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We study the quantum coherent tunneling between two Bose-Einstein condensates separated through an
oscillating trap potential. The cases of slow and rapid varying in the time trap potential are considered. In the
case of a slowly varying trap, we study the nonlinear resonances and chaos in the oscillations of the relative
atomic population. Using the Melnikov function approach, we find the conditions for chaotic macroscopic
guantum-tunneling phenomena to exist. Criteria for the onset of chaos are also given. We find the values of
frequency and modulation amplitude which lead to chaos on oscillations in the relative population, for any
given damping and the nonlinear atomic interaction. In the case of a rapidly varying trap, we use the multiscale
expansion method in the parameter 1/}, where() is the frequency of modulations, and we derive the
averaged system of equations for the modes. The analysis of this system shows that new macroscopic quantum
self-trapping regions, in comparison with the constant trap case, exist.

PACS numbsd(s): 05.30.Jp

[. INTRODUCTION time of the trap potential can lead to a bifurcation of the
effective (averagedl form of the trap potential and conse-
It has recently been shown that there exists a macroscopguently to splitting of the BE(18].

guantum phase difference in processes connected with From what we have said above, we could wait for new

atomic waves. Namely, this effect is observed between twghenomena in the process of quantum coherent atomic tun-

tunnel coupled Bose-Einstein condensdtes3]. The cou-  neling (QCAT) too. Recalling the analogy with Josephson

pling occurs due to a trap potential which has the form of &ffects in coupled junctions, we note that in the last case it is

double-well potential. The theoretical investigation shows\,ery difficult to produce such effects, the difficulty coming

that there is possibly an interesting phenomenon of periodigom the fact that it is hard to implement the time-varying

oscillations of the atomic population between condensateave”ap properties of junctions.

and quantum self-trapping of population in the dependence Thus, in this paper we will study the atomic tunneling

of the relative p_hase between condgnséﬂeﬁ]. Analogous between two tunnel-coupled BEC's in a double-wiiihe-

phenomena which h.a"‘? been studied are the ac Jo_sephs Qpendentrap. Namely, in Sec. Il we will study the nonlin-

effect[9] and the periodic exchange of power and switching . . : .
gar resonance phenomena in the interference and, in particu-

f electromagnetic wav n cores in nonlinear opti . . . . .
of electromagnetic waves between cores onlinear opt Cafar, the stationary regimes, with damping taken into account.

lers[10]. . . .
couplers| 10] The phase and population damping are considered as well.

In particular, there is a direct analogy between the tunnel X X
ing phenomena in two prolongated Bose-Einstein condenl he phase-locked states are interesting because of the sup-

sates and two tunnel-coupled single-mode optical fibers. pression in these states of the fluctuations of the relative
this optical analogy, the role of the chemical potential isphase between two condensates. The regions of regular and
p|ayed by the propagation Constant, and the nonlinear intetchaotic oscillations of the relative atomic pOpulation are cal-
action between atoms is analogous to the Kerr nonlinearitgulated in Sec. lll, using the Melnikov function approach. In
of optical media. The tunnel coupling arising from the over-Sec. IV the macroscopic quantum interference in two over-
laps of the electromagnetic fields outside of dielectric cil-lapped condensates with rapidly varying traps is investi-
inders (fiberg [11-13 exactly corresponds to the tunnel gated. We derive the system of averaged equations for
coupling between two Bose-Einstein condensates due to theoupled modes and define in Sec. V new regimes of param-
overlaps of the wave functions. eters for the macroscopic quantum self-trappiNST).

