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Mean-field description of collapsing and exploding Bose-Einstein condensates
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We perform numerical simulations based on the time-dependent mean-field Gross-Pitaevskii equation to
understand some aspects of a recent experiment by Deilaly [Nature(London 412 295 (2001)] on the
dynamics of collapsing and exploding Bose-Einstein condensat&¥®Rof atoms. These authors manipulated
the atomic interaction by an external magnetic field via a Feshbach resonance, thus changing the repulsive
condensate into an attractive one, and vice versa. In the actual experiment they suddenly changed the scattering
length of atomic interaction from a positive to a large negative value on a preformed condensate in an axially
symmetric trap. Consequently, the condensate collapsed and ejected atoms via explosion. We find that the
present mean-field analysis can explain some aspects of the dynamics of the collapsing and exploding Bose-
Einstein condensates.
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I. INTRODUCTION hence the atomic interaction was fixed. This restricts the
number of atoms in théLi BEC to a number close tdl,,
Recent successful detectiph—3] of Bose-Einstein con- and the collapse is driven by a stochastic pro¢8si4].
densatedBEC's) in dilute bosonic atoms employing mag- In the experiment conducted at JILA, Donlest al.
netic traps at ultralow temperatures has intensified experichanged a stable preformed repulsive condensaté®Rb
mental activities on various aspects of the condensate. Ostoms into a highly explosive and collapsing attractive con-
the theoretical front, numerical simulation based on the timedensate and studied the dynamics of collapsing and explod-
dependent nonlinear mean-field Gross-Pitaevgk®) equa-  ing condensatefl4]. The natural scattering length 8PFRb
tion [4] has provided a satisfactory account of some of thesgtoms is negativeattractivg. By exploiting the Feshbach
experiment§5-9]. Since the detection of BEC's fofLi at-  resonance Donlegt al. made it positive(repulsive in the
oms with attractive interaction, one problem of extreme in-initial state, where the number of atoms, unlike in the experi-
terest is the dynamical study of the formation and decay ofnent with ’Li [3], could be arbitrarily large. So immediately
BEC’s for attractive atomic interactioriS]. after the jump in the scattering length to a large negative
For attractive interaction the condensate is stable for &alue, one has a highly unstable BEC, where the number of
maximum critical numbeN,, of atoms[3]. Measurements of atoms could be much larger that,. Donley et al. have
N [3,10 are in reasonable agreement with mean-fieldprovided a quantitative estimate of the explosion of this BEC
analyses for BEC's of Li in a spherically symmetric trap by measuring the number of atoms remaining in the conden-
[5,11], although there is some discrepancy for BEC'S®b  sate as a function of time until an equilibrium is reached.
in an axially symmetric trap12,13. If the number of atoms They claim that their experiment reveals many interesting
can somehow be increased beyond this critical number, thehenomena that challenge theoretical models. The funda-
condensate collapses due to interatomic attraction, emittinghental physical process underlying the explosion remains a
atoms until the number of atoms is reduced belywand a  mystery.
stable configuration is reached. With a supply of atoms from In this paper we perform a mean-field analysis based on
an external source the condensate can grow again and thuste time-dependent GP equation to understand some aspects
series of collapses can take place, which has been observefithe above collapse and explosion of an attractive conden-
experimentally in a BEC of Li with attractive interaction sate of8°Rb atoms in an axially symmetric trap. To account
[3]. A theoretical mean-field analysis has been able to exfor the loss of atoms from the strongly attractive condensate
plain this dynamic$5-9]. we include an absorptive nonlinear three-body recombina-
Recently, a more challenging experiment was performedion term in the GP equation. Three-body recombination
by Donley et al. [14] on an attractive condensate 8fRb  leads to the formation of diatomic molecules with liberation
atoms[10] in an axially symmetric trap, where they manipu- of the energy responsible for energetic explosion with ejec-
lated the interatomic interaction by changing the externation of matter from the BEC. This process could be termed
magnetic field, exploiting a nearby Feshbach resongbise  “atomic fusion,” in contrast to nuclear fusion in stars. The
In the vicinity of a Feshbach resonance the atomic scatterinthree-body recombination rate we use in numerical simula-
lengtha can be varied over a huge range by adjusting thetions is in agreement with previous experimental measure-
external magnetic field. Consequently, they were able to sudnent [16] and theoretical calculationl7]. The numerical
denly change the atomic scattering length by a large amoumhethod we use for the solution of the time-dependent GP
for a BEC's of ®Rb atomg10]. They even changed the sign equation with an axially symmetric trap has appeared else-
of the scattering length, thus transforming a repulsive conwhere[13,18,19. We find that the present mean-field nu-
densate into an attractive one. The original experiment omerical simulation provides a fair description of some fea-
attractive ‘Li atoms[3] did not use a Feshbach resonance;tures of the experiment of Donlest al. [14].
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There have been other theoretical studies based on tlguency in the radial direction and Aw that in the axial
mean-field GP equatiof6—9] to deal with dynamical col- directionz We are using the cylindrical coordinate system
lapse including an absorptive term to account for the loss of=(r,6,z) with ¢ the azimuthal angle. The normalization
particles. In most cases the loss mechanism is three-bodyondition of the wave function igdr| W (r;7)|?>=1.
recombination as in the present study. Duine and St@pf In the absence of angular momentum the wave function
proposed that the loss arises due to a new elastic procedsas the formW(r;7)=(r,z;7). Now transforming to di-
Instead of attempting a full numerical solution of the GPmensionless variables defined by=\2r/l, y=+2z/1, t
equation with axial symmetry, these investigations used vari= 74, |=\/4/(mw), and
ous approximations to study the time evolution of the con-

