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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 collisfdNg @ind 8’Rb
atoms in different hyperfine states: one with atoms in the2,m;=2) and one with atoms in the
|f=1,m;=—1) state. For Na the real part of tlag,, . ;1) scattering length fof22)+|1—1) collisions is
predicted to be positive and equal to-65 Bohr length units, for small B. The zero-temperature low-field
decay rate is of the order of a typical exchange régy+ (1-1y=(1.520.7)10 ** cm® s™%, 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 06,5, (1-1) demonstrated by a recent experiment is shown to be very restrictive for the value
of the singlet accumulated pha$81050-2947@7)50403-3

PACS numbe(s): 34.50.Rk, 33.70.Ca, 32.80.Pj

The successful realization of a Bose condensate in dilutéh the case of the inelastic rates, one needs to take into ac-
ultracold gas samples of’Rb [1], ?°Na [2], and “Li [3]  count the well-known reduction by a factor of 2 for processes
atoms has opened a rapidly expanding field of studies dihside a condensafé 2]. This reduction is not yet included
condensate properties, starting with the study of its collectivén the following rate equatioil).
moded4,5]. A very remarkable new resyl§] is the creation For the Na system the singlet and triplet interaction prop-
of overlapping 8’Rb condensates in two different ground- erties in cold collisions have been predicted rather accu-
state hyperfine level$f=2,m;=2) and |[f=1,m;=—1), rately, both on the basis of the accumulated phases deter-
thus realizing a fascinating system that has been studie@tined from interlevel spacings between highly excited
theoretically long ago in the case of spin-polarized atomigovibrational singlet and triplet Nastates[13] and from
hydrogen[7] and very recently also for binary mixtures of cold-atom photoassociatidii4]. To compare the predicted
alkali Bose condensat¢8]. The most remarkable aspect of singlet and triplet interaction properties obtained with these
this experiment is the slow decay due to mixed collisions oftwo methods, we present in Fig. 1 the triplet and singlet
pairs of atoms in the two different hyperfine states: due to thé&cattering lengths as a function of the accumulated phases of
presence of decay channels with the same totak +1 the decoupled triplet and singlet radial wave functions. The
value one would expect the much faster decay for a typicactual abscissa is the modificatidnp(A ¢g) relative to a
exchange collision G..~10"'* cm®s~! [9]) instead of reference value calculated for the IR#verse-perturbation-
that experimentally observeds ), (1-1)=2.2(9)x 10" approach singlet potential obtained by Moerdijk, Verhaar,
cm3s L and Axelssorj13] and the Rydberg-Klein-Rees triplet poten-

In this paper we consider the question of whether this cafial obtained by Zemke and StwalldyL5]. The dispersion
be understood on the basis of the theory of cold collisionscoefficients characterizing the long-range interaction have
We study the rates of decay due to mixed collisions to théeen taken from Marinescu, Sadeghpour and Dalggtfip
three available exchange decay chann@$)+(10), (200  Thear andas intervals determined in Ref14] correspond
+(11), and(11)+(20), in the low-field range of experimental
interest. Another mixed collision property of interest is the
elastic (22)+(1—1) scattering length, its sign implying an a) 200 b)
effectively repulsive or attractive interaction of the conden- AN ;
sateq10] and its magnitude determining the efficiency of the 100 Y 100 | ‘
sympathetic cooling of the two interpenetrating gas samples— § \ - ;
In view of the interest in similar experiments for a Na gas® & P 8 ol | \

R . :
«©

sample, an obvious second item to be considered is th
analogous decay rate and elastic scattering length for Na. We
start with this system, which has the advantage that the sin-"100 T
glet and triplet interaction properties are rather well known, N
and find that for weak fields the mixed collisional dgcay rate -200 - 5 e 00— s
has the full strength expected for exchange relaxation, while Ad Ad

the scattering length is positive. Analogous results for T S

lithium atoms are included in a separate pajigt] that is FIG. 1. (a) Triplet scattering length, as a function of the triplet

mainly devoted to a mixed system of a different kind: aaccumulated phaséb) Singlet scattering length, as a function of
combined boson-fermion system &fi and °Li atoms. Note  the singlet accumulated phase. The phase ranges of [R&F.

