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Excitation-assisted inelastic processes in trapped Bose-Einstein condensates
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We find that inelastic collisional processes in Bose-Einstein condensates induce local variations of the
mean-field interparticle interaction, and are accompanied by the creation and annihilation of elementary exci-
tations. The physical picture is demonstrated for the case of three-body recombination in a trapped condensate.
For a high trap barrier the production of high-energy trapped single-particle excitations results in a strong
increase of the loss rate of atoms from the condensate.

PACS numbe(s): 03.75.Fi, 05.30.Jp, 82.20.Pm

Since the discovery of Bose-Einstein condensation irmakes their behavior in many aspects similar to that of a
trapped ultracold atomic gasgs], inelastic collisional pro- solid. To some extent, the picture of inelastic processes in
cesses in these systems have attracted a great deal of attéhese gases resembles, for example, the absorption of light
tion. Three-body recombination and two-body spin relax-by impurity particles in solids, where the transfer of impuri-
ation limit achievable densities of trapped clojls-7], and  ties to an excited state leads to a sudden local change of the
spin relaxation in atomic Cs even places severe limitationgolarization of the medium and, hence, to the creation and
on achieving the regime of quantum degenerfi€y Theo-  annihilation of phonongsee, e.g., Ref12]).
retical studies of three-body recombination and two-body A distinct feature of “shaking” in a gaseous condensate
spin relaxation in ultracold gases provide valuable informa<concerns the back action of the shaking-created excitations
tion on the mechanisms and rates of these procéssesRef.  on the condensate. This effect can be strongly pronounced in
[8] for a review, and Refs[9,10] for the earlier work in a trapped condensate. For a high trap barrier, created high-
hydrogen. These studies rely on a traditional approach ofenergy single-particle excitations are still trapped, and col-
collisional physics in gases: The decay rates are found on thigle with condensate particles, removing them from the con-
basis of the calculated probability of inelastic transition for adensate. Every collision thus produces two energetic
two- or three-body collision in a vacuum. (trapped atoms which again collide with the condensate, etc.

In this paper we find that inelastic collisional processes inAs a result, one has a cascade production of noncondensed
Bose-condensed gases induce local variations of the meaAtoms out of the condensate. Despite a small probability of
field interparticle interaction and can become “excitation as-Creating high-energy excitations in the recombination pro-
sisted.” We demonstrate this phenomenon for the case dfess, this mechanism can significantly increase the total loss
three-body recombination. The particles produced in théate of Bose-condensed atoms.
course of recombination have a high kinetic energy and im- We will consider the most important channel of three-
mediately fly away from the point of recombination. There-body recombination in a trapped Bose-condensed gas, that is,
fore, each recombination event leads to an instantaneous |§1€ recombination involving three condensate particles. For a
cal change of the mean field, i.e., to a change of the fiel@ingle recombination event, the local change of the interpar-
acting on the surrounding particles. In this respect the reconticle interaction,6H;, can be obtained by considering the
bination leads to a “shaking” of the system: The time scalecenter of mass; of the recombination-produced fast atom
on which the Hamiltonian changes is so short that the wav@nd molecule as a force center. Just before the event there are
function of the system remains unchanged and, hence, cotbree atoms at the poinf, and each particlgof the sample
responds to a superposition of many eigenstates of a neilteracts with this point via the potentialgr;—r;). After
Hamiltonian. For this reason the recombination event can bthe event this interaction is equal to zero, since the fast atom
accompanied by the creation or annihilation of elementaryand molecule fly away from the area of recombination. We
excitations. will use a point approximation for the interaction potential:

From a general point of view, the concept of “shaking” U(r)=U4s(r), where U=4=%%a/m, with a being the
(sudden perturbatiopswas formulated by Migdal and swave scattering length and the atom mass. Then, assum-
Krainov and used for calculating the ionization of an atom ining that the condensate density in the Bose-Einstein con-

B decay(see, e.g., Ref.11]). Sudden perturbations in con- densates spatial region greatly exceeds the density of non-
densed systems are accompanied by many-body collectivéondensed atoms, we obtain

effects. Dilute Bose-Einstein condensates are unique ex-

amples of gases, as the mean-field interparticle interaction

o= —3f AT (rpur—r)¥(r))
*LKB is a “unité de recherche de I'Ecole Normale Suigere et

de I'UniversitePierre et Marie Curie, assoei@u CNRS.” =300 (r)¥(r)). (8]
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The field operator of atoms¥=W,+¥’, wherew, HereE,=%%k?/2m is the energy of a free particle,=(E}