densate or employed a spherically symmetric trap. Duine and (X,y:t) 3
Stoof[7] considered the full anisotropic dynamics, but used d(x,y;t)= haSuPALo —u(r,z;7), (2.2)
a Gaussian approximation for the wave function rather than X \/§

an exact numerical solution. Most of the other studies em-

ployed a spherically symmetric trdp,8]. However, the in- we get

vestigation of Ref[9] employed an axially symmetric trap to

describe some aspects of the experiment of Doategl. and 9 19 & N 1
j—— — 4 4

we comment on this work in Sec. IV. In the present investi- BT ol XX g2 4
gation we consider the complete numerical solution of the y

4
X2+ \2y%— —2)
X

mean-field GP equation for an axially symmetric trap as in (x,y;t)|?
. . . . (ID ’y’
the experiment of Donlegt al. It is realized that an approxi- +8/27m T
mate solution as in the previous studies cannot explain the
dynamics of this experimei®,14). o(x,y:t)|
In Sec. Il we present the theoretical model and the nu- —ién?———— |o(x,y;t)=0, (2.3
merical method for its solution. In Sec. Il we present our X

results, which we compare with the experiment of Donley

et al.Finally, in Secs. IV and V we present a brief discussionWhere n=Na/l and ¢=4K3/(a’l*w). This scaled mean-
and concluding remarks. field equation has the correctdependence of the three-body

term so that the same equation can be used to study the
decay rate of different initial and final scattering lengths
Qjnitial ANdAcoiapse r€Spectively, and initial number of atoms

A. Theoretical model equations No. In this study the terniK; will be used for the description

The time-dependent Bose-Einstein condensate wave funé’-f atom loss in the case of attractive interaction, where the
tion W(r:7) at positionr and timer allowing for atomic loss ~ Scattering lengtre is negative. From theoretical0] and

may be described by the following mean-field nonlinear GpEXperimenta[16] studies it has been found that for negative
equation[4,5]: a K; increases rapidly aga|", where the theoretical study

[20] favorsn=2 for smaller values ofa|. For larger|a|, a

5 if much larger rate of increase may take plat&,20. There

) are experimentdl21] and theoretical17,20,23 estimates of
K for 8Rb, #Na, and’Li away from Feshbach resonances.