In this context, it is natural to investigate the influence of
a time-varying coupling on the quantum coherent tunneling
process. In the nonlinear optical coupler analogy, this correp FORMULATION OF PROBLEM. SLOWLY VARYING
sponds to the variation in the Iongltudmgl ('j|re(':t|o.n coupling IN TIME TRAP
[14,15. As was shown recently, the variation in time of the
trap potential can lead to resonant oscillations of the Bose- The problem of Bose-Einstein condensates in a two-
Einstein condensatgl6,17. The numerical solution of the double-well time-dependent trap can be described by the fol-
Gross-Pitaevsky equation shows that the rapid variation itowing model:
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_dYy ) Let us consider the case of periodic modulations of the
th—==[Es(O+ ay|¢] 11— K (1) ¢z, tunnel coupling parameter, whe(t)=K,+ K, sinQt and
B the time-periodic energy difference IisAE(t)=AE
a0 +AE; sin(Qt): It_is useful to introducg the para_mete_r
ih WZ[EZ('{H x| 21— K (1) iy, =<I>—Q_t, wh|(_:h is a sonv-varymg function of the time in a
comparison with the periof. The averaged system of equa-
) tions can be found by averaging over the period of fast os-
where the parameteks , a; ,K(t) are defined by the overlap cjjjations 2r/(). Doing so, we get the system
integrals of the time-dependent Gross-Pitaevsky eigenfunc-
tions as given iff4]. a; are parameters of nonlinear interac- Z=—K, COSK\/@_ 7A— 7Q, (5)
tions between atoms ang ~g,=4mh?a/m, wherea is the

atomic scattering length. The attractive case can be obtained K.z

analogously, using symmetries of the equation. This sys- A=—Q+AE+Az— 1% SinA. (6)
tem of equations is valid in the approximation of a weak link 1-7°

between condensates. Comparison with the numerical solu-

tion of GPE shows that the systeft) is a reasonable ap-  Let us now look for the fixed points of E¢5). Introduce

proximation for z<0.5-0.6. For the strongly overlapped first the notationa={—AE. From the systent5) we find
condensates, the system should be modified. For a periodine following equation for the fixed points:
cally varying K(t) =Ky+ K, sin(2t) we have limitations on oo 1
the parameter&, and ) for which the two-mode approxi- s =|1- 7

mation is valid. The small deformation of bound states re- ¢ KicosA:|
quiresK;<K,. To avoid the resonances of the modulations

with normal modes of the spherical well, we should require ,SiN2A,

that the difference of energy between the ground state and a:Zc<)\_K1ﬁ : 8
the first normal mode be larger than the modulation energy, K
i.e., S(E>#A(). Taking into account thaE~7% wq [7], where
wq is the harmonic-oscillator frequency, we find the condi-

)

For smallz,, z2<1, we can find the explicit solution

tion Q<wy. Taking into account thaty> w, =2K,—the QO
. S . . 7
frequency of the linear oscillations of the atomic population, Ac=arcco%K—>,
defined by the tunneling frequency—we conclude that by a 1
proper choice of parameters we can have the resonant case ©)
Q=w, or the rapidly varying modulatiof}> w, . S Q—-AE
Introducing new variablesu;=\N; exp(6), z=(N; A VK= 207

- Nz)/NT, NT: N1+ N2, andl//: 01_ 02, WhereNi y and&i
are, respectively, the number of atoms and phases iittthe ~ The existence of a stationary solution is connected with

trap, we get the following system: the circumstance that the damping of the oscillation in quan-
tum tunneling is compensated by the periodic variation of the
z,=—2K(t)y1-2°sin® — nd, (2)  trap. In Ref.[6] the influence of the damping on the macro-
scopic quantum interference has been investigated numeri-
2K(t)z cally and degradation of the interference due to damping has
O =vAz+ o cos® +AE(t). (3)  been analyzed. The predicted stationary solutions, where

these effects are compensated by the variable driving, are
. indeed phase-locked solutions. Thus we can think that the
where A= (a3t ap)Ny and v==1 for the positive and fcyations of the relative phase will be suppressed in such
negative atomic scattering length, respECUV?W- In what fol-giates. It is an important prediction since BEC's have phase
lows, we will consider the case=1 (a;>0), if not stated  fjyctuations and it is difficult to maintain the constant relative

otherwise. We have included in ER) the damping term  phase of condensates. This phenomenon can be useful to
né(t). It appears if we take into account a noncoherenijeyelop the phase standard for the Bose-Einstein

dissipative current of normal-state atoms, proportional to thgndensate—a problem attracting considerable attention re-
chemical potential differencé.. For the other type of over-  centy[19].

