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Abstract

The experimental results 8PRb Bose—Einstein condensates are analyzed within the mean-field approximation with time-
dependent two-body interaction and dissipation due to three-body recombination. We found that the magnitude of the dissipation
is consistent with the three-body theory for longer rise times. However, for shorter rise times, it occurs an enhancement of this
parameter, consistent with a coherent dimer formation.

0 2004 Elsevier B.V. All rights reserved.

PACS 03.75.-b; 21.45.+v; 36.40.-c; 34.10.+x

Bose—Einstein condensation of dilute atomic gases (F = 2, myp = —2) [6,15,16]. A theoretical analysis

has been observed for the first timeffiRb atoms [1]. of the time delay in the JILA's collapse experiment
Since then, it has been condensed aton’SN [2], [16] has been studied within the mean-field approach
Li [3], H [4], metastabléHe [5], 8°Rb [6], 41K [7] in Ref. [17]. It was also demonstrated in Ref. [18]

and, more recently33Cs [8]. Next, intense theoretical  that strongly enhanced iradtic three-body collisions
studies have considered the dynamics of confined occurs near Feshbach resonances. In a more recent
Bose gases [9-12]. In Ref. [13], it was theoretically experiment, in Ref. [19], it was explored the region of
predicted that Feshbach resonances could vary thevery large scattering lengths (up t0400Q:9, where
scattering length of atoms in systems of dilute alkali ag is the Bohr radius).
gases over a wide range of values. The phenomenon The scattering length has been observed to vary
was first realized in a Bose—Einstein condensate in as a function of the magnetic fielgl, according to the
Ref. [14] and it was used for the condensation and theoretical prediction [20], as
collapse control oP°Rb atoms in the hyperfine state A

a=ap X (1 — ), 1)

B — B,
" Corresponding author. wherea is the scattering lengtla,, is the background
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of 8Rb, andA is the resonance width. In the case of losses from BEC by three-body recombination. This
85Rb, one has resonance width= 11.0 G, resonance  Lagrangian leads to the following equation of the sys-
field B, = 1549 G and background scattering length tem:

ap = —45Qug [19]. The dominant process of atomic 52 a2
losses in condensates has been verified to be the threeih — = [—— +

body recombination [19,21], with a time dependence 2m 2
concerning a simple constarate equation. In recent + Uolw? — ihﬁ|l1/|4]l1/ @)
experiments witif¥°Rb, realized in the strong interac- 4 ’

tion regime [19], this picture fails. Bose-Einstein con- a0 . is the geometric mean trapping frequency,
densates initially stable were submitted to magnetic Uo = Uo(1) = 47 h2a(r)/m andK3 = K3(7) is the re-

field pulses carefully contrqlled in the vicinity B?Rb_ combination loss parameter. The wave-function-
Feshbach resonance, aiming to test the strongly mter—lp(;’ 1) is normalized to the number of atom& The

- . . 3
acting regime for diluteness paramejes= na* vary- three-body recombination rats is here introduced

ing from x = 0.01 tox = 0.5. The loss of atoms from ¢, qacribing atomic losses from the condensate when
BEC occurred in impressively short time scales (Up 10 hree atoms scatter to form a molecular bound state

tW(_) hundre_ds_of us) and disagree_s with previous_theo- (dimer) and a third atom: so, the kinetic energy of
retical predictions [6]. Such experiments reveal higher . final state particles allows them to escape from

loss of atoms in shorter magnetic field pulses applied ¢ a5 Other nonconservative processes as amplifi-

on BEC and, previously, one knew that as longer is .ation from thermal cloud and dipolar relaxation are
the time spent near a Feshbach resonance as higher i g gjected, since the latter has a much smaller effect

the loss of atoms from BEC [6]. Motivated by this ex- 4 three-body recombination [19,21] and in JILA

periment, we investigate the dynamics’dRb Bose— experiments [19] the thermal cloud is negligible (only
Einstein condensates submitted to such external CON-1000 atoms in a sample of 17 500).

ditions and time scales, cddering a mean-field ap- A theoretical prediction ok is a hard task since
proach. Our first task is to reproduce the experimental j; 5 sensitive to the detailed behavior of the interac-

data with time dependent parameters or at least ver-jo, hotential [28,29]. However, such a calculation be-
ify possible limitations of the time dependent mean- ., aq simpler if we consider thaits the only impor-
field approximation. Next, we consider the magnitude length scale (reasonable in the weakly bosnd

of the recombination rate as described in the litera- 4y state limit) and this has been considered in many
ture [22—29], but with time functional dependence. works [22-29].

