VOLUME 79, NUMBER 25 PHYSICAL REVIEW LETTERS 22 BCEMBER 1997

Quantum Coherent Atomic Tunneling between Two Trapped Bose-Einstein Condensates
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We study the coherent atomic tunneling between two zero-temperature Bose-Einstein condensates
(BEC) confined in a double-well magnetic trap. Two Gross-Pitaevskii equations for the self-interacting
BEC amplitudes, coupled by a transfer matrix element, describe the dynamics in terms of the interwell
phase difference and population imbalance. In addition to the anharmonic generalization of the familiar
ac Josephson effect and plasma oscillations occurring in superconductor junctions, the nonlinear BEC
tunneling dynamics sustains a self-maintained population imbalance: a novel “macroscopic quantum
self-trapping” effect. [S0031-9007(97)04613-9]

PACS numbers: 03.75.Fi, 05.30.Jp, 32.80.Pj, 74.50.+r

The recent experimental observation of the Boseing an ac current, or the “plasma” oscillations of an initial
Einstein condensation (BEC) in a dilute gas of trappedctharge imbalance [11,12]. For neutral superfluid He II,
atoms [1,2] has generated much interest in the propertiegltage drives, tunnel junctions, or capacitive charges are
of this new state of matter. A fascinating possibility is absent. The only accessible Josephson analog [13] in-
the observation of new quantum phenomena on macrosolves two He Il baths connected by a submicron orifice,
scopic scales, related with the superfluid nature of thet which vortex phase slips [14] support a chemical poten-
condensate. In fact, broken symmetry arguments showal (height) difference, through the Josephson frequency
that the condensate atoms can be described by a commaslation.

“macroscopic” one-body wave functiok(7, 1) = ,/p e’ Although the trapped BEC is also a neutral-atom Bose
(the order parameter), with the condensate density. For system, its population can be monitored by phase-contrast
a weakly interacting BEC, the order parameter obeysnicroscopy; the double-well curvatures and barrier heights
a nonlinear Schrodinger, or Gross-Pitaevskii equatiortan be tailored by the position and the intensity of the

(GPE) [3]: laser sheet partitioning the magnetic trap [2]. We note
oW 72 that the chemical potential between the two condensates
ih a5 - " om VU + [Veu(F) + gl WIP1¥, (1)  depends both on the zero-point energy difference from an

, asymmetrically positioned laser barrier, that acts like an
where V., is the external potential angd, = 4”,5 “is  external “dc” SJJ voltage; and on the nonlinear interaction
the interatomic scattering pseudopotential, withn the  that, through an initial population imbalance, acts like a
atomic scattering length and mass, respectively. capacitive SJJ charging energy. Thus, we propose that

The GPE has been successfully applied to investigatthe BEC tunnel junction can show the analogs of the
the collective mode frequencies of a trapped BEC in thdamiliar Josephson effects in superconductor junctions,
linear regime [4], the relaxation times of monopolar oscil-with the ability to tailor traps and the atomic interaction
lations [5], and, because of the nonlinear self-interactioncompensating for electrical neutrality.
it could also induce chaotic behavior in dynamical quan- In this Letter we study the atomic tunneling at zero
tum observables [5,6]. temperature between two nonideal, weakly linked BEC in

The existence of a macroscopic quantum phase (differa (possibly asymmetric) double-well trap. This induces
ence) was dramatically demonstrated recently [2]. A fam coherent, oscillating flux of atoms between wells, that
off-resonant intense laser sheet divided a trapped conderis a signature of thenacroscopic superposition of states
sate, creating a high barrier in between. Switching offin which the condensates evolve. The dynamics is gov-
the double-well trap, the two released condensates oveerned by two Gross-Pitaevskii equations for the BEC am-
lapped, producing a robust “two-slit” atomic interferenceplitudes, coupled by a transfer matrix element (Josephson
pattern, clear signature of phase coherence over a macrtunneling term). Analogs of the superconductor Joseph-
scopic scalé=10"2 cm) [2,7]. Thenondestructive detec- son effects such as the ac effects and plasma oscillations
tion of phase differences between two trapped BEC coul@re predicted. We also find that the nonlinearity of the
be achieved by lowering the intensity of the laser sheetdynamic tunneling equations produces their anharmonic
This allows for atomic tunneling through the barrier, andgeneralization and a novel self-trapping effect.
the detection of Josephson-like current-phase effects [2,8— Consider a double-well magnetic trap 1,2 as in Fig. 1
10]. In superconductor Josephson junctions (SJJ), phasdth an asymmetrically placed laser barrier producing
coherence signatures include a dc external voltage produdifferent well curvatures. This system can be described
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For two symmetric trapsg} = ES (AE = 0), U, =
1 2 U, = U, and A = UNy/2K. In the following we will
assume a positive scattering lengtgA > 0); note, how-
ever, that Egs. (3) are invariant under the transformation
A——A¢p— —¢ + 7, AE— —AE.

