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Bose-Einstein condensation at constant temperature
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We present an experimental approach to Bose-Einstein condensation by increasing the particle number of the
system at almost constant temperature. In particular, the emergence of a new condensate is observed in
multicomponent=1 spinor condensates BfRb. Furthermore, we develop a simple rate-equation model for
multicomponent Bose-Einstein condensate thermodynamics at finite temperature which well reproduces the
measured effects.

DOI: 10.1103/PhysRevA.70.031602 PACS nuniber03.75.Nt, 03.75.Hh, 03.75.Mn

The experimental realization of Bose-Einstein condentions between multiple condensate components and just as
sates(BECs in dilute atomic gasefl-3] and the breathtak- many thermal cloudgwe use this term instead of “normal
ing emergence of fascinating physics of cold quantum gasegomponentsj. In this context recent experiments have ob-
in an increasing number of experiments have had formativéerved “decoherence-driven cooling13] and melting of
influence on the common model usually used for the descrippeéw condensate componeftst]. _
tion of Bose-Einstein condensatigsee, e.g.[4], and refer- The system considered here is based oR=dl spinor
ences therein This model is based on a system of constanicondensate of'Rb with three internal statese=-1,0,+1.
particle numbers whose temperatiiés reduced. The popu- The main idea is to increase the particle _num_ber in the_ ini-
larity of this approach arises from the fact that all experi-tidlly unpopulatedme=0 spin component via spin dynamics
ments so far make use of evaporative cooling technique@’a”Sf‘?rOUt of the other components. For this we first prepare
which reduce the temperature of the samialethe expense @ Partially condensed mixture of thel) and |+1) states.
of particle losses This path to-quantum degeneracy is illus- The resulting dynamics can be divided into two main succes-
trated in the phase diagram of Fig. 1. Starting with a certairfive steps which are illustrated in Fig. 2 @ and(b).
particle numberN, the temperaturd of the system is re- The first process is that spin dynamics populatesnthe
duced below the critical temperatufe(N), which leads to =0 state by convertingn:=+1 condensate atoms intog
an accumulation of particles in the condensate fradigiN. =0 atoms according tor 1)+[~1)<[0)+|0) [14-17. Due to
Detailed experimental studief5—7] have compared this |ts_ density dependence, spin ' dynamics is practlcally re-
quantity with theoretical descriptions. s_trlcted to the condensed fractions, r_esultmg in the_: prodL_lc-

In this paper we present a completely different experi—t'on of me=0 “gond_ensate” atoms, which, however, immedi-
mental realization of Bose-Einstein condensation by increasdt€ly thermalize into them:=0 thermal cloud due to
ing the particle number of a system at almost constant temollisions with all thermal cloudgFig. 2@)]. We want to
perature. The corresponding path is also marked in Fig. 1 angmphasize at this point that thermalization is the fastest ti-
leads to BECs almost orthogonally to the common route disMescale=50 m9 of our system and therefore spin dynam-
cussed above. We start with=0 and add more and more ¢S (=19 is only a means to produce the new component.
particles at nearly constant temperatdraintil the critical ~ The redistribution of constant total energy among more ther-
particle numbeiN,(T) is reached, i.e., the population of the mal atoms during this process leads as a side effect to a
thermal cloud saturates and all further added patrticles fill up
the condensate fraction. It is worth mentioning that this ap-
proach corresponds to the original idea used by Eing&in N
and theoretical descriptions over decades to discuss BECs.
Furthermore, first attempts to achieve quantum degeneracy ag
in spin-polarized hydrogef®,10] were based on increasing 0.6
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density by adding particles and by compression at liquid he-
lium temperatures. Another approach demonstrated Bose-
Einstein condensation by changing the trapping potential ge-
ometry[11,12.

The thermodynamical approach to BECs discussed in this T [nK] 400
paper is realized in multicomponent BECs, which provide
multiple internal quantum states of the involved atoms. We  FiG. 1. Phase diagram of Bose-Einstein condensation for a typi-
want to emphasize that these systems open up a rich variegy| 8’Rp experiment. The condensate fracti@it>0) is plotted as
of thermodynamical aspects as the involved finite temperan,/N=1-g,(1)[ks/(A®)]3T3/N. The usual realization of BECs is
ture dynamics is extended to more components which arelone by decreasinf at (almosj constant particle numbe\. In this
additionally coupled and influence each other. The thermopaper condensation by increasing particle number starting Mith
dynamical description has to take into account all interac=0 at(nearly constant temperature is discussed.
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FIG. 2. Scheme of the dynamic&) Spin dynamics transfers
population to themg=0 state, which thermalizes almost immedi-
ately. (b) When all thermal clouds are equally populated and thus
the critical particle number im==0 is reached, a condensate arises
and “free” spin dynamics can take place.
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decrease of temperatuile This is similar to “decoherence-
driven cooling” of another experimefit3] which in contrast
to our system did not involve conversion between different
condensate components.

