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Atom loss from Bose-Einstein condensates due to Feshbach resonance
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In recent experiments on Na Bose-Einstein conden$&tdsouyeet al., Nature392, 151(1998; J. Stenger
et al, Phys. Rev. Lett82, 2422(1999], large loss rates were observed when a time-varying magnetic field
was used to tune a molecular Feshbach resonance state near the state of atom pairs that belong to the
condensate many-body wave function. A mechanism is offered here to account for the observed losses. It is
based on the deactivation of the resonant molecular state by interaction with a third condensate atom, with a
deactivation rate coefficient of magnitudel0 ° cm®/s. [S1050-294{9)50508-9

PACS numbsfs): 03.75.Fi, 32.80.Pj, 32.6&., 34.50.Ez

Experiments have been carried out receftly?] (see also  begin by using a variational method to derive a set of three
the review{ 3]), in order to control the interatomic interaction coupled Gross-Pitaevskii equations for the atomic conden-
underlying the properties of a Bose-Einstein condensateate statep,(r,t), the resonant molecular stagg,(r,t), and
(BEC). One way to achieve thid,2] is by tuning a magnetic a representative deactivation stateBecause the deactiva-
field B into the vicinity of a Feshbach resonance, with thetion stated never accrues a significant population, it can be
resulting modification of the atom-atom scattering length aliminated from the two remaining equations, leaving terms
predicted[4,5]. The experiments carried out with Na in an dependent ory,
optical trap measured two distinct featurés:the change in
scattering length and large collisional atom losses obtained 5
with a slow sweep oB that stopped short of the resonant Pa
field By, and (b) a near-catastrophic loss of atom density ) )

. . . * _* _ 2
obtained with a fast sweep & through theB, region. Two +Uanloml*@at 20" 03 om— iy @ml“0a, (3)
groups of investigator§6,7] have recently proposed a uni-
molecular mechanism relating the latter feature to a fast
sweep-induced transfer of atoms out of the condensate to
become hot atoms in the trap. 2 > 2

We present here another possible mechanism of atom loss +Uanl ¢al“emt 992 —1% 7| @al “om- (4)

that can account for the slow-sweep results, and that MY ese equations are similar to those recently derived by Tim-
also play a role in the fast-sweep case. The temporary 0CCU o manset al. [3,8]. Herem is the mass of the Na atom:

pation of the vibrationally excited molecular statecoupled V() andV,(r) are the atomic and molecular optical trap-

by the resonance to atom pairs in the condensate, is con- . . !
vgrted to a stable molecular F()jirrxdzby a deactivating inelas- ping potentials ¥y, includes the resonance detuning for zero

tic collision with a third atom from the condensate: magpetlc field; r is the posmo_n n th-e trapB(t) is the
applied homogeneous magnetic field;, and u, are the

1.
ﬁpz_"va(r) + paB(t) + Ua| (Pa|2) Pa

h¢m:

1.
mpz"'vm(r) + umB(t) + Um| ‘Pm|2) Pm

Na-+ Na— Nay(m), (1) atomic and molecular magnet!c moments, respectively; and
U,, U, andU,,, are, respectively, zero-momentum atom-
atom, molecule-molecule, and atom-molecule interactions,
Nay(m)+Na—Nay(d) +Na+ AE, (2

proportional to the corresponding elastic scattering lengths.

, L i , Although U,, and U,,,, are not known, the results of our
whereAE is the excess kinetic energy released in the '”elas_énalysis are practically insensitive to their values.