II. NONLINEAR GROSS-PITAEVSKII EQUATION

h2v?
_I —_—

Jar  2m

+V(r)+gN‘\If(r;T)

N ) o _ However, no thorough and systematic study of the variation
X [KN[W (r;7)[*+ KN W (r;7)|*] | W (r; 1) =0. of K5 near a Feshbach resonance has been perfofagid
2.1 An accurate representation of the variationkof of ®Rb

near the Feshbach resonance is beyond the scope of this
study and here we represent this variation via a quadratic
dependenceK ;~a?. This makes the parametérabove a
constant for an experimental setup with fideahd w, and in

Herem is the mass antll the number of atoms in the con-
densateg=4=#%a/m is the strength of interatomic interac-
tion, with a the atomic scattering length. A positieecorre-
sponds to a repulsive interaction and a negatvéo an the present stu_dy we use a_gonstgnt .
attractive interaction. The ternt6, andK denote two-body The normalization condition of the wave function be-
dipolar and three-body recombination loss-rate coefficientscOMeS
respectively. There are many ways to account for the loss . "
mechanisni6,7]. It is quite impossible to include them all in /\/normEZWJ' dxf dyle(x,y;t)|>x " 1=1. (2.9
a self-consistent fashion. Here we simulate the atom loss via 0 —
the most important quintic three-body teidy [6,8,9. The
contribution of the cubic two-body loss tefih6] is expected For K3=0, Nyomi=1; however, in the presence of loEs
to be negligiblg6,9] compared to the three-body term in the >0,M,;m<1. The number of remaining atoréin the con-
present problem of the collapsed condensate with large demlensate is given byN=NyN,om, Where Ny is the initial
sity, and will not be considered here. number.

The trap potential with cylindrical symmetry may be writ-  The root mean squakems) sizesx,nsandy,msare defined
ten asV(r)=imw?(r?+1?z%) wherew is the angular fre- by
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ers:NnormZWJO de_xdy|<p(x,y;t)|2x, (2.5 J

Acollapse = 873

y’ZmS:N”:’}WZWJO de'_ dyle(x,y;t)]2y?>x L (2.6) 12000

B. Numerical details

We solve the GP equatidi2.3) numerically using a time-
iteration method elaborated in Refd.3,18,19,24 The full
GP Hamiltonian is conveniently broken into three parts—
Hyx, Hy, andH,—the first containing the-dependent de-
rivative terms, the second containing fredependent deriva-
tive terms, and the third containing the remaining linear and 0 4 8 12 16 20
nonlinear terms. The GP equations for the first two parts are TevolvelMs)
defined on a two-dimensional set of grid poiiégx N, us- FIG. 1. Number of remaining atoms in the condensate of
ing the Crank-Nicholson discretization method. The resultanie 000 #Rb atoms after ramping the scattering length frapy
tridiagonal equations alongandy directions are solved al- =7a, to agjapse —6.7a9, —30a;, and —263, in 0.1 ms as a
ternately by the Gaussian elimination method alongxtthed  function of evolution timerg,qye in Ms. Solid circles, experiment
y directions[24]. The GP equation for the third part does not for acgapse= — 3080 [14]; full line, theory (¢=2); dash-dotted line,
contain any space derivative and is solved essentially extheory =3, acqiapse= —308); dashed line, average over prelimi-
actly. Effectively, each time iteration of the GP equation isnary, unanalyzed data using B§.1) [25].
broken up into three parts—usird,, H, andH,. For a
small time stepA the error involved in this break-up proce- jteration. Now the system is prepared for simulation of the
dure along thex andy directions is quadratic id and hence collapse and explosion.
can be neglected. For numerical purposes we discretize the For the simulation of the collapse and explosion the cubic
GP equation using the time stép=0.001 and space step 0.1 nponlinear term was maintained constant and a nonzero value
for bothx andy spanningk from 0 to 15 andy, from —30t0  of ¢ was chosen. The time evolution of the GP equation is
30. This domain of space was sufficient to encompass thgontinued as a function of time= o, Starting at 0. The
whole condensate wave function even during and after colime evolution was continued using a time st&p-0.001.
lapse and explosion. The preparation of the initial repulsiveafter a small experimentation it was found thiat 2 fits the
wave function is now a routine job and was done by increasexperiment of Donleyet al. satisfactorily. Unless otherwise
ing the nonlinearityn of the GP equatiori2.3) by 0.0001 in gpecified, this value of was used in all simulations reported
each time stepA during time iteration, starting with the in this paper for differenta collapse ANANo.
known harmonic oscillator solution of E¢2.3) for n=¢ It is useful to compare this value af (=2) with the
=0[13]. experimenta[16] and theoretical20] estimates of the three-

