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Interference of a Bose-Einstein condensate in a hard-wall trap:
From the nonlinear Talbot effect to the formation of vorticity
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We theoretically study the coherent expansion of a Bose-Einstein condensate in the presence of a confining
impenetrable hard-wall potential. The nonlinear dynamics of the macroscopically coherent matter field results
in rich and complex spatiotemporal self-interference patterns demonstrating a nonlinear Talbot effect, and the
formation of vorticity and solitonlike structures.
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[. INTRODUCTION tally realized 3D trap configuratidr20,21]. The evolution of
a BEC in 2D hard-wall traps is considered in Sec. IV. For a

A landmark experimenfl] demonstrated in a striking disk with a rotationally symmetric initial state, we again
way the interference of two freely expanding Bose-Einsteiridentify the solitonlike structures in Sec. IV A. When the
condensateBECS. In this paper we theoretically study the rotational symmetry of the initial state is broken, we show in
evolution of a BEC in a coherently reflecting hard-wall trap. Sec. IV B that the structures bend and break up forming vor-
The hard-wall boundary conditions allow us to investigate diCity- A square box is studied in Sec. IV C. Finally, a few
nonlinear matter-wave Talbot effect, which has been recentlgoncluding remarks are made in Sec. V.
demonstrated for BECs in a linear regime by means of an
electromagnetic pulsed gratifg]. The present situation is Il. FORMULATION OF THE PROBLEM

also closely related to the recent experiments on a BEC |, this section we introduce the basic setup and the theo-
bouncing off a mirrof3,4] and on an expanding condensate retical model of matter-wave self-interference resulting from
in an optically-induced “box” potential5,6]. Due to the  he expansion and the reflection of a BEC.

macroscopic quantum coherence, the BEC exhibits rich and
complex self-interference patterns. We identify the formation

of vorticity and solitonlike structures, and the fragmentation . ]
of an initially uniform parabolic BEC into coherently Ve study the dynamics of a BEC confined to a hard-wall

coupled pieces. trap with potentialV(r). Such walls can be realized, e.g.,

Atomic BECs exhibit a macroscopic quantum coherenc ptically with a blue-detuned .far—off—resonant light sheet. A
in analogy to the optical coherence of lasers. In the conven—'gher'Order Laguerre-Gaussian beam can generate a hollow

tional reasoning, the coherence of a BEC is introduced in thé’pt'calI beam[22] and thus a cylindrical atom-optical hard-
wall potential around the magnetically trapped BEC. Recent

spontaneous symme’Fry breaking. Nevertheless, even ngperiments[3—5] considered the coherent reflections of a
. _ BEC by atom-optical mirrors and the evolution of a BEC in
correlations as a result of the back action of quantum Meain atom-optical waveguide closely related to the present the-
surement [7]. Moreover, the density-dependent self- oretical study. The evolution of a BEC in a 1D box potential
interaction of a BEC demonstrates the analogy between no so represents a nonlinear analogue of the electromagnetic

linear laser optics andionlinear atom optics[8,9] with gulsed-grating Talbot effe¢®], in which case pulsed lasers

A. A hard-wall trap

BECs. .BECS are predlcted_ to exhibit dramatic coheren_c enerate copies of BECs in momentum space similarly to the
properties: The macroscopic coherent quantum tunnelin

; ) 1D box potential. Due to the strong nonlinearity, the disper-
[10] and the format.|on of fundamental structures; €.g., Vorti-gjq elation of atoms in the hard-wall potential becomes
ces[11-15 and solitong16,17,8,18. Some basic properties :
. nonguadratic.
of gray solitons have been recently addressed for harmoni-
cally trapped one-dimensionglD) BECs in Ref[18]. Also,
optical solitons have been actively studied in the 1D homo-
geneous spadd ]. Throughout the paper we focus on repulsive interactions.
This paper is organized as follows: In Sec. Il we introduceWhen the BEC is released from a magnetic trap, the repul-
the basic setup of the self-interference study. The nonlineagive mean-field energy of the condensate transforms into ki-
Talbot effect of a BEC in a 1D box is considered in Sec. lll. netic energy and the BEC rapidly expands towards the walls.
The evolution of a BEC in a 1D box demonstrates the macThe reflections of the matter wave from the binding potential
roscopic matter wave coherence and the formation of soliresult in rich and complex spatiotemporal interference pat-
tonlike structures in Sec. Il A. In Sec. Ill B we show that terns referred to in 1D as quantum carpg8]. Nonlinear
similar structures may also be observable in an experimerself-interference in a 1D box has been investigated in Refs.