As soon as the critical particle number in ttig=0 ther-
mal cloud is reached, the phase transition inrie=0 com-
ponent takes place and a condensate fraction emé¢Figs
2(b)]. From this moment on the thermal clouds are and re-
main equally populated and provide a constant temperature

reservoir of the system. Therefore, “free” spin dynamics may FiG. 3. Measured condensate and thermal atom numbers for the
take place between the spin components of the condensadgferent spin statesmarked as “expty as functions of different
fractions, i.e., at a constant total number of condensed atomsid times. The lines represent solutions of the rate-equation model
but still in touch with the reservoir of finite temperature. for two different sets of spin dynamics parameters denoted as
Thus spin dynamics mainly determines the fimglconden-  “sim1” and “sim2” (see text for numbeysThe moments when the
sate fractions, which are not as a rule equally populated iwritical particle number fom:=0 is reached in the simulations are
contrast to the thermal cloud&s]. marked by vertical lines.

The experimental setufor details sed14,19) produces
BECs in an optical dipole trap which provides a spin-ticle number is reached after 5-10 s. Note, this is the mo-
independent trapping potential. The trapping frequencies amnent of equal populations of all thermal clouds. Subse-
27X 890 Hz vertically, 2rx 160 Hz horizontally, and 2 quently, amz=0 condensate fraction emerges. The data
X 20 Hz along the beam direction. Spin dynamics is supbetween 5 and 10 s suggest that the exact moment of phase
pressed during preparation of the initial spin state due to th&ransition varies from shot to shot. Indeed, this moment cru-
high magnetic offset field of 25 G, which is subsequentlycially depends on spin dynamics as will be discussed later.
lowered to a value of 34020 mG to allow for spin dynam- Finally, spin dynamics leads to a steady state which de-
ics. After a variable hold time of 0—30 s the dipole trap iscreases due to loss processes with an experimentally ob-
switched off and the released atoms are spatially separatestrved relative condensate distribution of 40—4&f=+1
by a Stern-Gerlach gradient. Finally, an absorption image isind 10—20%mg=0 [20].
taken in order to determine BEC and thermal atom numbers In the following we develop a simple rate-equation
by a simultaneous fit of three parabolas and three Gaussiamsodel, which reproduces the main experimental observa-
for the threem: components. tions. We do not intend to give a detailed and thorough simu-

Figure 3 shows the experimentally obtained BEC andation of a finite temperature BEC, which would be quite
thermal atom numbers versus the hold time compared tmvolved and is the subject of current theoretical activities
simulations of the rate-equation model, which will be pre-[21-24. Rather, a basic model from a experimentalist's point
sented later. We start with an initial mixture wg=+1 both  of view is presented to stimulate a vivid discussion of finite
in BECs and thermal fractions. The preparation process leadsmperature effects in multicomponent BECs and introduce a
to a remaining population 0£10% in them=0 state. number of single processes which yield the observed behav-

The experimental data demonstrate all of the previouslyor. The model is based on a set of 7 variabigs N3, NG,
introduced dynamics only modified by loss processes. First &, N2, N;, T, where N3 with X=-,0,+ denote the atom
me=0 thermal cloud arises and grows until the critical par-numbers oime=-1,0, +1 in thecondensate fraction ard’
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the respective atom numbers in the thermal clolds the X
system temperature and assumed to be equal for all compo- °—'X3b = - Lcg(Ng)™5,
nents. The equations of motion read 0

with c;=7/6¢2 and c,=1525(147) " {(mw/#\a)%®. The loss

Ny =Nom + N>O(,Sp+ NG 15+ No a0, rate used i4. =5.8x 10%2 mé/s [27].
The evaporation process due to finite trap degdh, is
WX — X X X implemented by a particle loss of the thermal cloud con-
Nt =Nein + Neap + Nis :
: : nected with a decrease of the system temperature. The tem-
o ) perature dependence of the evaporation sates neglected
T=Tn+Te, and the loss reads
and include the processes thermalizatﬂtﬂﬁym,"l}h), spin dy- Ny, = = 7Ny

hamics (Néysp), one-body IOSSG:{NZflb), three-body losses Energy conservation leads to a change of temperature
(Ng"sb), and evaporatior@Nifev,Tev). These single effects as -
well as an additionally introduced phase-space redistribution Tey = 7%(T—To)-

will be discussed in the following. We use the Euler method to propagate the equations in
The thermalization ratey, quantifies the collisional trans- discrete time steps of duratioat [e.g., Né(t+ At):Né(t)

fer of condensed atoms into the thermal component +N§At]. After each simulation step a phase-space redistribu-
tion is carried out. This is important to introduce quantum
statistics into the equations. If the critical density in the ther-
mal cloud is exceeded, population is transferred into the con-