It is now appropriate to calculate the parameters of theyody loss rate of 8Rb. For this we recall thatKs
present dimensionless GP equatih3) corresponding 10 = £32|44/4. Under the experimental condition of an external
the experiment of Donlegt al. We follow the notation and  magnetic field of 250 G 0f°Rb [16], the scattering length
nomenclature of Refl14]. Their radial and axial trap fre- yaq a~—3708,. Consequently, the present value &f
guencies arevygin=17.5 Hz andv,,=6.8 Hz, respec- (=2) corresponds t&;=~9x10 25 cm?/s for a~ — 3708y,

tively, leading tox =0.389. The harmonic oscillator length  \hich is about the experimental rd@=(4.24‘_”8;;8i 0.85)

of *®Rb atoms foro=27Xx17.5 Hz andn~79176 MeV . 10-25 cf/s[16] and about 1.3 times the theoretical rate
is|=\A/(mw)=26070 A. One unit of timé¢ of Eq.(2.3) is K;=6.7x 102 cnf/s ata~ —370a, [17].
1/w or 0.009095 s. Donlewt al. prepared a stablé°Rb
condensate ofNy=16000 atoms with scattering length
amma|:7ao, a0:0.5292 A, such that the initiah=2.274.
Then during an interval of time 0.1 ms the scattering length The numerical simulation using E(R.3) with a nonzero
was ramped t@=acqapse= — 3089 such that the finah= ¢ immediately yields the remaining number of atoms in the
—9.744. The final condensate is strongly attractive and uneondensate after the jump in scattering length. The remaining
stable and undergoes a sequence of collapse and explosionumber of atoms vs time is plotted in Fig. 1 f@f,a

The initial value ofn (=2.274) was attained after 22740 =7ay, agapse= — 302y, =2, andNy=16 000, and com-
time steps. The nonlinearity is then ramped from 2.274 to pared with the experimental data. In this figure we also plot
—9.744 in 0.1 ms. As one unit of dimensionless tilnes  the result in this case faf= 3, which leads to a better agree-
0.009095 s, 0.1 ms corresponds to 11 steps of imk the  ment with experiment for this specific case. However, the use
present simulationn was ramped from 2.274 t69.744 in  of £&=2 leads to a more satisfactory overall agreement with
the GP equation by equal amounts in 11 steps. The absorpxperiment. Except for this single curve in Fig. 1 and the plot
tive term £ was set equal to zero during the above timein Fig. 4a) below, which are calculated witf= 3, all results

Number in GCondensate

6000 —

IIl. NUMERICAL RESULTS
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reported in this paper are calculated with 2.

