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Evolution and collapse of a trapped Bose condensate with negative scattering length are
predetermined by 3-body recombination of Bose-condensed atoms and by feeding of the condensate
from the nonequilibrium thermal cloud. The collapse, starting once the number of condensate atoms
reaches the critical value, ceases and turns to expansion when the density becomes so high that the
recombination losses dominate over attractive interparticle interaction. As a result, we obtain a sequence
of collapses, each of them followed by dynamic oscillations of the condensate. In every collapse the
3-body recombination burns only a part of the Bose-condensed atoms. [S0031-9007(98)06775-1]

PACS numbers: 03.75.Fi

After the discovery of Bose-Einstein condensationwhere [y = (i/mw)"/? is the amplitude of zero point
(BEC) in trapped clouds of alkali atoms [1-3], one of oscillations in the trap.
the central questions in the field of Bose-condensed gasesThe existence of a condensate in a trapped gas with
concerns the influence of interparticle interaction on the: < 0 has a clear physical nature. In an ideal trapped gas
character of BEC. In this respect the Rice experimentshe BEC occurs in the ground state of the trapping poten-
with 7Li [2,4] attract a special interest, since a weaklytial. For attractive interparticle interaction the transfer of
interacting gasf|al® < 1, wheren is the gas density, a condensate particle to excited states decreases the inter-
and a the scattering length) ofLi is characterized by action energy by~no|U|. But the energy of interaction
attractive interaction between atoms € 0). As known  with the trapping field increases byhiw, and under con-
[5], in spatially homogeneous Bose condensates witldition (1) the change of the total energy is positive. In
a < 0the negative sign and nonlinear density dependencether words, there is a gap between the condensate and
of the energy of interparticle interaction predetermine arthe lowest excited states. With increasing to the criti-
absolute instability of the homogeneous density distribucal value Ny., the gap disappears, and there will be an
tion, associated with the appearance of local collapse#stability corresponding to the appearance of excitations
A strong rise of density in the course of the collapsewith zero energy. As found in [6], fa¥, < Ny. the non-
enhances intrinsic inelastic processes and leads to dechlyear Schrédinger equation for the condensate wave func-
of the condensate. In a trapped gas the picture drasticalljon ¥, has a stationary solution which becomes unstable
changes. As has been revealed in [6,7], the discretat Ny = Ny..
structure of the trap levels provides the existence of a However, the analysis performed in [7] shows that
metastable Bose condensate with< 0, if the level the picture is more complicated. Actually, fd < Ny
spacingiw exceeds the interparticle interaction|U| there are two global states with the samg and total
(U = 4mwh*a/m, m is the atom massy, the condensate energyE. In the first of them¥ is almost a Gaussian
density, andw the trap frequency). In terms of the and is localized in a spatial region of the sizé,. The
number of Bose-condensed atomig this condition can other one is a nonstationary collapsing state localized in a
be written as much smaller spatial region. The two states are separated

No < No. ~ lp/lal, (1) by a large energy barrier, and the transition amplitude
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is exponentially small, with the exponent depending omonequilibrium above-condensate cloud to the condensate
(Noc — No). From statistical considerations it is clear is induced by the condensate interaction with the above-
that in the course of accumulation of particles in thecondensate atoms and is given by

lowest trap level they turn out to be in the Gaussian state.

There are peculiar fluctuations in this state, leading to the 7y, /4r = y'Ny; ¥y = yoll = N./N(®)], (2)
formation of “small dense clusters” of atoms. But the

formation probability is again exponentially small (see . . .
[7]). Thus, forNy < No. the condensate will be formed whereN . is the total number of particles corresponding to

in this metastable state which, however, does not decagg;icNgg lllil—igﬁspzaijmﬁ;erfgeis %fu%wiggﬁgﬁg:ﬁnfgem
on a time scale characteristic for the experiment. ' !

The problem of a metastable Bose condensate in number of Bose-condensed atoms and, hence, the recom-

) . . 8ination losses per each collapse cannot significantly ex-
trapped gas withu < 0 was also discussed in [8—11]. ceedN,,. There?ore if initially?\/(t —0) - Ng . NOcy

X : ; . fle condensate evolution predominantly proceeds with
of particlesNo < No. was found in the Rice experiments practically constanty’, except for the final stage, where

: o N
with trapped'Li [4], where Noc ~ 1000. N(t) — N. is already comparable witNj,.