B. Self-interference

1050-2947/2001/63)/0436137)/$20.00 63 043613-1 ©2001 The American Physical Society



RUOSTEKOSKI, KNEER, SCHLEICH, AND REMPE PHYSICAL REVIEW A3 043613

[3,5,6). Moreover, a thermometer for measuring the tempera:-
ture of the BEC based on this effect is also propdszt. 0.09
In this paper we study the nonlinear Talbot effect of a ’
coherent matter field. This effect is analogous to the near
field optical Fresnel diffraction. Here the periodicity of the
grating in the optical Talbot effect is represented by the re-
flecting hard-wall boundaries confining the BEC. The non-
linearity of the Talbot effect and the strong self-interaction of
the matter field result from the confinement. We show that &
BEC displays complex nonlinear self-interference dynamics 0.06
including the formation of solitonlike structures and vortic-
ity. The solitary waves could possibly be used as an experi
mental realization of the macroscopic coherent tunneling T
analogous to the Josephson effect.
The density profiles of the BECs could be directly mea-
sured via absorption imaging, if the necessary spatial resolu
tion could be obtained, e.g., via ballistic expansion of the
atomic cloud. Vortices may also be detected by interfering 0.03
BEC with and without vorticity. Then the phase slip in the
interference fringes would be the signature of the vorticity
[11,15. The phase slip between two pieces of the BEC has ¢
dramatic effect on the dynamical structure factor of the two-
component systerf25] that may be observed, e.g., via the
Bragg scattering26]. However, we note that the dynamics
of the matter field may complicate interference experiments —

-L/2 0 L/2

C. Theoretical model (@) %

The dynamics of a BEC follows from the Gross-PitaevskKii

equation(GPE 2n
kv

ﬁ J ) — hz V2 \V/ . 2 .

| El//(r!t)_ m + (r)+K|l/I(r,t)| w(rlt) ® [
HereM andk=4m#%aN/M denote the atomic mass and the © PG K] 055 5 T
coefficient of the nonlinearity, respectively, with the scatter- XL (©) 2

ing lengtha and the numbeN of BEC atoms. Our initial
distribution ¢(r;t=0) is the stationary solution of the GPE £ 1. A nonlinear Talbot effect in a BEC with propagating
with the potential(r) replaced by the potential of the mag- gray solitonlike structures. Time evolutio@) of a BEC density
netic trap. profile |,(x;t)|? in a 1D hard-wall trap. The horizontal and verti-
We integrate GPE in one, two, and three spatial dimencal axes denote the spatial coordinate and time, respectively. The
sions. The projections from 3D into 1D or 2D require thatinitially confined BEC expands towards, and reflects from, the hard-
the mean fieldy does not vary significantly as a function of wall boundaries. The dark canals correspond to low density and
time in the corresponding orthogonal directions. This condi+epresent the evolution of gray solitonlike structures. The phase slip
tion can be satisfied, e.g., in the presence of a strong spatiaf a single fringe(b) at t/T=3.2x10 3, and of four colliding
confinement to these dimensions. Then we can approximafenges(c) att/T=0.021. The arrows ifa) denote the times of the
the position dependence in these directions by constdnts phase profilegb) and (c). Here the initial state i$/L=0.3 and
and / resulting in (r)=y(x)/AY? in 1D and (r)  «1=1900Q%/T.
=i,(x,y)/7*? in 2D. This yields the strengths;=«/.A
and k,=«//" of the nonlinearity in the GPE for the mean We assume that the density fluctuations in these orthogonal
fields in 1D and 2D, and ¢,. We emphasize that in the dimensions are negligible, but we do not consider the limit
present problem especially the 2D calculations may alreadwhere the atoms in the trap become impenetréBid. In
contain the essential features of the full 3D coupling betweetthis case, we can translate the nonlinearities used in 1D and
the different spatial dimensions by the nonlinearity. 2D into the parameters describing the trap geometry and the
We explicitly demonstrate how the solitonlike structuresnumber of atoms. For example, in Fig. 1 we use the nonlin-
obtained in a 1D trap may also be observed in an anisotropiearity x;=19 000.%/T. For 8’Rb atoms stored in a tightly
3D magnetic trap configuratiof20,21]. Moreover, the 1D confined quasi-1D trap with the effective radial extension of
and 2D calculations may be directly applicable to atom trapshe wave function A=(0.5 um)?, the box lengthL
with strong spatial confinement in orthogonal dimensions=15 uwm, and with the swave scattering lengtha
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=5.4 nm, this value of; corresponds tiN=4000. Simi- After the turnoff of the magnetic trap, the kinetic energy
larly, in Figs. 3 and 4 we have,=1500:%/M, which with  term in the GPE becomes dominant and the matter wave
the spatial confinement constart=0.5 um corresponds expands towards, and eventually reflects from, the box
approximately to 11 000 atoms. For the same geometry theoundaries. Due to the macroscopic quantum coherence of a