tic process. The deactivation states can be lower-lying rovi- 1 constang in Egs. (3) and (4) responsible for the

brational levels in the same spin state as the resonant Ieveliom_Feshbach coupling is closely related to the empirical

or levels belonging to another spin state. While stepis  arametert used in Refs[1,2] to describe the strength of

completely reversible, ste®) is irreversible, since the en- 14 resonance as a function of the fi€d

ergy release provides the products with sufficient kinetic en-

ergy to escape the trap. This latter step is characterized by a |g|?=2mh?|a,| wAlm, (5)

deactivation rate coefficientj2(in units of cni/s). The two

steps described above may be followed by a third one —wherea, is the off-resonance scattering length. Calculations

secondary collisions of the products with condensate atom$6,9] give a,=3.4 nm, u=un—2u,=3.3ug (Where ug
Except for the magnitude of, which we extract by fitting =9.27x10°2* J/T is the Bohr magneton and A

the experimental data, all expressions below can be derived 0.001 mT and 0.1 mT, respectively, for the two reso-

analytically, using previously determined parameters. Wenances observed at 85.3 ni853 G and 90.7 mT(907 G
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FIG. 1. Three-body rate coefficienKg) vs the stopping value FIG. 2. Surviving mean density vs the stopping value of the

of the magnetic field, calculated with three different values of themagnetic field, calculated with three different values of the ramp
deactivation ratey (in units of cni/s), on approaching the reso- speeddB/dt (in mT/9). The resonance was approached from below
nance from below or above. These are compared with the experivith two ramp speeds, 13 mT/s and 31 mT/s, or from above, with
mental result$2] (squares, triangles, and circlder several values the ramp speed-6 mT/s. Other notations as in Fig. 1.
of the ramp speedB/dt (in mT/9).
where V(r)=2V,(r)—Vy(r). Equation (7) has a form
[1,2]. These values oA agree with the measured value for analogous to a Breit-Wigner resonant scattering expression
the 90.7-mT resonance, and with the indirectly inferred ordemdapted for zero-momentum collisions. In the Breit-Wigner
of magnitude for the 85.3-mT resonance. form one interprets 2n as the width of the decay channel,
The analysis below neglects the kinetic-energy terms irand the width of the input channel is proportional | tg?.
Egs.(3) and(4), in accord with the Thomas-Fermi approxi- This observation establishes a link between the macroscopic
mation. This procedure reduces E@3. and(4) to a system approach used here and microscopic approaches that treat the
of ordinary differential equations focomplexe,(r,t) and loss rate as a collision process.
om(r,t) that depend parametrically on The end result is a Very close to resonandevhereB(t) is within 1 uT of
set of four real equations that can then be solved numeri-resonanckthe behavior of Eq(7) effectively attains a one-
cally, for a given value ofy. As initial conditions one can body form. But as long as we stay out of this narrow region,
use either a Thomas-Fermi distribution or a homogeneouby obeying the ‘bff-resonancé condition
(r-independentdistribution equal to the mean trap density.
The numerical solutions presented below, for both the fast fiyn(r,t)<|V(r)— uB(1)[, (8
and slow sweep experimenf4,2], were carried out using
homogeneous initial conditions. However, as we show be !
low, all significant results concerning the slow-sweep experithree-body forrm=—Kj(r,t)n?, with
ment can be derived analytically from Eq8) and(4) with-
out recourse to numerical solutions. In this experiment the _ 12758 | yA
time-dependent magnetic field was linearly changed from an Ka(r,t)= _ 2"
L . mu[B(t) = V(r)/u]
initial value of B to a final value closer to resonance, and
then the density was measured by shutting off the trap fieldhe dependence on the scattering lerafiollows from Eq.
and letting the condensate expand. The experiment was r5). Equation(9) is similar to an expression derived earlier
peated using various final values of the magnetic field, an@i3 8] up to a factor 3/2, which reflects the fact that three
the loss was plotted as a function of this final value. It wasatoms are lost per one deactivating collision.
noted[2] that the results fit a three-body rate equation for the  |f 3 magnetic-field ramp is assumed to start at tigand
atomic densityn(r,t)=|,(r,t)|? of the typen~ —K3n®. end at timet, while Eq.(8) applies throughout the ramp, then
Analysis of Eqgs.(3) and (4) shows that, out of the four the rate equation may be solved analytically, usngof Eq.
real coupled equations fef, and¢,,, a single rate equation (9), to give
for the atomic densityi(r,t) can be extracted whenever the
following “ fast decay approximation holds: n(r,t)=n(r,to)[1+24mh?|ag| A yn?(r to)