In the experiment of Donlet al. [14] it was observed
that the strongly attractive condensate remains stable after
preparation with a constant number of atoms for an interval
of time teyapse Called the collapse time. This behavior is
physically expected. Immediately after the jump in scattering
length from 7a, to —30a,, the attractive condensate shrinks
in size duringtcoiapse UNtil the central density increases to a
maximum. Then the absorptive three-body term takes full
control to initiate the explosion. Consequently, the number of
atoms remains constant fot,e<tcoiapse The present re-
sult (full line) also shows a similar behavior. However, in
this simulation the absorptive term is operative fregyye
=0 and the atom number decreases right from the beginning,
albeit at a much smaller rate fot,oe<tcollapse

Donleyet al.repeated their experiment with different val-
ues ofaynital, Acollapse @NANg [14]. FOr ajnitjg = 72 We re-
peated our calculation with the following values of final scat-
tering length:agyapse= — 263 and —6.7a,. These results
are also plotted in Fig. 1 and agree with the unpublished,
preliminary unanalyzed daf&5]. The initial delayt ;oapsein

starting the explosion is large for smgoiapsd as we see in FIG. 2. The central part of the dimensionless wave function
Fig. 1. A similar effect was observed in the experiment for an g(x,y)|=|e(x,y)/x| of the condensate on a 0<D.1 grid for &
initial condensate of 6000 atoms as shown in Fig. 21dfl. =2 after the jump in the scattering length of a BEC of 16 0¥&b

After a sequence of collapse and explosion, Dorg¢l.  atoms fromajya= 70 t0 acoliapse= — 308 at timesTe,oe=0, 3.6
observed a “remnant” condensate Nf..aniatoms at large  ms, 3.8 ms, and 8 ms. The quantitieandy are expressed in units
times containing a certain constant fraction of the inibigl  of I/1/2, wherel =26 070 A.

atoms. Figure 1 shows such a behavior.

The above evolution of the condensate after the jump in3.1) (dashed ling for agyapse= —2630,—30a,, and
scattering length te- 30a, from 7a, for Ng=16 000 can be —6.7a, with respective decay rate@gec,=1.2 ms, 2.8 ms,
understood from a study of the wave function and we displaygnd 2.8 ms[25]. For a wide variation of parameters
the central part of the wave function in Fig. 2 fogove  @initial» Acoliapse @NANg, TgecayVaries approximately between
=0, 3.6, 3.8, and 8 ms. The wave function immediately af-1 and 3. The results of the present simulatifarl line) agree
ter the jump at timer,, o= 0 is essentially the same as that well with the average experimental result of E§.1) for
before the jump at-0.1 ms. There is not enough time for three differenta yapse (dashed ling[25].
the wave function to be modified at,,=0. From Fig. 2 Next we repeated our calculation for several other values
we find that at 3.6 ms the wave function is only slightly Of Qjnjtiai » Qcollapse @NANg. These results are plotted in Fig. 3
narrower than at 0 ms but still smooth and has not yet colfor (a) @jitia=890, acolapse= — 1529, and Ny=6000, (b)
lapsed sufficiently. Asreyone iNnCreases, the wave function @initia=0.6420, acoliapse= — 6639, and Ny=14500, (c)
contracts further and the explosion starts. At 3.8 ms som@iyitia=0.6480, Acoliapse= —6.639, and Ny=5500, and(d)
spikes (irregularities have appeared in the wave function @jija= 720, Acollapse™ — 263, and No=6000. The agree-
showing, the beginning of the explosion and loss. From thenent of the result of simulation with unpublished, prelimi-
study of the wave functions we find that the explosion startqiary unanalyzed data is good in all four cases reported in
at Teyoe=teollapse=3.7 MS, in agreement with the experi- Fig. 3[25].
ment of Donleyet al. We also find that at 3.7 ms before the  The decay curves in Fig. 3 are different, although they
loss began the bulk BEC did not contract dramatically, adhave certain general features that determine the decay con-
also observed in the experiment. In the numerical simulatiorstant 7yecay, collapse timeétcgapse @nd number of atoms in
for this case we find that ate,ne=0Xms=2.98 um and the remnant. Experimentally, the fraction of atoms that went
Yims=4.21 um, and at 7e,one=3.7 MS, X;me=2.53 um,  into the remnant decreased with increadiag,ps¢ and was
and y,s=4.10 um. From Fig. 2 we see that at 8 ms the ~40% for |acoapsé<108p and ~10% for |acojapsd
wave function is very spiky, corresponding to the violent>100g,. Figures 1 and 3 also show this behavior. The values
ongoing explosion. of T4ecayfor plots in Figs. 8a)—3(d) are 1.5 ms, 2.4 ms, 3.3