The_ present paper is aimed at the analysis of t_he We will assume that the spherical symmetry of the
formation and evolution of a trapped condensate WIﬂ‘B

: ose-condensed cloud, characteristicXgr<< Ny, is re-
o o naeTined when, reachesto. and the cloud collpses. A
. 9 strong rise of density in the collapsing condensate en-

o;rggllleaspﬁe;v c])\;“d V\%O:r;%%v ttugt ?huemkbeer fg;tgr%nsdgp fhaet%ances intrinsic inelastic processes. The most important
P 0 O y will be the recombination in 3-body interatomic collisions.

condensate evolution are predetermined by the IOart'(:kla'his process occurs at interparticle distances of order the

flux from the above-condensate cloud to the Conden":'at((:anaracteristic radius of interaction between atoms. The

and by 3-body recombination of Bose-condensed atom%(‘inetic energy of produced (fast) atoms and vibrationally

Once the number of condensate particles reaches ”Eee)mited molecules is determined by the binding energy of

critical value No, the Bose-cqndensed cloud undergo_eﬁhe molecule and greatly exceeds all other characteristic
a collapse. However, we find that the compression

X A . energies in the gas. Therefore, the recombination has a
reaches its maximum and turns to expansion when th o
. . . local character, and the recombinational decrease of the
density of the collapsing condensate becomes so hig

that the recombination losses dominate over attractive cal value of the condensate density is described by the

. . _ 3 . _
interparticle interaction. The recombination losses “bum”kr)?g;ic:;nfa(;étz:(;wsta%rtnoftr’i;)’irxVhoert[Zr?tr tLSatt rj[ﬁer?gg(r)nmbi-
the condensate tavy < Ny., but the flux from the ' P

L nation simply leads to the loss of atoms and does not
above-condensate cloud again increasgsand a new eak the coherence between the particles remaining in the
collapse occurs, etc. As a result, we obtain a sequence 81[ P 9

collapses, each of them followed by dynamic oscnlanonsgzr;gﬁnsi:tg' uli-\I/Z?:ri’ ttgfhge(é?(?:;)'?ea:i?&al/gﬁf{,eﬁs\s of the
of the condensate. It is important that the recombination y IS equivaler ! o0
. in the time derivative of the condensate wave function,
in the course of the collapse does not burn the condensale S

e and we can account for the 3-body recombination by ex-
completely, andv, always remains finite.

We consider & Bose gas wil 0 and total rum:  PICUY TEING 1 e 1 e e dependert o
ber of particlesv > Ny, in an isotropic harmonic poten- ger eq o 9

tial V() = mw?r2/2. The BEC transition temperature apply to the feeding of the condensate from the above-
is determined by the. relatiofi, = 1.055w N/ [12] and condensate cloud. Then, in the dimensionless form the

greatly exceeds the interparticle interactioié/|. There- equation for¥, reads

fore, at temperaturet > n|U| (T < T.) the equilibrium 9 3 ; o

number of condensate particles can be found in the ideal i =0 = —A, ¥y + p2¥y — |V,

gas approachN, = N[1 — (T/T.)*]. The equilibrium ot o )

BEC requiresN, smaller thanNy., which immediately — P& Wo|* Wy + iy Py . 3)

leads to the inequalitA\7T =T, — T < T..

For Ny > N, the equilibrium BEC is impossible. Be- Here p = r/ly, 7 = wt/2 are the dimensionless coor-
low we show that in this case there will be a stronglydinate and time variables, an@, = ¥,/n'/2, where
nonequilibrium evolving Bose-condensed phase. We disthe characteristic density = (87 [3lal)~! = No./87 3.
cuss two limiting cases. The first of them assumes that th&he recombination losses in the condensate and its feed-
conditions, which in the absence of interparticle interacing by the particle flux from the above-condensate cloud
tion would lead to the equilibrium BEC witlvy > No., are described by the last two terms in Eq. (3), with
are created abruptly. In this case, once the condensated§s= «,n%/w andy = y'/w. For any realistic parame-
already present in the system, the flux of particles from théers we havet < 1. The parametey is also small: As
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mentioned above, for the Knudsen thermal cloud one has 13 , , . ; ;
v < w. 12
For Ny > Ny, EQ. (3) does not have stationary or