value x,=5000:%/M in Fig. 6 represents about 38000 at- BEC, different spatial regions of the matter field generate a
oms. complex self-interference pattern that exhibits canals analo-

gous to the quantum carpet structures of the linear Schro
dinger equatiori23]. From Fig. 1 we note that only destruc-
IIl. NONLINEAR TALBOT EFFECT tive interference fringes, canals, appear in the nonlinear
In this section we study the nonlinear Talbot effect of acarpet. Constructive interference fringes, ridges, do not

BEC in a 1D box and the emergence of spatiotemporal soli€™M€"9€- The convergence of the numerical integration is
tonlike structures. We demonstrate that similar structure§heCkeOI by varying the size of the time step and the number

may also be observed in an experimentally realized 3D magc-)]c spatial grid points.

netic trap[20,21. 1. Solitonlike behavior

For the single-particle Schdinger equation, the resulting
A. One-dimensional trap interference pattern demonstrates the fundamewvaake na-
The linear Schidinger equation for the 1D box of length ture of the particle. Therefore, it is perhaps surprising that in
L exhibits [23] regular spatiotemporal patterns. These pat{h€ case of the GPE, which represents the coherent matter

terns consist of straight lines, so-called traces, of differenfi€!d of the many-particle system, the intermode traces ac-

steepness corresponding to harmonics of a fundamental v _uirg properties that demopstrqiarticle nature In pa.rticu—
ar, in the case of repulsive interparticle interactions, the

locity vq. The traces arise from the interferences betweet d to th luti f solitonlike struct
degenerate eigenmodes of the system. The eigenmodes %Ci‘;l correspond fo the evolution ot solitoniike structures

frequency w,=n%w,=n?a7%/(2ML?) are a superposition . . .
; ; : Gray solitons correspond to the propagation of “density
of right and left propagating plane waves with wave number%oles,, in the matter field and the depth of the hole charac-

k,=nm/L=nk;. The probability density consists of the in- , . .

terferences between different eigenmodes. Therefore, thg"izes t.he grayness of the SC.)|ItOI’l..|n. homogeneou§ space the

lines of constant phase (ko= k.)X+ (@,— @)t =const. sollto_n is called dark when |F exhibitsl 9,18 a vanlsh_mg

correspond to straight lines in space-time with veIocitiesdenSIty at thg center of the dip and a sharp.phase sltp. of
For gray solitons the value of the phase sfipis reduced,

UVn=E (0~ o)/ (knEtk,)=(m*=n)vy. Here we intro- 7 . L :
duced the fundamental trace velocity=4m/(2mL). thereby giving the soliton a nonvanlshlng speed acc_:ordlng to
v=ccos/2), where the maximum velocity c

The wave function of the linear Schdimger equation is — (4mh2ap/M?) 2 is the Bogoliubov speed of sound at a