we can write Eq(7) (to a very good approximationn the

(€)

|g2<h252n(r ). ©6) X (t=to)/ (MuB?tty)] Y2, (10

Given condition(6), the population of the molecular conden- WhereB is the magnetic-field ramp speed and the extrapo-
sate is depleted fast enough to keeg(r,t)=|em(r,t)|2 lated time of exact resonance is chosen ta$9®. We shall

<n(r,t) at all times. The resulting rate equation attains the'€fer to the combination of Eq¢6) and(8) that leads to Eq.
nonlinear form (9) as the “three-body” approximation.
The graphs shown in Figs. 1 and 2 pertain to the slow-
6|g|2yn3(r,t) sweep MIT experiment for the strong 90.7-mT resonance.
Y ' ' 7) This resonance has been approached from below with two
[V(r)— uB(t)]?+[Ayn(r,t)]? ramp speeds, and from above with one. Figure 1 shidws

n(r,t)=—
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FIG. 3. Ratio of surviving trap populatiod to the initial oneN FIG. 4. Same as Fig. 3 with=10"° cm’/s only, but taking

for the 85.3-mT(853-Q and 90.7-mT(907-G resonances in the account of secondary collisions using two values of the parameter
homogeneous-density approximationsws, [where the parametar b (in units of cn?). The asymptotic result, E412) (without tak-

is defined by Eq(12) andny is the initial density. The curves show ing account of secondary collisionss shown as a dotted line for
results of calculations carried out for different magnitudes of thecomparison.

coefficienty (in units of cn¥/s). The asymptotic analytical result

Eq. (12) for both resonances is given by the dotted line. The plotswhere 5B is the range of variation d8 on both sides of the

for the 90.7-mT resonance withy=10"° cm’/s and for the resonance. The ramp starting and stopping times can then be

85.3-mT resonance wity=10"'° cm’/s are practically indistin-  approximately extended ta oo, obtaining(for all positions
guishable. The results of the MIT fast-sweep experini@&itare r

shown for comparison.

i ; n(r,—«) 12m%h|a,] A

vs the stopping value d8. The difference between Eq®) n(r,»=)= [ Erev— S=— —.
and(10) and the results of a direct numerical solution of Egs. sn(r, ) m |B]

(3) and (4) for all ramp speeds is so small that the corre-_ . ) -
sponding plots are indistinguishable. The remaining atomid NiS asymptotic result reproduces a characteristic depen-

density, at the momerttof stopping the ramp, is shown in dence on the ramp speed, and is independent. &ssum-
Fig. 2. The calculated plots were obtained using'n9: @S before, a homogeneous initial density within the trap,

homogeneous-density initial conditions, starting fronBa Ed- (12) also describes the loss of the total populathoft)

_ 3
value of 89.4 mT on approach from below and 91.6 mT from=Jn(r.Hdr. , ,
above. The corresponding initial mean densities were ex- AN asymptotic expression for the total population can also

tracted from the experimental dafa]. The graphs clearly be found when thg homogeneous distribytion is replaced by
show a best fit withy of the order of 10° cm®/s, which the Thomas-Fermi onesee Ref[12]). In this case, givemy

(given a density of about 16 Cm73) Implles a deactivation is the maximum initial density in the center of the trap,

time of ~10™° s.
An inelastic rate coefficient 2 with a magnitude of N(=) 15 [1 1 1 A1+

Vi)