that the rates and scattering lengths that we calculate haygashed lingsand those derived from Rdf14] (dash-dotted lings
implications for both condensate and noncondensate atomare indicated. Small intervals are given by one single line.
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FIG. 2. Zero-temperature partial and total decay rate constants FIG. 3. Same as Fig. 2 for the phase parameters derived from
G due to mixed collisions of Na atoms as a function of magneticREf- [14].
field for our choice of singlet and triplet accumulated phases. To
combine the advantages of a linear field scale for sBadind a  G(22)+(1-1), @s well as its contributions from the three sepa-
logarithmic scale for larg® we plot 1+ B/B, logarithmically with ~ rate decay channels for our choice of singlet and triplet ac-
Bo=1 G. Pairs of lines of the same line type indicate results for twocumulated phases, as a function&xf Results are given for
extreme choices of the phases corresponding to our error bars. two extreme choices of the phases corresponding to our error

bars. The partial decay rates to #t2)+(10) and(20)+(11)

to ranges 0.18 A ¢1<0.23, 0.4%<A ¢$s<0.71. While the channels increase proportional tgki~+B in the ratio
range for A¢r is in agreement with that of Ref{13] 1:3\2 (k; denotes the final wave numbegrs one should
(—0.3<A¢+<0.3), we find a considerable discrepancy inexpect from the Clebsch-Gordan coefficients involved and
the case ofA ¢g (—0.04<A $s<0.00 from Ref.[13]). A from the ratio of final wave numbers: The decay rate to the
strong point in favor of aA ¢g interval close to 0 is its (11)+(10) channel starts from a nonvanishing value.
preference for the rather reliable IPA potential, analogous t&t small B the total rate constant is of the order of
the case of Li atomgL7,18. In the following we will present  10~* cm® s, showing that a two-condensate experiment
the predictions for thé22)+(1—1) collision properties for is not feasible for a Na gas sample in a static magnetic trap.

both choices of the ¢ interval. Figure 3 shows similar results for the above-mentioned
The decay rate due t(2)+(1—1) mixed atomic colli- phase intervals derived from Réfl4]. Clearly, the lowB
sions is described by the equation range of predicte values is almost one order of magnitude

larger than our prediction, so that the two predictions may be
dny, dn;_, distinguishable experimentally at the lower fields. Figure 4
dat  dt ~G22+a-1N22M1-1, (1) shows the corresponding real parts of the complex scattering
lengthsa,,,) 4 (1-1) (solid line, results for our phase values;
with n,, andn,_; the respective number densities. The de-dashed line, results for phase values derived from [Réi).
cay channels available for exchange relaxation €® Clearly, the predicted mixed scattering length is large and
+(10), (20)+(11), and (11)+(10). Since the former two Positive, indicating an effectively repulsive interaction.
channels become closed f&—0, one would expect the We note that the present results do not exclude a suppres-
(11)+(10) decay channel to dominate at the very IBwal-
ues of primary experimental interest. In this field rafgés
almost a good quantum number. Ferwaves, only spin
channels{f,f,}Fmg that are symmetric under exchange of
the two atoms are allowed because of Bose symmetry. As a
consequence, fof;=f,=1 only F = 0 and 2 contribute.
Since themg= +1 value in the initial channel is conserved,
only F=2 remains. If this part would be purely triplet or
singlet for either the initial or final channel, an exchange
transition would be forbidden. Some straightforward
Clebsch-Gordan algebra shows that this is not the case: the
initial channel spin state is 87.5% triplet and 12.5% singlet,
and the final channel spin state is 81.25% triplet and
18.75% singlet. Of course, this does not exclude the fact that
the exchange decay vanishes due to destructive interference
of triplet and singlet amplitudes. The measured slow decay 1+B/B,
in the case off’Rb suggests that we are close to this acci- FIG. 4. Elastic scattering length for mixed collisions of Na at-
dental situation for this atom. oms for two extreme values of the phase parameters. Solid line, our
In Fig. 2 we present the zero-temperature value ofphase values; dashed line, phase values derived fron] REf.
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sion of the two-condensate decay rate for fields in the vicin-
ity of a Feshbach resonance in t&2)+(1—1) channel. This
would open the possibility of a two-condensate experiment
by appropriate tuning of the magnetic field. A detailed theo-
retical search, however, did not lead to such resonances in
the field range in which both condensates can be magneti-
cally trapped.