temporally reconstructed at multiples of the Talbot tie g :
=2l w,=4ML?/(xh). The revival time for the density Cor.‘Sta’.“ atom density. AS‘. a .result qf the formatpn of thg
profile with a symmetric initial state i§/8. In addition, at the zg't%rgﬁzsﬁmgtire;’i;ne slgltlglgt;glf?g]ega;gg?/cg Efr?irﬁer-
rational fragtions of the Talbot time, modified images of thepreq[ these densitypholegas E)he bounpdaries of the fragmented
Wa\\//\?efl:]g?/\tll(zﬂrﬁrteoR{Loedl;giﬂ'near Talbot effect of Figal BEC._Anangogs to the Josephson j_unction, the phase_ of the
representing_a 1D BEQ trapped between two impenetrabl Ecslsli?zfrsrc\);/(g:[tig]/ c_?rrllztag;hoelth:rl]ctietLtj?ﬁlglizﬂéovc\’/fr(;?cl,?:Sof
steep Gaussian potentials across the boundary depends on the relative phase between
_ 7 ~ the two contiguous pieces and results in the motion of the
V) =Alg(x=L/2)+g(x+L/2)], “solitary wave junction.” For a phase slip af, the velocity
of the soliton vanishes analogously to the vanishing Joseph-
son oscillations of the number of atoms.
x |2 The interatomic interactions shift the eigenenergies com-
g(x)zexp{ — <_) } L=(1+7n)L. pared to the linear case and the dispersion relation of atoms
La is nonquadratic. As a result, the fringe velocities in Fig. 1 are
a few tens of percents larger than the linear trace velocities
We use the heightd=10"%%/(ML?) and the widtha  4ny, for the canals with a symmetric initial staf23] and
=0.01. The parametey=0.10 is chosen in such a way that we do not observe a complete revival of the wave packet as
the potential approximates infinitely high walls locatedkat in the case of a linear Talbot effel@]. The nonlinear fringe
==+L/2. velocities are still determined by the degenerate intermode
Attime t=0, the BEC is released from a harmonic trap of traces and are approximately integer multiples of the mini-
frequency(Q. In the limit of strong confinement, the mean- mum speed. The largest velocity in Fig. 1 is approximately
field self-energy dominates the kinetic energy and the initiagiven by the Bogoliubov speed of sound in terms of the
state is well approximated by the Thomas-Fermi solutioraverage density of atoms in the box.

where we have defined

Pr(xt=0)= (R, — |x|)[3(RZ—x?)/(2R3)]¥2. Here R, The fringe evolution shown in Fig. 1 displays a remark-
=[3k,/(MQ?)]¥3 describes the 1D radius of the BEC wave able inherent particlelike robustness and solitonlike behav-
function. ior: The fringes survive complex dynamics. Their paths ex-
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FIG. 3. Formation of loops of solitonlike structures in a BEC
expanding in a 2D circular box. The symmetric condensate has
started from the center of the circular box, has expanded and re-
L/2 flected from the boundary. We shda the density(left) and phase

(right) profiles of the BEC at time=4.9<10 3ML%4%. In the

FIG. 2. A 1D axial projection of an expanding BEC in a cylin- Phase profile we have chosen a continuous phasewhere —
drical 3D trap. We show the time evolution of a BEC density profile <#= 7 The correspondingb) 1D radial cuts of the rotationally
[9(t)[2=fdy d4y(r:t)|2. The horizontal and vertical axes de- symm~etr|c densny(left) angl phasep (right). The initial state is
note the axial coordinate and timet, respectively. We have inte- R/L~0.28 andk,=15001"/M.
grated over the atom density in the radial direction. The initially
confined BEC expands axially towards, and reflects from, the hard=L/2. The Thomas-Fermi radius of the initial state in the
waII. boundaries, while still harmonically conflngd in the radial di- axjal direction R,=[15«x\*/(47M Qf)]1/5 satisfies R, /L
rection. The dark canals correspond to low density and represent the 0.33. Here we have defined=Q, /Q,. We assume that

evolution of gray solitonlike structures. the density profile of the atoms is measured inxlyeplane;
. ) ) ) ) _ e.g., by means of an absorption imaging. Furthermore, we
hibit dramatic avoided crossings demonstrating repulsive,ssyme that the obtained signal is also integrated along the

interactions. The rep_ulsi_ve inte_ractiqns in coordinate spacgiq resulting in a 1D density profile that only depends on the
correspond to attractive interactions in momentum space angd.. «oordinatex:

the avoided crossings represent the degeneracy of the collid-
ing wave-packet holes in momentum sp§28].