Donleyet al. fitted the decay in the number of atoms dur- ms, and 1.9 ms, respectively, lying in the rang&d -3 ms
ing particle loss to a decay constamt.,, via the formula [25]. The general features in the behavior of remnant number

_ and collapse time are discussed in the following.
N(7evolve) = Nremnani* (No~ Nremnand Donley et al. provided a quantitative measuregment of the
X elteotapse— 7o 01 )/ Thecay (3.1)  variation of collapse timé yapse With the final scattering
lengthaggapsefor a givenaiyis =0 andNy=6000. We also
for Tevonve™ teollapse N Fig. 1 we also ploN(7e,one Of EQ.  calculated this variation using our model given by E33).
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FIG. 3. More decay curves with=2 for (a) ajyia =890, 8collapse= — 1589, andNg=6000, () &jpjsia=0.6429, Acoliapse — 6.680, and
No=14500,(C) ajpiia=0.648¢, 8coapse= — 6.689, andNy=5500, and(d) ajnisiai= 780, Acoliapsi= — 26389, andNy=6000. Full line, present
theory; dashed line, average over preliminary, unanalyzed data usin@.Bq.25].

In our calculation we defing,apseas the time at which the  the axially symmetric trap used in the experiment of Donley
spikes(irregularities, as in Fig. 2, tend to appear in the wave et al. with the asymmetry parametar=0.389. The theoret-
function. The results are plotted in Fig. 4 and compared wittcal a., should be larger than the experimerdglin the same
experimental dat14] as well as with another calculation proportion. This might imply that the theoretic&lyapse
using the mean-field GP equation in an axially symmetricshould tend to infinity for a slightly larger value afgyapse@s
trap[9]. The agreement between the two theoretical results it Fig. 4.

very good. There is also qualitative agreement between the Donley et al. measured the number of remnant atoms for
experimental data on the one hand and the two calculatiors,;, = 72, and different initial numbeN, andacgjapseand

on the other hand:teyapse decreases with increasing these result§26] are plotted in Figs. @ and §b) and com-
|aconapsd/@o starting from an infinite value d&capsé=a,  pared with numerical simulations performed wik3 and

for a fixedNg, which is 6000 in Fig. 4. For thibly, a isthe 2, respectively. The agreement is good for most cases shown
minimum value of|agapsé that leads to the collapse and in this figure. ForNy=6000, there is some discrepancy be-
explosion. For a giveiNy, a critical value oin=n,, for col-  tween theoretical and experimental remnant numbers. The
lapse can be defined via,=Nya./l. As there is a discrep- overall agreement is better in the case wfth2 than with
ancy between the theoretical and experimengafor an axi- §=3. For £=3 the three-body recombination loss rate is
ally symmetric trag 12,13, the theoretical and experimental larger and this leads to smaller remnant numbers compared
a, are also supposed to be different. The experimekyal to the case witlg=2. The theoretical,, for a fixed negative

=n \=0.46[10] and the theoretical,,=0.55[12,13 for  Acoliapse IS iven by Ne,=0.58\" ¥ |acyapsd [12,13. For
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open circles, axially symmetric mean-field model of R&f]; ar- m -100a,
rows marked Th and Ex are theoreti¢dl49 [12,13 and experi- _ 80001 o apa T
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2 4
= 4000 - +—
aco”apse: - 25&0 , — lOCHo , — 30&0 , and — 213.0 s NCI‘ e o A
=124, 317, 1057, and 1510, respectively. Hence, from Fig. 5 &E» i Y E
we find that the number in the remnant could be much larger 2000 *i* g %_
thanN, for times on the order of tens of milliseconds. How-
ever, in our simulation such a remnant continues to emit - ,@84 1
atoms at a much slower rate, and for very large times on the . | | . | .
order of seconds the number of atoms eventually tends to- 00 4000 8000 12000 16000
ward N, . Initial Number