lapping condensate, there might be another type of damping. \we can estimate the value of fixed points for an experi-
For example, for the two interacting condensates with differ{ental situation. For example, whe@=0.7, 7=0.1, K,

ent hyperfine levels in a single harmonic trap, the damping— 0.2, andA=2.5, we obtain the fixed pointg;.=0.2599

has the formpz(t). and z,.=0.3037. Stability analysis shows that only the first
The Hamiltonian of the unperturbed systefiK(t)  point is stable and corresponds to the global attractor. The
= const,AE=consty»=0] is results of the numerical simulations of the initial system for
AR the relative populatio(t) are presented in Fig. 1. It shows
2 co .
H= —- 2K T—2Zcog®)+AEzZ. 4) ;[gztotgg agreement between theory and numerical simulations
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FIG. 1. The typical behavior of the solutions to EB) when the FIG. 2. The typical behavior of the solutions to E8) when the
damping is taken in the fornh'=7¢,. This case corresponds t0  gamping is taken in the forrfi = 5z. This case corresponds £
0=0.7, »=0.1,K;=0.2, andA=2.5. The theoretical value & =0.7,AE=1, »=0.1,K,=0.2, andA =2.5.

=0.2599, the numerical value i5=0.26.

for the damping termpz with the above-mentioned set of

The same system of equations also describes the nonlinegarameters. All solutions decay to the first fixed point.
Josephson-type oscillations in the relative population of a
driven, two-component Bose—Emstgm co_ndensate_. The WO, CHAOTIC OSCILLATIONS IN RELATIVE ATOMIC
component condensates are those in which two different hy-

. ) . POPULATION
perfine states can be populated and confined in the same trap.
A weak driving field couples two internal states and as a In this section we consider the interference in the system
result the oscillations in the relative population will occur which in some limit is mathematically equivalent to the mo-
[20]. In this case the damping term has the fdrms — 5z tion of a particle in a double-well potential under parametric

Repeating the above-mentioned procedure, we obtain the aperiodic perturbations. The particle motion is of course un-

eraged system harmonic and the nonlinear resonances between oscillations
of a particle and oscillations of the trap potential are pos-
Z=—K\1 —Z2 cosA — 7z, sible. One of consequences of this is the possible appearance

(10) of chaotic dynamics in such systems. We will now study the
— conditions for the appearance of the chaotic dynamics in

A =AZ+AE-Q— &Smg atomic tunneling.
1-7° To proceed, it will be useful first to consider some aspects

of the unperturbed system, that is, when the coupling is con-
In the mode[20], AE corresponds ta,— u,— «, Where  stant. In this case the syste(@) is equivalent to the quartic
wni are chemical potentials and is frequency detuningc  (Duffing) oscillator[6,23].
=wq— wq, wg IS the separation in frequency of two hyper-  We can write the equation fa(t) as
fine states, andy is the frequency of drive. The fixed points

are v
Zy=— 9z’ (13
A,=arccob — 1% where the potentiaV/(z) is given b
; K12/’ P given by
e V(z)=7%(a+b7Z? =2K3 AH b= A 14
K.z, 22\ (2)=2%(a+bz’), a=2Kj - b=% (14
AZC—a— \/1_ > _Kz(l_zz)
Zc ! ¢ andH is the Hamiltonian. The total energy of the effective
5 _ particle is
For the case of smal;<1 we have the estimate fag,
2
z
AE-Q (AE—Q)3(K2—?) Eo=7 +V(2)=2K2~H22,

Z (12

TAK, T 2K(A—Ky)®
When Eq>0, we have the oscillating regime witte(t))

The typical values of the parameters ae=0.7, u, =0 (nonlinear Rabi oscillations This case corresponds to
—um1—k=AE=1, »=0.1, K;=0.2, and A=4, and the the periodic flux of atoms from one BEC to the other. When
fixed points arezz.=—0.111 andz,.= —0.13. The analysis E;<<0, the motion of the effective particle is confined in that
shows that the first fixed point is stable and second is unef the wells. This case corresponds to the localization of
stable. atomic population in one of the condensates—the so-called