0
~L/2

T

wixn = | ay aucriol=27 [ doplucxp0).
B. Three-dimensional trap

Motivated by the 1D calculations presented in Fig. 1, we

investigate whether the 1D structures can also be observab . o .
in 3D trap configurations. We consider a “cigar-shaped” We solve the 3D GPE in the cylindrically symmetric con-

and highly anisotropic, but still a 3D trap used in Refs_figuratiqn by e_xpanding _the wave function alongn the 2D i
[20,21. In Refs.[20,21 ®7Rb atoms are trapped in a dc harmonlc o_scnlator basis sgt. In the calculated 3D_ density
magnetic field generated by currents through a cliplike coilProfile, we integrate oves. Figure 2 shows the resulting 1D
for radial confinement and two pinch coils for axial confine- &tom density time evolution. We note the similar solitonlike
ment. The atoms can be released along the axial directiogfructures as obtained in the 1D trap displayed in Fig. 1.
while still confined in the radial direction by the magnetic Some of the structures are vanishing, corresponding to the
fields. Blue-detuned laser sheets can introduce the hard-wafstability of solitons in 3D[19]. The similarity between the
potential in the axial direction. 1D and 3D solutions in Figs. 1 and 2 is significant consider-

The initial state is a®’Rb BEC with 10000 atoms con- ing that the present 3D trap does not confine the atoms very
fined in a magnetic trap with the trapping frequencies in thestrongly in the radial direction. We also note differences be-
axial and radial direction§),=27X25 Hz andQ, =27  tween the two situations: In the 3D case, the evolution of the
X 250 Hz, respectively21]. For 8’Rb we use theswave  wave-packet holes is slightly curved even if the wave pack-
scattering lengtta=5.4 nm. At timet=0, the atoms are ets are not close to each other. In the 1D projection of the 3D
released along the axial direction by settidg=0. The BEC  dynamics, the repulsion between the solitonlike structures is
expands and reflects from the laser sheets locatex=at also not as clearly displayed as in the 1D case.

Here we have introducepl= (y2+ z%) 2.
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FIG. 5. The 3D magnification of the density and the phase
from the upper right corner of the last density and phase profile of
Fig. 4 displaying vorticity. For example, the dark spot in the center
represents a vortex with a unit circular quantization af. 2

The parametersl, «, and» are the same as in the 1D case.
The initial wave function is the Thomas-Fermi solution of
the isotropic trapy,(x,y;t=0)= 0(R5—x?>—y?)[2(R5—x?
—yA)I(7R3)1Y?, and R,=[4«k,/(wMQ?)]** denotes the
2D Thomas-Fermi radius. Hence, the initial wave function is
located at the center of the circular box and we can show that
in this case the state remains symmetric also at later times.

Figure 3 shows the 2D density,(x,y;t)|? and the phase
profile |¢| of a BEC obtained from the GPE at a later time,
representing a snapshot of the evolving matter field. We note
the formation of a regular interference pattern outside the
central region of the trap similar to solitary waves. The frag-
mentation of the BEC is more dramatic than in the 1D case:
The fringes exhibit a vanishing density at the center of the
dip. The BEC forms coherently coupled loops and the result-
ing structures are similar to optical ring solitofi9].

B. A disk with an asymmetric initial state

FIG. 4. Formation of vorticity in a BEC expanding in a 2D  When we now slightly displace the initial state of the
circular box with displaced initial state. We show the density pro-BEC from the center of the circular box, the rotational sym-
files (left column and the corresponding phase profiléght col-  metry is broken. In Figs. 4 and 5 we show the resulting 2D
umn) of the BEC at four characteristic tim¢s=2.5x 103, t=3.7 density(left column and the phase profilésight column at
X107% 4.9<107% and 6.1X 10 % in units of ML?/%. The reflec-  four characteristic times. The reflections of the coherent mat-
tions from the boundary generate solitonlike structures that bender wave from the hard-wall potential create solitonlike struc-

break up, and form vorticity. The velocity of the BEC is propor- res. At later times, the stripes bend and eventually break
tional to the gradient of the phase.

IV. SELF-INTERFERENCE IN TWO DIMENSIONS

In the previous section we studied the 1D spatial struc-
tures in the nonlinear Talbot effect by simulating the expan-
sion of a BEC in 1D and 3D hard-wall traps. In this section
we consider higher dimensional self-interference structures
of a BEC. In particular, we study 2D structures formed in 2D
hard-wall traps. We consider a circular disk and a square
box. When the rotational symmetry of the initial state is bro-
ken, solitonlike structures bend and break up forming vortic- G, 6. Expanding BEC in a 2D square box with a symmetric
ity. initial state at the center of the square. B¢ 2.9x10 3ML%/%

(left) the density profile of the BEC exhibits a rectangular pattern of
solitonlike structures. At a later time=3.9x 10 M L?/% (right),
the pattern is distorted and we see the beginning of the formation of

We now turn to the evolution of a BEC in a circular box. vorticity symmetrically around the diagonals. The initial radius of
Again we approximate the infinitely high walls by a steepthe BEC isR,/L=0.28 and as a representative nonlinearity we
Gaussian potential aligned along a circle of radiesL/2. have chosemn,=5000:%/M.