guasistationary solutions even at= y = 0. Once the

number of particles in the condensate exceeds the critical L0
value Ny, the Bose-condensed cloud starts to collapse. 9
First it undergoes a purely dynamic compression deter-
mined by the nonlinear interaction term|W|*¥,. The Z 576 ]
compression is accelerating with increasi#tg, the com-

pression time scale being ~ 1/|¥3|. The total com- o ]

pression time is determined by a slow initial stage and e . : : . i

turns out to ber ~ w~! (r ~ 1). From Eq. (3) one can 0 10 20 30 40 50

see that the compression is constrained by the recom- wt

bination losses and ceases when the condensate densifyy | 1he ratioNo(r)/No. Versusot for & = 103 andy =

reachesy ~ n. = U/ha,,i.e., 107", The timer = 0 is selected such tha{,(0) = 0.75N,..
[Pol? ~ [Wol> = €71 > 1. (4)

The 3-body recombination accompanied by the par-The described oscillatory evolution of the condensate
gontinues at larger times. The fine structure of the

ticle losses predominantly occurs at maximum densitie . . .
n ~ n.. When the number of condensate particles pecurve No(7), demonstrating moderate particle losses in

comes smaller thai,, the collapse turns to expansion the time interv_als t_Jetween the coIIapses,. ori_ginates from
and the 3-body recombination strongly decreases. Thté1e compression in the course of oscillations of the

characteristic time interval, where the recombina_co'rr]ggr:asx?;?énce of a sequence of collapses, due to feedin
tion losses are important, ig. ~ (a,n2)"' (7. ~ q pSes, 9

[Wo.|"2 ~ &). The total particle losses in the collapse are0f the condensate from the above-condensate cloud, was
AI\(;; ~ No onlt.. We see tha\N is independent of addressed in [14] and has been discussed after submission
c Ay lby b,

(andy), or at least weakly depends on its value. This isOf the present paper in [15] However, th_e quasistqtionary
confirmed by numerical calculations in a wide range of approximation for the 3-body recombination, used in [15],

They show that the fraction of lost Bose-condensed atomgOeS hot adequately describe the_ influe_nce of this process
on the dynamics of collapse and, in particular, leads to the

is approximately one-half, although the internal structurqOSS of all atoms in the collapsing condensate
f th I n n the val f o
© Theei(;c?)ﬁgir?gggn—?ﬁd% ce detu?nu(?fc:h e collapse to ex- The structure of the condensate oscillations is clearly
pansion causes dynamic oscillations of the condensat .e:2;2gé%'siiewggr:;t\gifrgfgn;ttr\];rsigj:?iln?f;r'bllzjgfn of
0 b 1 .

Because of the presence of the confining potential tht — ;. where the compression did not vet reach its maxi-
expansion is followed by compression. These oscilla- " P y

tions, with the period depending an, resemble the con- mum, the de_ns_if[yao at _sma_llr strongly increases com-
densate oscillations under variations of the trapping fiel _ared to the initial 9llstr|but|on. But already after a short
(see [13]). We will perform the analysis, relying on "M€ (, — 1) < @™ the Bose-condensed cloud passes
Eq. (3) and, hence, omitting the influence of the above-
condensate cloud on the condensate oscillations.

For revealing a qualitative picture we present the
results of numerical calculation of Eq. (3) with= 103, o5k
y = 107!, Figure 1 shows the time dependence of the
number of Bose-condensed atom&,z). The timer =
0 is chosen such thaw,(0) = 0.75Ny. and the Bose-
condensed cloud is still stable with respect to collapse.
The feeding of the condensate from the above-condensate’
cloud increasesV, and, onceN, becomes higher than
Noe, the collapse occurs. The 3-body recombination in
the course of the collapse burns approximately half of the 0o}
Bose-condensed atoms. Then, on a time seaje ! the : , : : ' '
particle flux from the above-condensate cloud increases
the number of condensate atomsMg > Ny, and a new 0