In Fig. 2 we present the plot of solution of the full system macroscopic quantum self-trappifylQST). The caseE,
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=0, i.e.,H= 2K, corresponds to the separatrix solution sepa- *
rating these two regimes. It is interesting to investigate the
dynamics of atomic population, when the inital parameters
z(0),®(0) are close to the separatrix of the unperturbed sys-
tem. From the general theory of nonlinear driven oscillations s}
[21], we can expect the appearancecbBotic macroscopic
tunneling phenomena

The separatrix solutions for the right-hand side wetin- 4
densatgare

z(t) = \a/b secfi2at),

(15
(D) o? sech(/2at)tantf( \2at) 1 2 ; it
Si = ,
s ZKS[b—asecﬁ( V2at)] FIG. 3. The regions of regular and chaotic oscillations in plane

Ky, Q from the Melnikov approach.
whereH=H =2K. )
The motion near the separatrix is very sensitive to the Gi1=[—2b%(2Hs—A)(bHs—4aA +3bA)]
change of the initial condition and a stochastic layer appears,

leading to the chaotic dynamics of the solutions of the sys- Xarctamalvab— a’)

tem (2). The Melnikov function method is effective to find Jab—a?

the regions of chaotic behavip21,22. The system(2) may

written in the formr,=f+eg and has a hyperbolic fixed — 2[4a’A?~5abA%+2b%(4H;— 4H A +3A%)].
point. According to this method, we need to calculate the (19)

Melnikov functionM((tg),
The simple zero oM (ty) is absent if the condition

M(to)zfoc [f2s01s(ttg) — F1500s(t,to) Jdt.  (16) F,
- > (20)

As is well known, the existence of zeros Mf(t,) indicates
the intersection of separatrices and the existence of hds satisfied. In Fig. 3 we plot this criterion in thé{,())
moclinical chaos. Substituting the expressionsffog; from  plane for »=0.1. Regions below the curve correspond to
the systen(2) and calculating the integrals, we find the final regular oscillations and those above correspond to chaotic
expressions for the Melnikov function. We shall give the oscillations ofz(t). The criterion gives a good lower bound
results for two possible damping terms. on the region of chaos in this plane. We verified this lower
bound in the K;,Q) plane by numerical simulations and
found a good agreement with the formul@®).

When the damping coefficient is zero, we have the ex-
The integrations in Eq.16) are cumbersome, and will be pression for the width of stochastic layer near the separatrix

A. The case of the damping in the form»n®,

omitted. The final result for the Melnikov function is as
Mi(tg) = — K F1cogQty) —F,7, (17) .
where _
7AQ2
Fl: y
4K b sint| T
sinh ——
° 2\2a
(18
2A\2a
F,=—=(A —2Hy)arctafya/(b—a)
N arctal ]
\/E o 2 4 5 8 10
" T6b—a)b? v
6( a) FIG. 4. The width of stochastic layer as a function of frequency
Q, when =0, Ky=1, K;=0.2, A=9.9, 2(0)=0.6, and®(0)
where =0.
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FIG. 5. The typical oscillations of the relative populatinft) 10 20 30 40 50

for K;=1.2,A=9.9,2(0)=0.6, ®,=0, andQ2=1.5.
FIG. 7. The typical oscillations of the relative populatinft)

7TAK1§22 for K;=0.2,A=2.5,2(0)=0.9, y=m, and()=3.22.
D= . (21
4K b Siﬂ?’( m{} ) B. The case of the damping term in the form#nz(t)
2\2a The calculation of the integrals which give the Melnikov

function is again cumbersome, and one finds the following

In Fig. 4 we plot the width of the stochastic layer as A asult:

function of the frequency foK;=0.2, A=9.9, z(0)=0.6,

and ®(0)=0. The maximum of the width is given by the M (to) = F, cog Qty) + 7F 3, (22)
solution of the equation
}‘( =0 ) 4\/5 where
Q tan = .
2\2a T B _
~ A-2H a2 Ja
For this choice of parameters, we halg,=1.89. For() Fa= [2(b—a) arctaf va/(b—a)]+ 2v2b @3