In the case of®’Rb the long-range triplet interaction is
known rather accurately from photoassociation wW@®,21].
The situation with respect to the singlet interaction is much
less certain. In the following we discuss qualitatively what

behavior of the mixed scattering length and decay rate can be - T - ),//1/02
expected, by applying the DI®legenerate internal stajes A® 2 g
approximation[19]. This approximation neglects the atomic S 0100 1+B/B,

hyperfine splitting, i.e., classically speaking the hyperfine

precession, during the collision. It reduces the multichanne] i'f;bS fﬁroglegperatur.e t(i.tal decay fratet.con;?ﬂ%xlfl)
collision problem to a potential scattering problem of sepa—v(\)/r | 1'” B/eB | ap‘;]m).('ml? 'Or?’haBS ilugc lon Bfand A ¢s.
rate singlet and triplet waves in which the initial and final e plot 1+B/B, logarithmically withBo= :

gir:)a;]r;nglrespm states can be expressed. The resulting EXP&Ers of magnitude smaller than for Na, will impose a strong

constraint on the value of the singlet accumulated phase in a
Q22+ (1-1)=(SIMPO_1+31cog6_j)ar+3(cofo_)as, future more complete analysj22]: Fig. 5 suggests that it
(2)  will be possible to derive for the singlet phase a value with
an error bart 0.0037. Also, one would expect that the near

2mwhk; ] 5 equality ofag anday following from the above DIS picture,
G229 +(1-1)~(2+(10 =, (SING1SINGoCOS ) would continue to hold in a more rigorous coupled-channels
treatment.
X (ar—ag)?, (3 Figure 6 shows the real part of the mix@ghz),(1-1)
scattering length aB=0 as a function ofA ¢g( modm),
2mhkg again in the DIS approximation. The excursion through

_ 2
G2z +(1-1)—-(20+(1)= (cosH,C0COH 1) + is due to the same feature in theps dependence of

5 ag. It will probably be smoothed to a wiggle with a much
X(ar—ag)’, (4 reduced amplitude when deviations from the DIS approxima-
tion are taken into account. In any case one would expect
R€ a(27)+ (1-1)] to be positive in the narrow interval of phase
values corresponding to the experimer@y,, ;1) decay
) rate constant, in accordance with experim@it(see dashed

X (aT_ aS) . (5) |ine)_
The parameterd),,6,,0_, are functions of the magnetic We conclude thaF t_he suppression of #1&b decay dug
) , to mixed atomic collisions can be understood on the basis of
field B defined by . C S
the theory of cold atomic collisions: Destructive interference
ahf\/§

Tapt+hAB(yet yn)' 300

m

27h kf . 2
———(Cc094Sinfycosh_ 1)

Cg+a-y-an+a0= "

tan20(i1) =

2ahf

= 200 +
tan26, Byt 7 (6)

1 (ap)

wherea,y is the hyperfine constant, ang, and yy are the =100 —
electronic and nuclear gyromagnetic ratios.

The triplet scattering length is taken from RE20]. We
treat the singlet accumulated phase as a variable parameter.
The singlet scattering length can be expressed in this phase
and inCg. The value of the latter is taken from RR1].

Figure 5 shows a three-dimensional diagram for the total
decay rate constai®,,)+(1-1) as a function of boths and -200
A ¢g( modm). Unlike the case of Na, the zero of the latter A
scale does not have a special significance. We indeed see a 0s
strong suppression of the total decay rate in a rather narrow FiG. 6. The B=0 auz+ -1y Scattering length(DIS) for
phase interval. We therefore expect that the abovesRp, as a function ofA¢s. The dashed line indicates thegs
mentioned extremely small experimental value of the decayalue corresponding to the experimental decay rate constant
rate, G(az)+ (1-1)=2.2(9)x 10~ ** cm® s, almost three or- G,y (11 (see Fig. 5

Re[a(22)+(1-

-100 +

0 n/2 n
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between triplet and singlet transition amplitudes between thdoes not seem possible. In the casé @b the suppression
(22+(1—1) and (11)+(10) channels leads to a strong sup- can be used as a strong constraint in the determination of the
pression relative to typical rates for exchange collisions byboundary condition on the s-wave radial wave function at the
almost three orders of magnitude. For Na the decay rate iBoundary of the inner range of interatomic distances where
not suppressed, and a similar two-condensate experimetiie WKB approximation is valid.
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