(12

101 cm?/s appears to be very reasonable. First, this valudNo(—*)  2sng Sy 2sng
is two orders of magnitude smaller than the upper bound set

by the unitarity constraint on th@matrix[10]. In the limit of <l /1+ i+ 1 / (

small momentum, unitarity providesyZ#A/m, where \ Sy

(the de Broglie wavelengghn the current situation is limited (13)
by the experimental trap dimensions. This constraint sets an

upper bound of 2§10 % cm/s to 2y. Second, our esti- The analytical results of Eq12), together with the direct

mate of 10! cm?®/s for y is consistent with the order of numerical solutions of Eq¢3) and(4) for the homogeneous
magnitude of recently calculatgd 1] vibrational deactiva- injtial distribution, are compared in Fig. 3 with the results of
tion rate coefficients due to ultracold collisions of He with the fast-sweep experimenii,2]. The numerical solutions
H, in highly excited vibrational levels. clearly show a dependence gnas assumption®) and(11)

The three-body approximation does not hold very close tainderlying the asymptotic result do not hold in this case. The
resonance, and is therefore inapplicable to a description Qbss reaches a maximum at a valueyofdependent on the
the fast-sweep experiment, in which the Zeeman shift wagarious parameterée.g., y~10"%° cm®/s for the 90.7-mT
swept rapidly through the resonance, causing dramatic loss@gsonance whersny~2), as a result of the conflicting
(see Refs[1,2]). Nevertheless, the fast decay approximationasymptotic and fast-decay conditiof and(11). These so-

(6) may still be valid. A simple analytical expression can |utions are, however, not as sensitive to the valueycds
then be derived for the fast-sweep experiment if, in additionyvere the fits to the slow-sweep experiments discussed above.
the magnetic-field variation lasts long enough to reach thelthough one may claim a “best” fit ofy to each of the two
“asymptoti¢ condition resonances, an agreement with the results of the fast-sweep
experiment is not conclusive. Thus other proposed mecha-
uoB=>hyn, (11 nisms[6,7] may also contribute to the loss.
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Additional atom loss may be provided by secondary col-cross section at energies belevi0 mK[13], and the added
lisions. A qualitative idea concerning their effect can be ob-contribution of inelastic collisions. Two values ofb are
tained by the following arguments. The deactivation reactionherefore used in Fig. 4. This figure shows that the secondary
Eq. (2) produces 4nn,, “hot” particles (atoms and mol-  cojjisions may appreciably increase the condensate loss. The
eculeg in a unit volume per unit time. Traversing a distance gffects of secondary collisions on the slow-sweep results are

b at a speed, these particles create new hot particles in 8generally less prominent, adding up an insignificant correc-
cascading process. The density of hot particles may then Be, 1o estimated value of

estimated asi,~4ynny(b/v)exgbo(n+ny)], whereo is Another mechanism that may contribute appreciably to

the elastic collision cross section, considered here to be iden: . . .
. . -the loss rate in the fast-sweep case is the unimolecular pro-
tical for atom-atom and atom-molecule collisions. The addi-

tional loss rate due to these secondary collisions is estimated >> discussed in Rei[sﬁ,?_]. T_h|s treatment also takes into
: account the effect of the kinetic-energy terms neglected here.
asvonn, for the atomic condensate andrn,n, for the

molecular condensate. An account of these losses can t%ﬁ In conclusion, the mechanism proposed héased on
taken by adding the term 2rny, to yn,, in Eq. (3) and to e deactivation of the molecular Feshbach resonance state

yn, in Eq. (4). This loss rate depends essentially on theby an inelastic collision with a third atonprovides a rea-

productob. A conservative estimate of this product is ob- sonable explanation of the slow-sweep experiments. It also
tained by takingo=0.5x10 12 ¢ (the elastic Na-Na offers an effect competing with other mechanisms in the fast-

cross section at 0.1 KL3], a typical vibrational deactivation sweep case.

energy, andb=10"2 cm (the condensate-cloud radjus\ The authors are most grateful to Wolfgang Ketterle and
more realistic estimate may reach a higher value on accourdoern Stenger for helpful information regarding the MIT ex-
of the larger axial condensate length, the rise of the elastiperiments, and to Fred Mies for useful comments.
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