Nﬁh = +JuNEN,, densate fraction to fulfill statistics. Therefore, the critical par-

’ ticle number is calculated d$.=gs(1)[kgT/(%w)]® [28] and

where Nt=N{+N?+ N; and % is obtained via the relation the following condition is checked fok=—,0,+.
YnNi= v which takes into account the peak density of the X X X X
thermal cloudi; to convert the density-dependent ratg It (Ne"> No):No(t + A1) = No(t) + (N((1) =~ No)
iNto Y4 =pnw LM/ (27kgT)]®/2. The temperature and spin "
dependence ofy, is neglected. The system temperatdre Np(t+ AL = Ne.

decreases as the conserved total energy is redistributeghis recondensation step is related to a temperature change

X~ X
Noth = = %nNoN,

among more thermal atoms obtained by total energy conservation as
o No(t + At) — Ny(t)
Tin =~ THNo, Tt+A) =T(t)| 1+ —>— 22

f f (t+ A =T(t) Nt + AD)

with Ng=Ny+N3+N?. The used valuey,=1071 m3/s leads
to a thermalization raté,N, of =13 1/s for Ny=45 000,
which corresponds to our experiment.

Spin dynamics is implemented by a simple coupling of
the condensate atoms due to the relatieh)+|+ 1)+« |0)
+|0) with two reaction rateSy,y and s for forward and
backward reactionf25]

The thermalization step and the phase-space redistribution
cancel out in the case of thermal equilibrium resulting in
steady condensate fractions and constant temperature. Nev-
ertheless, these steps are crucial to describe the occurrence of
the thermal components and condensate fractions. As ther-
malization is the fastest time scale of the considered system,
a steplike description seems to be reasonable.

Our rate-equation model reproduces all experimentally
observed thermal features even with a reasonable quantita-
tive accuracy as shown in Fig. 3. The initial condensate

N8’5p= - ZifsplNgN8+ 275 oNoNG.- populations were chosen asla(O):Ng(O):45_000, Ng(O)
) ) =7000 and the thermal atom numbers KHS(0)=N;(0)
One-body loss occurs independently of the spin state andgq oo and\l?(0)=12 000 andT(0)=288 nK. Evaporation

equally in the BEC and thermal cloud. The rate usedis - - ; ;
- . parameters are,=0.015 1/s andl,=500 nK. Simulations
=0.011 1/s and corresponds to the measurelifetime of /. 1\ 0 <ats  of spin  dynamics ratef29] 7eu=1.6

gt On0 _~ -
Ns,sp_ 7sp1NONO - 'YSp’ZNONS*

90 s limited by background gas collisions X105 1/s, Yoo =0.4X 10°1/s (sim1, and Ve =24
& X X107 1/s, Y5p=0.6X107° 1/s (sim2 have been carried
No,1b =~ 71Ng, out. Although these two sets differ by only 33%, the resulting
moment of condensation varies by more than a factor @f 2
Ntxlb __ 71Nf(- and 9 s, respectivelylndeed we have to assume that there is

a shot-to-shot variation of spin dynamics in our experiment
For three-body l0s$26] we assume a spin-independent as initial phases are not controlled. It has been theoretically
process, ignore possible changes in statistical factors due ghown[30] that spin dynamics crucially depends on initial
multiple components and obtain relative phases. Another influence on the spin dynamics rates
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may arise from shot-to-shot varying densities. first to a steady distribution of condensate spin components
In its simplicity the rate-equation model allows us to ob-which afterwards melt.

tain a clear physical picture of the dominant thermodynami- In conclusion, we have reported the experimental realiza-
cal aspects but it lacks coherent spin dynamics, which hagon of a regime of Bose-Einstein condensation in spinor
been reduced to simple rate equations. This procedure see®éndensates. The physics introduced here paves the way to-
to be suitable for the discussed regime and may be applied {9ards general aspects in multicomponent quantum gas ther-
further problems in this context. Nevertheless the detailegnogynamics at finite temperature as particle numbers and
treatment of shot-to-shot variations, coherent dynamics, exemperature of the system and reservoir can be adjusted in a
citations, and phase fluctuations of condensgi&prequires  yariety of configurations. In this context, thermodynamically

an extended theoretical description. driven spin alignment of a condensate has been observed
Finally, we want to point out that the complementary casggy|.

has been studied f&t=2 of 8’Rb [14], where spin dynamics
(=10 mg is faster than thermalizatio=50 m9g leading We acknowledge support from the DFG-SPP 1116.
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