collapse occurs. Itis accompanied by appr_oximately the:G. 2. The condensate density profile for various times
same particle losses as those in the previous collaps&he dashed curve correspondsttes 0 [No(0) = 0.75No.].
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through the point of maximum compression, and both thalensate in the recombination event. Therefore, due to the
density and the number of condensate particles decreasecombination-induced increase of the condensate energy,
due to recombination losses. Then the condensate stattse fast atoms and molecules simply carry away from the
to expand. A strong expansion of the condensate occurs aystem slightly less energy than in the case of recombina-
times of ordero ! (+ = t3). The expansion is followed tion in vacuum. Equation (3) and the above analysis im-
by compression, with a comparatively large increase oplicitly assume that the mean free path of the fast atoms
the density { = 14). and molecules is much larger than the sample size, and
As already mentioned, the assumption of constant they escape from the trap without collisions with the gas
relies on the inequalityV(r) — N. > No.. When the atoms. The energy transferred to the system is concen-
latter violates because of the recombination losses, thieated in macroscopic oscillations of the condensate. In
parametety decreases witV(z). In order to demonstrate fact, this can be seen already in Fig. 2.
the final stage of the evolution we present in Fig. 3 the It is worth noting that the recombination-induced in-
dependenc#/y(z) calculated self-consistently for the time- crease of the condensate energy can lead to the appearance
dependenty, with y’ from Eq. (2) andN(t = 0) — N.  of short-wave excitations which overcome the trap barrier
equal to2.5Ny. and to2Ny.. One can see that after and carry away a significant part of the condensate dy-
two collapses the system approaches the equilibrium stataamic energy. Together with damping of the oscillations
with Ny smaller thanV,. and depending on the value of of the condensate, caused by its interaction with the ther-
N(t = 0) — N.. Again, Ny(r) always remains finite. mal cloud, this problem is especially important for smaller
One of the remarkable features of the collapse is th@alues of¢ and requires a separate analysis.
rise of dynamic energy of the condensate, induced by Let us now briefly discuss another limiting case, where
the recombination losses in the collapsing cloud. Fothe gas temperature is decreasing adiabatically slowly and
Ny < Ny, the kinetic K) and potential # < 0) energy for No(r) < Ny. the system is in quasiequilibrium. With
of the condensate are of the same order of magnitude, amtkcreasing’, the number of Bose-condensed atoms rises
the total energye = (K + P) ~ Nohiw. In the course and, when it reache¥,., the collapse occurs. Similarly
of the dynamic compression botk and |P| strongly to the previous casey, drops. Since the total number
increase, whereds is conserved. As aresult, for a strong of particles becomes smaller, the quasiequilibrium is

compression we havi, |P| > E and, hencek = |P|. reestablished at lowét.. As the temperature continues to
Since K « Ny, and |P| « NOZ, the loss of 6Ny < Ny decreasel, increases and the collapse occurs again, etc.
particles changes the total energy by an amount This continues untilV(z) > Ny.. It is important that for
5No N(t) > Ny, the instantaneous values BfandT. always
0F = No 2|P| — K) > 0. (5) remain very close to each other.

Finally, we make a general remark. The collapse as
In the course of particle losses the relation betwkeand  a solution of the nonlinear Schrédinger equation was a
|P| changes, which can reverse the sigro@f. subject of extensive analytical and numerical studies. The

The kinetic energy of fast atoms and vibrationally ex-attention was focused on analyzing the character of the
cited molecules, produced in the course of recombinatiorgingularity and on finding universal scaling solutions in
greatly exceeds the ener@\yt/S N, acquired by the con- the absence of dissipation or in the presence of weak

dissipative processes (see [16] and references therein). Of
particular interest was the search for the so-called strong
1.2 collapse, which arrived at the concept of “burning point”
(small spatial region absorbing particles).

The picture of collapse, described in the present paper,
stands beyond this analysis. To an essential extent this is
related to the presence of the trapping potential which de-
termines dynamical properties of the system and provides
the existence of a peculiar quasistable condensate with a
limited number of particles. Another reason is that the
collapse occurs in nonequilibrium conditions, and there
is a particle exchange between the condensate and the

ol v o o above-condensed cloud. In other words, the condensate
0 10 20 30 40 50 60 70 80 90 100 110 is an open system, which predetermines the appearance of
wt a sequence of collapses. In this respect, BEC in ultracold

FIG. 3. The ratiaNy(t)/Ny. versuswt for the time-dependent .trapped gases with < O'Opens possibilities for observ-
y [€ =103, y(0) = 10~!, Ny(0) = 0.75Ny.]. The solid N9 and studying novel_ pictures of c_ollapse. _
curve corresponds tav(0) — N. = 2.5N,., and the dashed We aCknOWledge discussions with R.G. Hulet. This
curve toN(0) — N. = 2Nq.. work was supported by the Dutch Foundation FOM, by
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