A. A disk with a symmetric initial state
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up, forming dark spots that correspond to vortices with asso- V. CONCLUSIONS

ciated phase windings around closed peithﬂ . We studied the nonlinear Talbot effect of a macroscopi-
We note that we can use the present situation of an €xsa1y coherent BEC. The large nonlinearity is possibly due to
panding BEC in a circular box to create vortices in someyhe confining hard-wall potential resuiting in a strong
particular spatial location by simply introducingséatic po-  density-dependent self-interaction. The matter-wave Talbot
tential dip and letting the expanding BEC flow across it. Thiseffect is analogous to the optical near-field diffraction Talbot
is a simplified version of the suggestion by Rlf4] that a  effect: The periodic grating in the optical Talbot effect is
moving potential barrier through a BEC can create vorticityrepresented here by the reflecting hard-wall boundaries. We
in the vicinity of the potential. demonstrated the complex self-interference dynamics of a
BEC in a hard-wall trap including the formation of vorticity
and solitonlike structures. The nonlinear evolution of the
C. A square box GPE divides the initially uniform parabolic BEC into coher-
ently coupled pieces. We showed that the density profile of
As a final example and to demonstrate the effect of thehe BEC can be a direct manifestation of the macroscopic
symmetry of the hard-wall trap, we consider the evolution ofquantum coherence. Obviously, it could also be a sensitive
a BEC in the 2D square box. We generate the boundary bgneasure for the decoherence rate of the BE@}. Unlike the
steep Gaussians approximating infinitely high wallsxat  typical coherence measurement that detects the relative mac-
+L/2 andy=*L/2. roscopic phase between two well-distinguishable BECs
The square has the symmetry of rotationsré®. Hence, [1.29], the present setup probes the self-interference of an
for a symmetric nonrotating initial state, the minimum num- initially uniform matter field.
ber of vortices conserving the total angular momentum is
eight. In Fig. 6 we show the density profile at two character- ACKNOWLEDGMENTS
istic times. The reflections of the BEC from the boundary We acknowledge financial support from EPSRC, DFG
generate dark solitonlike structures with an amazingly reguthrough the Research Consortium in guantum gases, and
lar square shape that start bending, break up, and form vofrom the EC through the TMR Network ERBFMRXCT96-
ticity. 0066.

[1] M.R. Andrews, C.G. Townsend, H.-J. Miesner, D.S. Durfee,[11] M.R. Matthews, B.P. Anderson, P.C. Haljan, D.S. Hall, C.E.
D.M. Kurn, and W. Ketterle, Scienc&75, 637 (1997). Wieman, and E.A. Cornell, Phys. Rev. L&, 2498(1999.

[2] L. Deng, E.W. Hagley, J. Denschlag, J.E. Simsarian, M. Ed-[12] K. Madison, F. Chevy, W. Wohlleben, and J. Dalibard, Phys.
wards, C.W. Clark, K. Helmerson, S.L. Rolston, and W.D. Rev. Lett.84, 806 (2000.

Phillips, Phys. Rev. Lett83, 5407 (1999. [13] For recent theoretical studies of the ground-state properties and
[3] K. Bongs, S. Burger, G. Birkl, K. Sengstock, W. Ertmer, K. the stability of vortices in harmonic and toroidal traps: F. Dal-
Rzazewski, A. Sanpera, and M. Lewenstein, Phys. Rev. Lett. ~ fovo and S. Stringari, Phys. Rev. 83, 2477(1996.
83, 3577(1999. [14] B. Jackson, J.F. McCann, and C.S. Adams, Phys. Rev. Lett.
[4] M. Boshieret al. (unpublishedl 80, 3903(1998.
[5] S. Burger, K. Bongs, K. Sengstock, and W. Ertnfenpub- [15] E.L. Bolda and D.F. Walls, Phys. Rev. Le®1, 5477(1998.
lished. [16] S. Burger, K. Bongs, S. Dettmer, W. Ertmer, K. Sengstock, A.