=2a=1 we get the estimat®,,~4+/2a/. It can be seen
that, for the high frequencie@> \/a, the stochastic layer is
exponentially narrow and motion is regular. The analysis of
this case will be performed in detail in the next section. In
Fig. 5 we plot the typical oscillations in the relative atomic Fi
population for A=9.9, Ky=1, K;=0.2, 2(0)=0.6, and
®(0)=0 for 2=1.5. It turns out that fof) between 1.5 and
3.22 we have chaotic oscillations, and for small or lafhe s satisfied.
regular oscillations. In Fig. 6 the phase portrait is given. In |t e consider for example the case whin=0.2, Q
Fig. 7 the influence of the damping on chaos is illustrated— g 7 A =25, 2(0)=0.6, and®(0)= , the damping con-
Parameters are the same as in Fig. 5 gnd0.15. In this  stant should bey=0.15. In Figs. 7 and 8 the chaotic and
case the oscillations become regular. periodic oscillations of the relative population in the depen-
dence of the frequency for fixez{0),®(0) are plotted.

The zeros oM (ty) are absent when the condition

(24)

0.5

o AAAAAAAAA i
. o vavvvwvvw %

-0.5
0.75
0.6 -0.4 -0.2 0 0.2 0.4 0.6
FIG. 6. The phase portrait in theb(z) plane for the same FIG. 8. The typical oscillations af(t) for the same set of pa-
values of the parameters as in Fig. 5. rameters as in Fig. 7, but with=—0.1%.
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IV. RAPIDLY VARYING TRAP POTENTIAL

In the rapidly varying cas& =K(t/e) we can apply the

averaging technigques based on the multiscale expansions
[24—26. Let us search the solution in the form of the sum of

the slowly varying componentd,V and rapidly varying cor-
rectionsu; ,v;,

P (1) =U(t )+ eus () + 2uy() +- -,
(25)
Pa(1) =V (t) + ev (L) + €2v,(O) +- -,

where{=t/e, e<1, andt,=€"t are slow times. The aver-
ages over a period of rapid oscillations grg)=(u;)=0.
The functionsu; ,v; are assumed to be functions of the rapid
time ¢ and the slow varying functions,V. The derivatives
can be written in the form

du_du
dt o dt, €

du

_+...
dt,

(26)

and analogously for the derivative uf

Below, we will assumeE;=E,. Then the time depen-
dence inE(t) can be removed by a simple field transforma-
tion u(v)=u(v)exp((i/h) [E(t")dt’). In the zeroth order in
e we get the equations

|ﬁ<
)

o S

ato

2o

duq
ﬁto §) Eup—K( oo+ alugl?ug,  (27)

Evo—K({)Up+alvgl?vy. (28

2

Requiring the exclusion of the secularjrierms, we find
the correctionsiy v,

Uy =5 oo~ (1)), 29

Ul:flb_uo(/-‘l_<lu1>)v (30)

whereu,=[§[K(s)—(K)]ds and the system foug,v, be-
comes

. &UO 2
ifi — =Euy— (K)vo+ alug|?ug, (3D
aty
|ﬁ_:EUO <K>U0+a|l)o| Uo- (32)
In the ordere we have
l?UO O')Uo
o E—O, (33

and we obtain, for the second-order correctionsv,; the
elimination of the secular terms result in

PHYSICAL REVIEW A 62023613

Uzz_g

—[(u

dvg | @ ) -
(2= (p2)) o, F Rt 7 [2lvol?vo+ugug]

1—{11))?=2M]uo, (34)

i dug i i ) >
vo=— 7 (H2—(K2)) (?_to+%u°+ 7[2|vo| Up+vgUp ]
—[(p1—{m1))*—2M]vy, (35
where
¢ 2 2
o= 0(#1(3)_<M1>)d5, =((n) — (1))
From this order we get the equations
dug 2iM «
T, 7[2|Uo| up—vgug 1, (36)
0"1)0 2|CYM
9, ne [2]ug|?vo—ugv§ 1. (37)

