positive. Analogous results
lithium atoms are included in a separate paper@11# that is
mainly devoted to a mixed system of a different kind:
combined boson-fermion system of7Li and 6Li atoms. Note
that the rates and scattering lengths that we calculate h
implications for both condensate and noncondensate ato
551050-2947/97/55~3!/1589~4!/$10.00
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In the case of the inelastic rates, one needs to take into a
count the well-known reduction by a factor of 2 for processe
inside a condensate@12#. This reduction is not yet included
in the following rate equation~1!.

For the Na system the singlet and triplet interaction prop
erties in cold collisions have been predicted rather accu
rately, both on the basis of the accumulated phases det
mined from interlevel spacings between highly excited
rovibrational singlet and triplet Na2 states@13# and from
cold-atom photoassociation@14#. To compare the predicted
singlet and triplet interaction properties obtained with thes
two methods, we present in Fig. 1 the triplet and single
scattering lengths as a function of the accumulated phases
the decoupled triplet and singlet radial wave functions. Th
actual abscissa is the modificationDfT(DfS) relative to a
reference value calculated for the IPA~inverse-perturbation-
approach! singlet potential obtained by Moerdijk, Verhaar,
and Axelsson@13# and the Rydberg-Klein-Rees triplet poten-
tial obtained by Zemke and Stwalley@15#. The dispersion
coefficients characterizing the long-range interaction hav
been taken from Marinescu, Sadeghpour and Dalgarno@16#.
The aT andaS intervals determined in Ref.@14# correspond

FIG. 1. ~a! Triplet scattering length, as a function of the triplet
accumulated phase.~b! Singlet scattering length, as a function of
the singlet accumulated phase. The phase ranges of Ref.@13#
~dashed lines! and those derived from Ref.@14# ~dash-dotted lines!
are indicated. Small intervals are given by one single line.
R1589 © 1997 The American Physical Society
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to ranges 0.16,DfT,0.23, 0.49,DfS,0.71. While the
range for DfT is in agreement with that of Ref.@13#
(20.3,DfT,0.3), we find a considerable discrepancy
the case ofDfS (20.04,DfS,0.00 from Ref.@13#!. A
strong point in favor of aDfS interval close to 0 is its
preference for the rather reliable IPA potential, analogou
the case of Li atoms@17,18#. In the following we will present
the predictions for the~22!1~121! collision properties for
both choices of theDfS interval.

The decay rate due to~22!1~121! mixed atomic colli-
sions is described by the equation

dn22
dt

5
dn121

dt
52G~22!1~121!n22n121 , ~1!

with n22 andn121 the respective number densities. The d
cay channels available for exchange relaxation are~21!
1~10!, ~20!1~11!, and ~11!1~10!. Since the former two
channels become closed forB→0, one would expect the
~11!1~10! decay channel to dominate at the very lowB val-
ues of primary experimental interest. In this field rangeF is
almost a good quantum number. Fors waves, only spin
channels$ f 1f 2%FmF that are symmetric under exchange
the two atoms are allowed because of Bose symmetry. A
consequence, forf 15 f 251 only F 5 0 and 2 contribute.
Since themF511 value in the initial channel is conserve
only F52 remains. If this part would be purely triplet o
singlet for either the initial or final channel, an exchan
transition would be forbidden. Some straightforwa
Clebsch-Gordan algebra shows that this is not the case
initial channel spin state is 87.5% triplet and 12.5% sing
and the final channel spin state is 81.25% triplet a
18.75% singlet. Of course, this does not exclude the fact
the exchange decay vanishes due to destructive interfer
of triplet and singlet amplitudes. The measured slow de
in the case of87Rb suggests that we are close to this ac
dental situation for this atom.

In Fig. 2 we present the zero-temperature value

FIG. 2. Zero-temperature partial and total decay rate const
G due to mixed collisions of Na atoms as a function of magne
field for our choice of singlet and triplet accumulated phases.
combine the advantages of a linear field scale for smallB and a
logarithmic scale for largeB we plot 11B/B0 logarithmically with
B051 G. Pairs of lines of the same line type indicate results for t
extreme choices of the phases corresponding to our error bars
to
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G(22)1(121) , as well as its contributions from the three sep
rate decay channels for our choice of singlet and triplet
cumulated phases, as a function ofB. Results are given for
two extreme choices of the phases corresponding to our e
bars. The partial decay rates to the~21!1~10! and~20!1~11!
channels increase proportional toAkf;AB in the ratio
1:3A2 (kf denotes the final wave number!, as one should
expect from the Clebsch-Gordan coefficients involved a
from the ratio of final wave numbers: The decay rate to
~11!1~10! channel starts from a nonvanishing valu
At small B the total rate constant is of the order
10211 cm3 s21, showing that a two-condensate experime
is not feasible for a Na gas sample in a static magnetic t
Figure 3 shows similar results for the above-mention
phase intervals derived from Ref.@14#. Clearly, the low-B
range of predictedG values is almost one order of magnitud
larger than our prediction, so that the two predictions may
distinguishable experimentally at the lower fields. Figure
shows the corresponding real parts of the complex scatte
lengthsa(22)1(121) ~solid line, results for our phase value
dashed line, results for phase values derived from Ref.@14#!.
Clearly, the predicted mixed scattering length is large a
positive, indicating an effectively repulsive interaction.