Sanpera, G.V. Shlyapnikov, and M. Lewenstein, Phys. Rev.
Lett. 83, 5198(1999.

[17] J. Denschlag, J.E. Simsarian, D.L. Feder, C. Clark, L.A. Col-
lins, J. Cubizolles, L. Deng, E.W. Hagley, K. Helmerson, W.P.
Reinhard, S.L. Rolston, B.l. Schneider, and W.P. Phillips, Sci-

[6] For theory, see also P. Villain and M. Lewenstein, Phys. Rev.
A 62, 043601(2000.

[7] J. Javanainen and S.M. Yoo, Phys. Rev. Lé.161(1996;
S.M. Yoo, J. Ruostekoski, and J. Javanainen, J. Mod. ©pt.

1763(1997).
_ ence287, 97 (2000.
. , P. , M. ) : : .P. Reinhardt and C.W. Clark, J. Phys.3B, ;
[8] G. Lenz, P. Meystre, and E.M. Wright, Phys. Rev. L&, [18] W.P. Reinhard d C.W. Clark, J. Phys.3B, 785 (1997
3271(1993. _ T.F. Scott, R.J. Ballagh, and K. Burneithjd. 31, 329 (1998;
[9] L. Deng, E. Hagley, J. Wen, M. Trippenbach, Y. Band, P. 1, B,sch and J.R. Anglin, e-print cond-mat/9809408.

Julienne, J. Simsarian, K. Helmerson, S. Rolston, and W. Phil[lg] Y.S. Kivshar and B. Luther-Davies, Phys. R&8 81 (1998

lips, Nature(London 398, 218(1999. and references therein.

[10] J. Javanainen, Phys. Rev. L&, 3164(1986; A. Smerzi, S.  [20] U. Ermnst, A. Marte, F. Schreck, J. Schuster, and G. Rempe,
Fantoni, S. Giovanazzi, and S. R. Shendyid. 79, 4950 Europhys. Lett41, 1 (1998.
(1997; J Ruostekoski and D.F. Walls, Phys. Rev58 R50  [21] U. Ernst, J. Schuster, F. Schreck, A. Marte, A. Kuhn, and G.
(1998; M.W. Jack, M.J. Collett, and D.F. Wallsbid. 54, Rempe, Appl. Phys. B: Lasers Ofi7, 719 (1998.

R4625(1996); |. Zapata, A. Leggett, F. Solsbid. 57, R28 [22] I. Manek, Yu. B. Ovchinnikov, and R. Grimm, Opt. Commun.
(1998; J. Williams, R. Walser, J. Cooper, E. Cornell, and M. 147, 67 (1998.
Holland, ibid. 59, R31(1999. [23] A.E. Kaplan, P. Stifter, K.A.H. van Leeuwen, W.E. Lamb, Jr.,

043613-6



INTERFERENCE OF A BOSE-EINSTEIN CONDENSAT. . . PHYSICAL REVIEW A 63 043613

and W.P. Schleich, Phys. S¢r76, 93 (1998; I. Marzoli, F. [27] A.G. Rojo, J.L. Cohen, and P.R. Berman, Phys. Rev60A

Saif, |. Bialynicki-Birula, O.M. Friesch, A.E. Kaplan, and 1482(1999.

W.P. Schleich, Acta Phys. Slo48, 323(1998. [28] The dynamics of the GPE with attractive interactions generates
[24] S. Choi, K. Burnett, O. Friesch, B. Kneer, and W.P. Schleich bright solitons consisting of matter-wave packets. However,

(unpublished for large attractive interactions, the BEC remains focused in
[25] J. Ruostekoski and D.F. Walls, Phys. Rev58, 3625(1997). the center of the trap and the box boundary does not play an
[26] D.M. Stamper-Kurn, A.P. Chikkatur, A. Glitz, S. Innouye, S. important role.

Gupta, D.E. Pritchard, and W. Ketterle, Phys. Rev. L88. [29] D.S. Hall, M.R. Matthews, C.E. Wieman, and E.A. Cornell,

2876(1999. Phys. Rev. Lett81, 1543(1998.

043613-7