=ng?is the condensate wave function, a¥id is a noncon- +2I’10Cl E)Y? is the Bogolyubov energy of an excitation,
densed part of the operator. This part refers to quasiparticiandV is the normalization volume. The field operator of the

excitations, and we linearizéH; with respect to¥’. Omit-  force center can be represented in the fordn(r)
ting the term—3n,U, which is decoupled from the quasi- =(1\V)Z4aq.expar), wherea, is the creation operator for

particle excitations, we obtain the center. Then, using Eq&2) and (4), Eq. (3) is trans-
formed to
SHi=—30W (V' T(r)+¥'(r))). 2) 1 22
SH=—-—=> h.bi+b_pal_a,+> ala,,
The force center represents a sort of a “hole” in the co- AT “ a-ke 6m 97

ordinate space. It has a mas® &nd can undergo a transla- 5
tional motion. Therefore, the recombination-induciestid-

den change of the HamiltoniaH , of the excitations can be
written as he=3Un34E/e,) Y2 6

where

The first term on the right-hand side of E®), originat-
ing from the interparticle interaction, couples the motion of
the force center with the excitation subsystem and is respon-

whered(r) is the field operator of the force center. The first Sible for creating and annihilating excitations in the recom-
term on the right-hand side of E(B) is related to the inter- plnatlon process. Considering this term as a small perturba-

particle interaction, and the second term to the motion of thdion, we see that a single recombination event can be

force center. accompanied by the creation and annihilation of one excita-
We assume that the kinetic energy of fast particles prolion- Initially the momentum of the force centqr0, and

duced in the recombination process greatly exceeds arf/t€' the creation of the excitation with momentlnganni-

other energy scale in the problem, and hence the creation &lation of the excitation with momentum k) the center

annihilation of excitations does not influence the energy conacduires the momenturmk and the kinetic energg,/3. In

servation law for the recombination. Then, according to the? Single recombination event, the probabilities of creating

general theory of sudden perturbatidid], in each recom- and annihilating the excitation with momentumare given

bination event the probability of transition of the excitation by

subsystem to a new staftecharacterized by a different set of )

quantum numbers for the excitations, is given W(N, N, +1)— 1 [hi*(1+Ny)

=|(i|f)|2. The symboki|f) stands for the overlap integral Kk V (g,+E/3)2

between the wave function of the initial statevhich is an

5ﬂ:jdr@f(m{aﬂi—(ﬁZ/Gm)A}ciwri), ®

eigenstate of the Hamiltoniaf,, and the wave function of 1 |hy|?Ng

the statef which is an eigenstate of the new Hamiltonian W(Ng—N—1)= V—E/g)z’

Ho+ SH. As Z;w;;=1, the creation and annihilation of ex- (ex—Ex

citations does not change the total recombination rate. whereN, =[exp(e/T)—1]"* are the equilibrium occupation

In Thomas-Fermi condensates, most important is the crenumbers for the excitations at a given temperaflir&hen,
ation of excitations with energies of the order of the chemi+or the rate constant of recombination accompanied by the
cal potentialu or larger(see below. These excitations are creation of excitations, we obtain
essentially quasiclassical, and their de Broglie wavelength is
much smaller than the spatial size of the condensate. Hence d3k 1+N, Ny
the probability of recombination accompanied by the cre- aex_af 3|hk|2 5 g
ation and annihilation of the excitations can be found in the (2) (et B/3)" (e~ Eu3)
local-density approximation. In other words, as well as the @
recombination without production of excitations, this processyjith being the totaleven) rate constant of recombination.
occurs locally at a given poimtcharacterized by local values The first term on the right-hand side of E@) corresponds

of the chemical potential. and condensate densityo. (o spontaneous and stimulated creation of excitations, and
Hence one can use the Bogolyubov transformation for thene second term to their annihilation.

spatially homogeneous case, and represbﬁtand W in For T<u the annihilation and stimulated emission of ex-
terms of the creation and annihilation operatb&andbk of  citations can be omitted. One can MNt=0, and Eq.(7)
excitations characterized by momentkm yields
1 E,| 2 o~ 26a(nga) 2. (8)
G+ B (r) = — (—) bi+b_,)exp —ikr,).
(i) (r) JV ; €k (B ) exi ) Even with a small value for the parameter,é®) the large

(4) numerical factor in front of expressiof®) may imply that
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the creation of excitations in the course of three-body recomwhere the numerical coefficient~1. A precise value ofy

bination cannot be neglectdd3]. At the highest densities depends on a detailed behavior of damping rates of the ex-

no~3x10'® cm 2 of the MIT sodium experimenit3] [Eq.  citations and, hence, on the trapping geometry.