Donley et al. observed that the remnant condensate in all FIG. 5. Remnant number vs initial number fay,,= 72, and
cases oscillated in a highly excited collective state with apdifferentagapsefor (8) £=3 and(b) £= 2. The experimental results
proximate frequencies 1y, and 2v..q4ia being predomi- [26] with error bars are represented by solid triangles, solid circles,
nantly excited. The actual measured frequencies arg@3.6 solid squares, and solid inverted triangles g apse= — 2189,

Hz and 33.43) Hz. To find if this behavior emerges from the —30a,, —1008,, and —2553,. The corresponding theoretical re-
present simulation we plot in Fig. 6 the sizgssandy,ms Vs sults are represented by open triangles, open circles, open squares,
time for the condensate after the jump in the scatteringind open inverted triangles.

length to —6.7a, from 7a, for Ny=16 000. Excluding the

first 20 ms when the remnant condensate is being formed, weresent model as, the experiment could not specify the prop-
find periodic oscillations inx,,s and y,s with frequencies erties(magnitude and direction of velocitiesf the missing

13.5 Hz and 34 Hz, respectively, as observed in experimen@toms. Also, because of the missing atoms it is difficult to
predict the energy distribution of the burst atoms during the

explosion in a mean-field analysis. Without proper identifi-
cation of the missing atoms, any energy distribution calcu-
Although we have explained some aspects of the experilated using the present mean-field analysis will yield the total
ment of Donleyet al,, certain detailed features have not beenenergy of burst plus missing atoms. A careful analysis of the
addressed in this study. Donley al. classified the emitted energy of the emitted atoms is required to explain their ex-
atoms in three categories: burst, missfogdetectef and jet  clusive features and a detailed study of the wave function is
atoms[14]. The jet atoms appear with much lower energyneeded for this purpose. Such an analysis is beyond the
solely in the radial direction, possibly from the spikes in thescope of the present investigation and would be a welcome
wave function when the collapse is suddenly interrupted durfuture theoretical work.
ing the period of atom loss before the remnant is formed. The success of the Crank-Nicholson algorithm in alternate
Strangely enough, the emission of jet atoms is found not talirections as used in this study depends on a proper discreti-
possess axial symmetry always and hence it cannot be progation of the GP equation in space and time. In this study we
erly treated in an axially symmetric model. Moreover, aemployed a two-dimensional lattice in space of BA®0 or
clear-cut distinction between the burst and missing atom80 000 points X<15,— 30<y=<230) and a time step of 0.001.
emitted during the explosion seems to be difficult in theln the absence of collapse and recombination loss this dis-

IV. DISCUSSION
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L o e L (K3~6.7x10 25 cmP/s) for the same value of scattering
W length, whereas that of Ref9] is orders of magnitude
' I smaller. However, such a small three-body rate in Ref.

led to a large residual condensate at large time, which the
\ authors interpreted as the sum of burst plus remnant. The use
| ‘ of a large three-body rate in this study led to a much smaller
| ‘ | residual central condensate, which was identified as the rem-
| ' nant as in the experiment of Donley al. [14].
i i ] However, it is reassuring to see that thigyapse VS
4 . |acoiapsé/@o curves of the two models in Fig. 4 agree with
each other. The present calculation in Fig. 4 was performed
with a nonzero loss rat&;, whereas that in Ref9] was
2 . performed by setting{;=0. We find thatk ; plays an insig-
nificant role in this calculation at small times. Hence, the two
computer routines lead to the same result in the absence of
recombination loss before the beginning of the explosion.