We remind that the mean-field approximation is
valid for very dilute systems when the average inter
particle distanced are much larger thatu| and the
particle wavelengths are much larger thafl0,11]. K3(t) = Kﬁ[a(,)]“’ (3)
Besides, it is important to pay attention to the time m
scales present in the system: the physical conditionswherex should correspond to the universal vakue-
must not change fast enough in order to allow the 3.9. But in Ref. [23] and in Ref. [24], it was found
replacement of a true interatomic potential by the 0<«x <65 andin Ref.[25], &« < 67.9,thatisk is
contact interaction. It is possible in principle for the not universal (in genera(s depends on a three-atom
rate of change to be larger tharima? for extremely scale [26]).
very short changes in the interactions [12], but it In Fig. 1, we schematically give two characteristic
is reasonable to assume valid this time dependentpulses employed in JILA, in whictBg, Bj, By, tr
approach at least for longer pulses. andz¢,, correspond to the initial field, the hold field,

We begin our description from an effective La- the final field, the rise time and the hold time of
grangian of the nonconservative system as in [30], in the pulse, respectively. For describing the dynamics
which one describes the dynamics of a trapped Bose—of condensates subjected to (1), we consider in our
Einstein condensate in spherical symmetry with such calculations the same expewntal parameters and
a GPE generalization, in which one also considered conditions used in [19]: ag is known to be a function

Following Ref. [22], the recombination rate is
written as
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Fig. 1. Triangular (insertion) and trapezoidal shapes of magnetic ) 50 100 150
field pulses (Gauss) applied $8Rb BEC as functions of the pulse t.(us)
time. The rise time of the pulse is = 12.5 ps; with the hold field
B;, = 1567 G, which corresponds t = 230Q:g, whereag is the Fig. 2. Remaining fraction of atoms f?Rb condensate versus the
Bohr radius. The hold time of trapezoidal pulseyjs= 120 ps. hold time for several rise times, as indicated inside the frames. In the

upper frame we present shorter pulsedarger); and, in the lower
o frame, longer pulsesc(smaller). The initial number of particles is
of the magnetic field by means of (1), we only use  16500.N; is calculated for = 700 ps B, = 1645 G).

time dependent shapes of experimental magnetic field
pulses employed in JILA (triangular and trapezoidal
pulses). The hold field i®;, = 1567 G, and the end  atoms N, /N in the 8Rb BEC as function of the
field in which one measures the remaining number hold time, by adjusting our curve with the first point
of particles N, of the system isB,, = 1645 G of Fig. 2 in Ref. [19]. Fors, = 125 ps, we found
at + = 700 pus. Further, we put initial field3g = k = 1800, very far away of the values described
166 G, corresponding to a harmonic oscillator state earlier in the literature [22—29]. The results show the
of the system 4 ~ 0), applied to an initial sample same exponential decay and good concordance with
of No=16500 condensed atoms &%Rb. Further, experimental data, mainly for shayt(circles in upper
in our approach we have used spherical symmetry frame of Fig. 2). However, as one can realize, for
with mean geometric frequeney = (w,zwz)l/3, for longer hold times, experimental data point out a higher
simulating the cylindrical geometry of JILA (radial: dissipation when compared with our simulations. For
wr = 21 x 17.5 Hz and axialw, = 27 x 6.8 Hz). Our other short rise times in this frame or longer rise
time dependent calculations started with a Gaussiantimes (lower frame), we have similar behavior, but we
shape wave-function which we numerically evolve by have to decreasefor better adjusting to experimental
means of Eq. (2), using the Crank—Nicolson algorithm, data. So, the comparison with experiments show that
as in Refs. [31-33]. We analyzed the loss of condensed«x depends significantly on values pfandz,. As we
atoms like in [19], by considering hold times from know [34], the mean-field approach should make more
thold = O (triangular) or units of ps (shorter trapezoidal adequately if we were in a slower process. So, we
pulses) to nearly hundreds of ps (longer trapezoidal also tried to verify if our results would give a lower
pulses). The behavior of the scattering length, as a value of« (inside interval described in literature) if
function of total time of the pulse, in the region of we calibrated our calculation with the last point of the
strong interaction atom-atom, follows similarly the longest pulse of JILA [19]4 = 2526 us). Really, we
behavior of the employed field pulses given in Fig. 1. foundx = 100 for this case (closer to values described
In triangular pulses, there is a sharp peak in the in literature [22—-29]) and the results reproduce the
resonance region and a plateau for trapezoidal pulses. experimental data for longer rise time but they do not
In the upper frame of Fig. 2, we used symmetric make very well for shorter rise time, as we can observe
rise and fall times # = 125 ps, . = 25 ps and in lower frame of Fig. 2. The very large value of
t- = 75 ps), to determine the remaining fraction of leads us to conclude that there is a coherent formation
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of dimers, that occurs up to nearly ~ 100 ps, as  Table 1