(8)] gives agy/ @=~0.2. The integral in Eq(9) is divergent at high energies, and
With increasing temperature, the role of annihilation of one should put an upper boueg=Eg, whereEg is the trap

the excitations increases. However, our calculations from Edparrier. The inequalityfEg> u justifies that Eq.(9) indeed

(7) show that even af ~ u the annihilation and stimulated gives the loss rate due to the production of high-energy ex-

emission of excitations give a small correction to E®).  citations ¢,>u). From Eq.(9) we obtain

Only at T>10u does the annihilation dominates over the

emission, andv,, [Eq. (7)] becomes negative. a1 81 [Es vz
The most dramatic is the influence of created excitations L=a(nea”) \/T—W Y

on the loss rate of Bose-Einstein-condensed atoms, which we

will discuss for temperature$=<u [14]. For a high trap AS =m0 . .

. ; . o . : S u=ngyuU, whereng,, is the maximum condensate den-
barrier single-particle excitations with energies>u are ity, the rate constantt is independent of the number of
still trapped and collide with the condensate. In a spherica% }ge-Einstein-condensed atoms
trap the fast atom penetrates the condensate once per half O?The enerated noncondensea cloud has eneray per
the oscillation periodr/w [15]. A characteristic time which particlegand occupies the volume which is of %)r/dper the
a fast atom with velocity, spends inside the condensate IS Thomas-Fermi volume of the condensate. Similarly to the

N _ 2172 ; 3 A . _

RIvi, whereR=(2u/mw?)“"is the Thomas-Fermi radius 4o nsate this cloud decays due to three-body recombina-
of the condensate. Hence the rate of elastic collisions of thﬁon and, in this respect, the quantitydescribes extra losses
fast atom with condensate atoms isngov,(wR/vy) of (cond’ensaljeatoms fré)m the sample

— . — 2 . . . g I .
NooCs, With o=8a” being the elastic cross section, and = 1,5 jjirect |oss rate of Bose-Einstein-condensed atoms
¢s= (u/m)~“the sound velocity. In each elastic collision the due to three-body recombinationzi@=f3an8d3r as three

fast atom transfers on average a half of its energy to the . . . . .
- . atoms disappear immediately in each recombination event.
collisional partner, and removes it from the condensate. On

then has to deal with two energetic atoms, and so on. Thi’hen,_usmg Eq(210)2and the Thomas-Fermi density profile
(r)=ngm(1—r“/R%), we express the total loss rate of

time dependence of the energy of the fast atoms is govern . .

P e 9 o g ose-Einstein-condensed atomg= v+ [Ln3d°r, through

by the equatione= —(e/2)ngocs and, hence, is given by i

e(t) = e, exp(—ngocd/2). This cascade process continues un-

til the excitation energy becomes of the order of the chemical 112
; ; 216 Eg

potential . Accordingly, the number of lost condensate at- ve=vo| 1+ —(nOma3)1’2 —| vl (11)

oms will be ~ ¢, /u, and the characteristic time of the cas- 112w M

cade process;~2(nyoCs) HIn(e,/w). At realistic densities o )

the time 7 is much smaller than the characteristic recombi-  1he situation is the same &t~ u, if the cascade produc-

nation timerr~(an§)*l. tion of excitations with energies~ u makes the quasiparti-

The behavior of the excitations produced in the cascad@le distribution strongly nonequilibrium and prevents the
process depends on the rafidu. At T<p their damping damping of these excitations caused by their interaction with

time strongly increases at energies well belawthe decay eaph otherdandc\i/v]th the thermgl cloud. The r/1umberdoLeXC|-
rate is at least much smaller thar(n0a3)1’2~ NooCs [16]) tations produced in one cascade process g/, and the

and is likely to exceed the recombination time Therefore, numt/);r 3°f Tthhermaldquislpartlcéllg's EWIthKlM IS l\IIM
these excitations mostly remain undamped and no longer ir’ﬁ('“ )*. Thus, un er the con Itiokg >N, one also
as a nonequilibrium “boiling” Bose-Einstein-condensed

fluence the number of atoms in theartially destroyegicon- .
taartially ye sample, and the loss rate of condensate atoms will be deter-

d te.
ensate mined by Eq.(11).