Finally, we have in the next orde®(e?), the averaged sys-
tem

., dUg
|h7_EUO_&’|U0|2uO
e2aM 5 > %
:_<K>U0+2_hr[2|vo| UO_UOUO], (38)
Ju
Iﬁ—O—Evo—a|vo|2vo
&2
:_<K>U0+2 7—[2|ug|?vo—udv§ 1. (39

For periodic modulations of tunnel coupling, we obtéih
=K2/02,

This averaged system is the main result of this section.
We see that, in comparison with the constant coupling case,
new effects appear. First, the cross term appears, correspond-
ing to a change of type in the effective nonlinearity in
coupled BEC dynamics. Second, there appears an additional
nonlinear phase-sensitive coupling. This term leads to new
minima in the effective potential picture. In the constant cou-
pling case, the oscillations aft) are described by the Duf-
fing oscillator. Now we have a more complicated nonlinear
oscillator, describing more complicated interference patterns.

V. ANALYSIS OF THE AVERAGED DYNAMICS

Using the variables introduced in Sec. Il, we get the sys-
tem

z,=—2(K)y1—2°sin(®)— v8(1—2%)sin(2P), (40)
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FIG. 9. The phase portrait in a plargb of the averaged system  FIG. 11. The phase portrait in a plae® of the averaged
of equationg40) for &(0)=m, A=2.0, and6=0.2. system of equation§t0) for ®(0)=, A=2.0, and6=0.8.

(K)z Thus, the frequency of the linear oscillations grows with
O =Az+2 cog®)—vsz[2—coq2d)], (41) Sw’=w’—w5=28((K)+A—5), in comparison with a

J1-72 nonmodulated case.
where we have defined=e?aM/h?. This system has the
following Hamiltonian: B. z<1, and @ is not small

A, 72 The phase dynamics is described by the equation

H:

2(K)1—2z°cos(®)— g(l—zz)cos(ZCD),

2 a2 Pt 2(K)(A—28)sin(®)+ (A + 2(K)?—25%)sin(2P)

whereA;=A—26. _ 5

When the parametef=0, we get back the systel(®). +25(K)sin(3®) + —-sin(4®)=0. (43
The effective particle motion is that of the double nonrigid
pendulum system. At derivation of this equation we take into account tldat

Let us consider the different regimes of oscillations. ~2z, SO we neglect by terms z®, . This equation is equiva-

lent to a generalized pendulum motion whose effective po-
A. Linear regime tential is given

This is the case whellg|<1,|®|<1. Then, from the sys-  U(®)=—2(K)(A—28)— 3(AS+2(K)?>—25%) cog2d)

tem (40), it follows that
25(K) 5
3

Zy=—2((K)+ 8)(A +2(K)— 8)z. cog3®)— o cog4P). (44)

Then the frequency of linear oscillations of the number ofthe additional minima a® = +n correspond to the trap-
atoms Is ping of oscillations in states with locked phase.

w2=—2((K)+ 8)(A+2(K)—6).

: AMAL EA AL,
4 ST

=

3.5 . D M’ o]
0.75 0.5 ]
3 <§z§§> 0.7 GAi
0.65 O.Bi
. l 2 4 -3 ] &
5.5 UV UV UV U
R IEE z FIG. 12. The typical behavior of the solutions to Ef), for &
-0.75-0.5-0. 0 0.25 0.5 0.75 =0.8 andA =10, ®(0)=0 and varyingz(0). (A) corresponds to

z(0)=0.5, (B) to z(0)=0.65, (C) to z(0)=0.68, and(D) to z(0)
FIG. 10. The phase portrait in a plaze® of the averaged =0.80. (B) is just before the localization transition ari@) just
system of equation&t0) for & (0)=m, A=2.0, andé=0.6. after.
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VI. MACROSCOPIC QUANTUM SELF-TRAPPING The second group of fixed points is given by
This phenomenon consists in the self-trapping of the (K)
atomic number in one of the condensates, depending on the cog®)=— 12 (46)

initial difference in atomic number and on the relative phase
of condensates. This is connected with the phase-sensitive
linear coupling The nonlinear guided wave optics analog of
this phenomenon, first predicted [d], is the switching of
the power in the dual core couplers from one core to the
other, depending on the initial power or the phase difference. (K)
The additional coupling in the averaged syste#f) is non- cog®)=--—, z=0. (47)
linear and also phase-sensitive. Thus the condition of local-
ization of atomic population should be modified in compari-
son with the one considered earlier.