one can realize observing the lower frame of Fig. 2 Numerical values of the three-bodgcombination coefficient as
for shorter rise times. It is physically sensible that, WNgion of the rise time, of the magnetic field puises applied to
for shorter pulses, the presence of coherence in the

formation of dimers would be more plausible than shorter longer

for longer pulses. Together with the significant loss #(4s) 125~ 253 758 1516 2021 2526
from the coherent formation of dimers, one should * 1800 1700 1600 500 200 100
also observe a burst of atoms carrying the excess of
energy, which forf®Rb with the maximum value of

a = 400Qzg, would be above 70 nK. Indeed, in the
JILA experiment, it was seen a significant number
loss from the BEC for pulses lasting only few tens
of microseconds, which were accompanied Hyest

of few thousand relatively hot{ 150 nK) atoms that
remained in the trap [19]. In our description, for each

hot atom one dimer is also formed. Therefore, the y 4 jinear or exponential decreasing function. Here
burst of atoms should be accompanied by a burst of \ye consider the following simple functional time-rise
weakly bound dimers. Using the observed temperature dependences af

and momentum conservatioof the recombination
process, we predict that the dimers are also relatively «(z,) = 2300 exg—0.01 x wt,) or (4)
hot (~ 75 nK). _

The interpretation that the loss of atoms in the con- ke (tr) = 1900~ oy, ©)
densate is due to the formation of molecular states waswhere Eq. (5) is only valid for positive values.
also suggested in another theoretical approach [35], With such decreasing functional time-rise depen-
which predicts the creation of a molecular conden- dence ofic, we have verified, as shown in Fig. 3, that
sate in the experiment of JILA [6]. The problem of we have the qualitative behavior observed in the ex-
substantial increase in the losses was also analyzed inperimental results given in Ref. [19] of the remaining
Ref. [36], using a generalized parametric approach. number of atomsV, versust.. We have considered

The authors of Ref. [37] have also pointed out several values of the hold timg. For very small hold
the possibility of atom—molecule laser fed by stim- time, we can also verify the same experimental results
ulated three-body recombination processes. In their that presents a minimum of. as a function of,.. With
interpretation, the atoms and molecules produced in a linear functionat, dependence of, the same qual-
the same state enhance the three-body recombinatioritative behavior can also be reproduced; which differs
rate in respect to the vacuum values. They suggest an-quantitatively from the exponential behavior that we
other experimental setup to verify this effect, which show. So, we conclude that the time dependent mean-
involves a collision of two atomic condensates pro- field approach can describe all the experimental data,
ducing two molecular condensates in counterpropa- if the three-body recombination coefficient depends on
gating momentum eigenstates. However, as we havethe rise time in this short time scale. Such dependence
discussed above, we have a strong indication that theon the rise time can be explored, once the uncertain-
stimulated three-body recombination phenomena is ties in the experimental results are reduced and by con-
occurring when the condensate is submitted to a shortsidering a better fitting of data (improving the values
magnetic pulse near a Feshbach resonance. given in Table 1). In our interpretation, the higher val-

We note that, if we consider a constant value of ues ofkx for smaller values of, are indicating the
«, in all the cases (for any choices gf) we obtain coherent formation of another species (dimers) in the
a decreasing behavior @f,, as we increase the rise condensate.
time ¢.. This is in contrast with the experimental In summary, we report in this Letter indications
results. So, we consider to adjust the valueskof based on our calculations that a recent experiment re-
that approximately better describe the experimental alized in JILA [19] is evidencing the coherent forma-

data for each given rise timg; i.e., « is taken as a
function of the rise timed = «(z,)). Our results are
shown in Table 1. There is an obvious uncertainty
in the given numbers of Table 1, that are related to
our approximate theoretical fitting and experimental
data fluctuations. However, based on such results,
the behavior ok (f,) can be approximately described
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for longer pulses. Finally, it is natural to see a burst of
relatively hot atoms and dimers (carrying the excess
of dimer binding energy) acoopanying a significant
loss from the condensate for short pulses when the co-
1 herent dimer formation occurs.
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Fig. 3. Remaining number of atoms #PRb BEC versus the

scaled rise time (factor /4) of the applied magnetic pulse, for
several hold times, wittB;, = 1567 G (230@) and initial number

Ng = 16500. In the upper frame, is given by Eqg. (4); and, in the
lower frame, by Eqg. (5). The symbols, indicated inside the frames,
correspond to experimental data. both frames, the curves from
up to down must be compared, respectively, with circles, squares,
diamonds, triangles up and triangles down.
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