Thez, ¢ variables are canonically conjugate, with=
—%, ¢ = % and the Hamiltonian is given by

1
sz H=%ZZ—V1—Z2COS¢+AEZ. (5)
In a simple mechanical analog¥, describes anonrigid
pendulum, of tilt angle¢ and length proportional to

Distance V1 — z2, that decreases with the “angular momentum”
The BJJ intertrap tunneling current is given by

Potential Energy

FIG. 1. The double-well trap for two Bose-Einstein conden-
sates withN,, and E?,z the number of particles and the zero-

point energies in the trap 1, 2, respectively. I = Z‘% = Ipv/(1 — z?) sing; Io = KNr. (6)
by a two-state model It differs from Cooper-pair SJJ tunneling current in its
b nonlinearity inz. The ¢ equations hence also differ.
ih—= = (E) + UiN)Y — K, (2a) The detailed analysis of Egs. (3) with exact analytical

solutions in terms of Jacobian and Weierstrassian elliptic
functions will be presented elsewhere [18]; here we
consider three regimes.

. . . 0 (1) Noninteracting limit—For symmetric wells and
with uniform amplitudesy;» = (/Ni2e"?, whereNi»,  pegjigible interatomic interactions A(— 0), Egs. (2)
01, are the number of particles and phases in thelr@p  yje|q Rabi-like oscillations in the population of each trap
respectively, and [15] is the coupling matrix element. \iih a frequency [8,9]

The parameterE?z, Ui, andK can be determined from

9
in 22

0 (EY + UaN2)gn — Ky, (2b)

appropriate overlap integrals of the time-independent GPE wgp = 2K. (7)
eigenfunctionsb, , of the isolated traps, as .outlined later. However, the ideal Bose gas limit is not accessible.
The total number of atom#&/; = N; + N, is constant, (2) Linear regime—In the linear limit (|z] <

but we stress that a coherent phase description, i.el, < 1) Eas. (3) become
the existence of definite phaség,, implies that the 4 ) Eas- (3)

phase fluctuations=1/,/N;» [16]) must be small, giving 1=—¢, (8)
Ni2 > Npin = 103, say. .
We note that the Bose Josephson junction (BJJ) tunnel- ¢ = A+ 1)z. 9)

Ing Egs. (2) are s!mllar in form to models OT smgle—trap These describe the small amplitude oscillations of the
atomic-level transitions [9], or polaron hopping in semi-

classical approximation [17], although they describe quité’endUIlJm analog, with a sinusoidal) with a frequency
different physics. Thé/;N;, U,N, terms are like bulk on- . \/—
site chargin)g energies in a bosonic (and “classical”) anal- wy = y2UN7K + 4K2. (10)
ogy to two-grain mesoscopic systems [12].

In terms of the phase differenceé = 6, — 6, and
fractional population difference-1 < z = N‘N;TNZ <1,
Egs. (2) becomér = 1)

The BJJ oscillations of population should show up as
temporal oscillations of phase-contrast patterns [2], or
other probes of atomic population [1].

Linearizing Egs. (3) irz(¢) only, we obtain

N
;= -1 - 22sing, (3a) ;= —sing, (11a)
. z .
= Az + ——= cos¢ + AL, 3b = AE + (A + cos¢)z, 11b
I =1Iysing. (11c)
where the time has been rescale@&s — ¢. The dimen-
sionless parameters are For large trap asymmetries WithE > [A + coq¢)]z,

we havep = ¢(0) + AE?, giving an oscillating:(¢) with
AE = (EY — E))/2K) + (U, — U,)Nr/(4K), (4a) frequency

A = (U + Uy)N7/(4K). (4b) Wae = E) — EY, (12)
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where an “ac” currenk(z) is produced by the dc trap asym-  Figure 2 shows solutions of Egs. (3) with initial con-
metry AE. It is simple to show that a small oscillation in ditions z(0) = 0.6, ¢(0) = 0 and illustrative parameters
the laser positiolf‘voltage” AE — AE[1 + §sin(wo?)]), A =1, 8,9.99, 10, and 11, respectively. The sinusoidal
orinits intensity(K — K[1 + dsin(wot)], 6 < 1), will oscillations around; = 0 became anharmonic at in-
result in a dc intertrap current of nonzero time averagereases, Figs. 2(a), 2(b), and 2(c). With a precursor slow-
(1)) = 8(sin(wot)sin(w,.t)) # 0, at a resonant match ing down, Fig. 2(c), there is a critical transition far =
wo = w,.. This is the analog of the Shapiro effect [11] A. = 10, dashed line in Fig. 2(d). Then foA = 11
with an applied dc voltage in superconductor junctions. (Inthe population in each trap oscillates around a nonzero
SJJ, of course, barrier modulation is not possible.) In practime averagedz(z)) # 0, solid line in Fig. 2(d). In the
tice, in the experimental setup, the intensity of laser barrienonrigid pendulum analogy, this corresponds to an initial
can have a smal10%) random noise compone#t(s).  angular momentum(0) sufficiently large to swing the pen-
The (dc) Shapiro effect will be unaffected by this noise.dulum bob over thep = 7 vertical orientation, with a
The barrier noise will show up as a small additive com-nonzero(z(¢)) average angular momentum corresponding
ponentz(r) ~ (K + K) to the oscillations of Fig. 2 (see to the rotatory motion. This critical behavior depends on
below), that could still be detectable. If the barrier noiseA. = A.[z(0), ¢(0)], as can be easily found from the en-
K (t) is monitored, and combined withza-shiftedz(r) sig-  ergy conservation constraint and the boundness of the tun-
nal, then the oscillations would stand out more clearly. neling energy in Eq. (5). In fact, the valudr) = 0 is