Thus one has a nonequilibrium “boiling” Bose-Einstein- lculat ina limi
condensed sample: High-energy single-particle excitations, OUr calculations assume tisewave scattering limik|a

created in the recombination process, initiate a significants - [17]: and hence the maximum trap barrier for which they
destruction of the condensate and the formation of a nor@'€ Valid isEg=%2/2ma’. In the case of*'Rb, the triplet
equilibrium noncondensed cloud. The corresponding losSCaltering length ig=>5.8 nm, andeg=75 uK. Assuming
rate of condensate atoms= [Ln3d’r, is determined by the Y~1. this givesL,~3L, and shows a qualitative signifi-

rate of recombination-induced production of excitations Withcange of C?u; mec_hanlsm:t_th”e loss r_?ted %f I?r?se-Elrl_stem-f
energiese, > . As a single-particle excitation with energy condensed atoms IS essentially magnified by the creation o

€. generatess, /. noncondensed atoms out of the Conden_high—energy excitations and thejr dgstructive influence on the
sate, the rate constahtis given by Eq.(7), with N,=0 and condensate. To be more quantitative, one has to consider the
the i,ntegrand multiplied by- ¢/ u ' kl_netlcs of excitations produced in the sample by the initially
' high-energy(trapped atom.
In ongoing Bose-Einstein condensatidBEC) experi-

)

(10

4%k h 2 ments, a characteristic temperature of a Bose-Einstein-
L= aJ i . S ﬂ% (9) condensed sample is in the range from 100 nK teK and,
(2m)3 et EW/3 hence, the above estimated magnification of the loss rate of
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2
('

hy

€k+ Ek/3 (12)

the condensate atongfactor 3 for Eg~75 uK) practically mines the increase of the internal enetdyf the gas. One
corresponds to switching off the evaporative cooling. Withcan write it asU= fWn3d®r, where the quantityV is ob-
evaporative cooling on, the rati&g/u for temperatures tained in the same way as E@):
smaller thanu is in practice ranging from 2 to 5. Then, at
typical densitiesi,~ 10 cm™3, Eq. (11) only gives a 10% =y
increase of the total loss rate of Bose-Einstein-condensed W:aJ’ -
atoms compared th,. To some extent this explains the (2m)3
recent experimen{d 8], where a strong increase of the three-
body losses in the condensate has been observed aftRglying on Eq(12) and the known expressions fdrand the
switching off the evaporative cooling. number of Bose-Einstein-condensed atossas functions
For T~ u one can also think of the situation, where the of T and the total number of particldsee Ref[16]), we
cascade production of excitations with energies of order have calculated the extra losses of condensate atoms
does not significantly destroy the equilibrium distribution of EX /aT|T related to the increase of temperature. At initial
guasiparticles in the sample. This should be the cagg;if dengityno; 10% cm2 they do not exceed 10%. '
<uN,. Then the damplng_ of these excitations comes into conclusion, we have found that inelastic collisional
play, continuously decreasing their energy and partially re'processes in Bose-Einstein condensates can be accompanied
filling the condensate. This damping originates fronelas- by the creation of elementary excitations. It is worth men-
tic)_ scattering of a thermal excitation on a g_iven excitation,tioning that this phenomenon is not related to BEC in and of
which trgns_fers them o the condensate particle and Fh‘? theft'self. It originates from the presence of the mean-field inter-
mal excitation with higher 9291595’16’13- A characteristic particle interaction, and will also occur in a noncondensed
da”.‘p”f‘g rate is of qrdeg,f(noa )™, and even for the lowest ultracold gas, as soon as the paramet@t is not extremely
e?<C|tgt|ons €~7%w) it can be larger than the rate of recom- small. We have revealed the influence of the production of
bination. high-energy excitations in the course of three-body recombi-
'Consequently,'one can congludg that the energy of EXClhation on the loss rate of atoms from a trapped condensate.
tations produced in the r_ecomblnatlon Process 1s ther_mahz«_a his effect is especially pronounced for a high trap barrier
n the gas. The Boge-Emstelr)-condens_,ed Samp'e will be '%B, and it would be valuable to perform a systematic experi-
quasiequilibrium, with a continuously increasing tempera- ental investigation of the loss rate of condensed atoms as a
ture. This provides extra losses of Bose-Einstein-condens nction of E
atoms. Due to refilling the condensate in the course of damp- B
ing of the excitations, these losses will be smaller than the We acknowledge fruitful discussions with J. Dalibard and
extra losses described by E(LO) in the case of a non- M. A. Baranov. This work was financially supported by the
equilibrium “boiling” condensate. Stichting voor Fundamenteel Onderzoek der Maté&fi@M),
The rate of energy transfer from the excitations, producedy the CNRS, by INTAS, and by the Russian Foundation for
in the recombination process, to the thermal cloud deterBasic Studies.
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