Let us find the fixed points of the averaged systei).
The first group is for®,==wn, n=0,=1,£2,.... For
each®d, there can exist one or three roots forOne of the

Again, there are two possibilities.
(i) A=36, where the whole line is stationary.
(i) A+#36, where one has the following static point:

This root assumes thitK )/ 5| < 1. The linear stability analy-

sis shows that the fixed points are unstable when36.
Following [6], from the constraint coming from the en-

ergy conservation and the boundness of the tunneling energy,

roots isz; =0, two others are given by
=+|1- 4<K>2 H (45) Alzz(O) 5

Zs12= = (A—10)2 H= 5 —2((K))V1—2z%(0) codP(0))
Note that if (A — 8)(K) <0, then three roots exists for evan
and one root £,=0) exists for oddn. For (A — 8)(K)>0, _ é[l—22(0)]005(2®(0))>2(K>— f (48)
one has the opposite situation. The critical valueAis 2 2’
>2(K)+ 6.

One can show, however, that linear stability analysis prewe obtain the estimate for the critical value &f when the

dicts that this set is unstable whéw A/2. self-localization occurs. We find that

_4(K)[V1—2°(0) cos®(0) + 1]+ 5([1—2%(0)]cos 2b(0)—1) .
B z°(0)

Ac

26. (49)

The phase portrait is plotted in Figs. 9—11 for initial phasetypes of damping terms occurring in the studies of two
difference ®(0)=7 and A=25, for different § coupled condensates. Using the Melnikov approach, we
=0.2,0.6,0.8. The regions corresponding to different dy-study the possibility of the appearance of the chaotic oscil-
namics ofz(t) with (z)=0 and(z)#0 are shown. The in- lations _in th_e tunneling phenomena between two coupled
creasing ofs (i.e., K;/Q) leads to the distortion of the BoOse-Einstein condensates. We calculate the width of the

MQST regime, and fo~1 to the nonlinear Rabi-like os- stochastic Iayer in phase space, in which t_he dynamics' is
cillations. The typical oscillations in time of the relative chaotic. We find the lower bound on the region of chaos in

population for different values of and for fixedA are plot- € (K1,Q2) plane. We obtain the estimate for the damping

ted in Fig. 12. The influence of rapid modulations leads tocoefficient when the chaos is suppressed. For the rapidly

the appearance of new minima in the oscillations. This cay@ying trap we use the multiscale method and derive the

be described as a result of the overlap of two double-wel veraged equations for coupled modes describing the tunnel-
potentials. This conclusion is also confirmed by the results o g phenomena. We find the fixed points in this case describ-

. ) . . 4 ng the stationary states in two coupled BEC's. The expres-
numerical S|m_ulat|ons_0f the GP equation for 8iegleBEC  gjq for the critical value of the nonlinearity parameter, when
under the rapidly varying trap potential performed18]. In  {he 'macroscopic quantum self-trapping occurs, is derived

this work, it has been shown that the effect of rapid modu{2g]. Our results show that there is interest to study the con-

lations is the appearance of an effective double-well tragyipytion of the quantum tunneling for this driven case and

potential. the investigation of resonances and chaos in oscillations of
VIl. CONCLUSION atomic population for the strongly overlapped condensates

In this paper we have studied the new effects coming th<£27]' These problems require separate investigation.

time variation of the trap potential and from damping on the
nonlinear oscillations in the relative population behavior be-
tween two BEC's. For the slowly varying trap we predict The authors are grateful to E. N. Tsoy for useful discus-
synchronization of oscillations of the trap with oscillations of sions and comments. This work was partially supported by
the relative population. We find the fixed points for bothan FAPESP Grant.
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