We note that the present results do not exclude a supp

ts
c
o

o

FIG. 3. Same as Fig. 2 for the phase parameters derived f
Ref. @14#.

FIG. 4. Elastic scattering length for mixed collisions of Na a
oms for two extreme values of the phase parameters. Solid line
phase values; dashed line, phase values derived from Ref.@14#.
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55 R1591ROLE OF COLLISIONS IN CREATION OF . . .
sion of the two-condensate decay rate for fields in the vic
ity of a Feshbach resonance in the~22!1~121! channel. This
would open the possibility of a two-condensate experim
by appropriate tuning of the magnetic field. A detailed the
retical search, however, did not lead to such resonance
the field range in which both condensates can be magn
cally trapped.

In the case of87Rb the long-range triplet interaction i
known rather accurately from photoassociation work@20,21#.
The situation with respect to the singlet interaction is mu
less certain. In the following we discuss qualitatively wh
behavior of the mixed scattering length and decay rate ca
expected, by applying the DIS~degenerate internal state!
approximation@19#. This approximation neglects the atom
hyperfine splitting, i.e., classically speaking the hyperfi
precession, during the collision. It reduces the multichan
collision problem to a potential scattering problem of se
rate singlet and triplet waves in which the initial and fin
channel spin states can be expressed. The resulting ex
sions are

a~22!1~121!5~sin2u211
1
2 cos

2u21!aT1 1
2 ~cos2u21!aS ,

~2!

G~22!1~121!→~21!1~10!5
2p\kf
m

~sinu1sinu0cosu21!
2

3~aT2aS!
2, ~3!

G~22!1~121!→~20!1~11!5
2p\kf
m

~cosu1cosu0cosu21!
2

3~aT2aS!
2, ~4!

G~22!1~121!→~11!1~10!5
2p\kf
m

~cosu1sinu0cosu21!
2

3~aT2aS!
2. ~5!

The parametersu1 ,u0 ,u21 are functions of the magneti
field B defined by

tan2u~61!5
ahfA3

6ahf1\B~ge1gN!
,

tan2u05
2ahf

\B~ge1gN!
, ~6!

whereahf is the hyperfine constant, andge andgN are the
electronic and nuclear gyromagnetic ratios.

The triplet scattering length is taken from Ref.@20#. We
treat the singlet accumulated phase as a variable param
The singlet scattering length can be expressed in this p
and inC6. The value of the latter is taken from Ref.@21#.

Figure 5 shows a three-dimensional diagram for the to
decay rate constantG(22)1(121) as a function of bothB and
DfS( modp). Unlike the case of Na, the zero of the latt
scale does not have a special significance. We indeed s
strong suppression of the total decay rate in a rather nar
phase interval. We therefore expect that the abo
mentioned extremely small experimental value of the de
rate,G(22)1(121)52.2(9)310214 cm3 s21, almost three or-
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ders of magnitude smaller than for Na, will impose a stro
constraint on the value of the singlet accumulated phase
future more complete analysis@22#: Fig. 5 suggests that i
will be possible to derive for the singlet phase a value w
an error bar60.003p. Also, one would expect that the nea
equality ofaS andaT following from the above DIS picture
would continue to hold in a more rigorous coupled-chann
treatment.

Figure 6 shows the real part of the mixeda(22)1(121)
scattering length atB50 as a function ofDfS( modp),
again in the DIS approximation. The excursion throu
6` is due to the same feature in theDfS dependence of
aS . It will probably be smoothed to a wiggle with a muc
reduced amplitude when deviations from the DIS approxim
tion are taken into account. In any case one would exp
Re@a(22)1(121)# to be positive in the narrow interval of phas
values corresponding to the experimentalG(22)1(121) decay
rate constant, in accordance with experiment@6# ~see dashed
line!.

We conclude that the suppression of the87Rb decay due
to mixed atomic collisions can be understood on the basi
the theory of cold atomic collisions: Destructive interferen

FIG. 5. Zero-temperature total decay rate constantG(22)1(121)

for 87Rb in the DIS approximation, as a function ofB andDfS .
We plot 11B/B0 logarithmically withB051 G.

FIG. 6. The B50 a(22)1(121) scattering length~DIS! for
87Rb, as a function ofDfS . The dashed line indicates theDfS

value corresponding to the experimental decay rate cons
G(22)1(121) ~see Fig. 5!.
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between triplet and singlet transition amplitudes between
~22!1~121! and ~11!1~10! channels leads to a strong su
pression relative to typical rates for exchange collisions
almost three orders of magnitude. For Na the decay rat
not suppressed, and a similar two-condensate experim
an
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does not seem possible. In the case of87Rb the suppression
can be used as a strong constraint in the determination o
boundary condition on the s-wave radial wave function at
boundary of the inner range of interatomic distances wh
the WKB approximation is valid.
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