In SJJ, the current of Cooper pairg;, is Isy = inaccessible at any time if
—2e(Ny — N») = 2¢E;sing, and the Josephson fre- T
quency relation for the relative phase = Au = A>A. = 2< L~ 20 CO§¢(0)] * 1).
2¢V, for a junction voltage/ = (N; — N»)E./2e and a 2(0)

junction capacitance, with E. = (2¢)*/2C [11]. These  The full dynamical behavior of Egs. (3) is summarized in
rigid pendulum SJJ equations can be directly comparegtig. 3, that shows the-¢ phase portrait with constant
with tfhe BJJ Egs. (3). Itis thgn E'eaf that Lhe ac 1osephenergy lines. There are energy minima alang- 0 at
son frequencyw,. = 2¢V and the Josephson plasma, . 2nd “running” : y :

2 , g” solutiong¢ (¢)) # 0 with (z(¢)) # 0,
frequency [111‘”1’._ VEE; are the analog of Egs. _(12) moving along the sides of these wells. The vertical
gnd (10), respectively. 'Note howe"ef thgt, for Sdy).is points ¢ = (2n + 1)7r, that would be isolated unstable
independent of the barrier cross sectionsince£; ~ A points for the rigid pendulum, now support oscillations

~C 1 ~ 7! i = Al2 ; ST
a_nd E.~C A™", while the B‘]‘]. hasw, =~ A of restricted range, as a consequence of nonrigidity, i.e.,
sinceK ~ A, and the bulk energWNr is approximately nonlinearity
A n;derl)\leno:gnt. . A ical luti ¢ The self-trapping of an initial BEC population imbal-
(3) Nonlinear regime—A numerical solution o ance, seen in Figs. 2(d) and 3, arises because of the

Egs. (3) ylelds nor_15|n_u50|dal osqllaﬂops, that are thqnteratomic interaction in the Bose gas (nonlinear self-
anharmonicgeneralizationof the sinusoidal Josephson interaction in GPE). It has a quantum nature, involving

effects. I\f}or%(?]\‘/]gr, anlfe}ddll(tmdnal nolvell nqnllkr;elar effeClihe coherence of a macroscopic number of atoms. It differs
occurs in the - aseli-locked population imbalance. 4y single polaron trapping of an electron in a medium
[17] and from external gravitational effects on He Il baths

(13)
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FIG. 2. Fractional population imbalancér) versus rescaled FIG. 3. Constant energy lines in a phase-space plot of
time, with initial conditions z(0) = 0.6, phase difference population imbalance versus phase differengg. Bold solid
$0)=0,andA =1 (@), A =38 (b), A =999 (c), A =10 line: z(0) = 0.6, ¢(0) =0, A =1, 8, 10, 11, and 20. Solid
(dashed line, d)A = 11 (solid line, d). line: z(0) = 0.6, $(0) = 7, A =0, 1, 1.2, 1.5, and 2.
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[13,14]. It can be considered as a novel “macroscopiaent. Such corrections are small for temperatures smaller

quantum self-trapping” (MQST). than excitation energies. High density BEC could induce
Nonlinear effects like MQST are unobservable inquasiparticle—collective-mode scattering with finite life-

SJJ where the external circuit suppresses charge imbdime of the coherent oscillations [5]; phase diffusion could

ances. For isolated coupled superconductor grains [12induce phase coherence collapse and revival [20]. These

the requirement that the chemical potential differenceeffects deserve further studies.

m1 — m2 = (N; — N)E. must be less than the quasi- In conclusion, the BEC coherent atomic tunneling in a

particle gaj2A, (to avoid excitations) implies very small double-well trap induces nonlinear population oscillations

fractional imbalances]z| < (2A4p/E-N7) < 107 for that are a generalization of the sinusoidal Josephson

typical parameters. For the BEC, the requirement thaéffects familiar in superconductors. A novel population

tunneling does not access excitation energies is much legmbalance occurs for parameters beyond critical values: a

restrictive. As an example, let us consider two weaklymacroscopic quantum self-trapping effect.
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