A
Ao oA f

Xrms’ Yrms

0
0 200 400 600 800 1000

Tevolve (ms)
FIG. 6. The dimensionless rms sizeg,s (full line) and y,ns V. CONCLUSION
(dashed ling expressed in units dffy2 (1=26070 A) after the
jump in the scattering length of a BEC of 16 08®b atoms from In conclusion, we have employed a numerical simulation

Ainitial = 780 10 Acollapse= ~ 6729 @s functions of timereone fOr & pased on the accurate solutif8] of the mean-field Gross-
=2. Pitaevskii equation with a cylindrical trap to study the dy-
namics of the collapse and explosion as observed in the re-
cretization leads to very precise results. The accuracy is resent experiment of Donlegt al.[14]. In the GP equation we
duced in the presence of the violent collapse and explosioinclude a quintic three-body nonlinear recombination loss
simulated by three-body recombination. By varying theterm that accounts for the decay of the strongly attractive
space discretization grid and time step we found that thgondensate. The results of the present simulation account for
estimated error in the present calculation is less thd®%  some aspects of the experiment.
for time propagation up to a few tens of milliseconds. In the experiment a strongly attractifRb condensate
There has been another attempt to use the mean-field Gfas prepared by ramping the scattering length to a large
equation in an axially symmetric trg] to explain the ex- pegative value and the subsequent decay of the collapsing
periment of Ref[14]. There are certain differences between g exploding condensate was measured. We have been able
the analysis of Ref9] and the present investigation. Accord- , ,nderstand the following features of this dynamics from

ing to the experiment of Re[1f4], the” b(;JrSt atomi_""?ﬂ MISS- the present numerical simulatioft) The condensate under-
Lngtatqmstﬁree ggrﬁ?&?nfonrfzgnse;tzetﬁat agogni V;"'C fo(::qes Ct?] joes collapse and explosion and finally stabilizes to a rem-
act wi ventuaily hant condensate containing about10% (for |acojapsd

remnant. Of these, the burst atoms have energy much less 0 L
than the magnetic trap depth. Hence, although expelled fror% 1008,) to 40/°(f0r_|a‘30”3934_<1030) of the _|n|_t|al number
f atomsN at large times. This percentage is independent of

the central condensate they continue to be trapped and oscf’ X ,
late with time. The wave function of E€2.3) describes only ~No and the ramped scattering lengthyapse The number in
the central condensate. However, in Réfl the burst atoms the remnant condensate can be much Iar_ge_r than the critical
are considered to be the peripheral péne spikes of the number for collapseéN, for the same atomic interaction for
central condensate and hence taken to be described by tR¥perimental times on the order of tens of millisecor(@s.
mean-field Eq(2.3). The missing atoms are actually parts of In both the experiment and our simulation the remnant con-
the expelled atoms that have disappeared from the[frdjp ~ densate executes radial and axial oscillations in a highly ex-
In Ref.[9], the missing atoms have been taken to be the onlgited collective state for a long time with frequencieg gy
component of the emitted atoms. These are the main diffeand 2v,,;,. (3) After the sudden change in the scattering
ences between the point of view of the present analysis aniéngth to a large negative value, the condensate needs an
that of Ref.[9]. interval of timetyapscbefore it experiences loss via explo-
The three-body loss rates of the two studies are alsgion. Consequently, the decay starts after the interval of time
widely different. Here we employ the three-body recombina-t,g,pse (4) The number of atoms in the condensate decays
tion loss rate;=9x10">° cm’/s fora=—370a, whereas  exponentially with a decay constanec,,of a few millisec-
in Ref. [9] the valueK;~10"2% cm®/s was considered. In onds (~1-3 ms).
our study, for smaller values ¢é|, K3 has been scaled down  To conclude, a large part of the experiment®Rb atoms
using the relatiork ;<a?. The present rate is in rough agree- of Donley et al. [14], in particular the detailed behavior of
ment with the experimental rate of Refl6] (K;~4.2 the remnant, can be understood by introducing a rather con-
X 10 % cmP/s) and with the theoretical rate of RgfL7]  ventional three-body recombination loss in the standard
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mean-field GP equation, with a loss rate compatible with
other studie§16,17. The study of the detailed behavior of

PHYSICAL REVIEW A 66, 013611 (2002
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