RAPID COMMUNICATIONS

Nonlinear atom-optical é-kicked harmonic oscillator using a Bose-Einstein condensate

PHYSICAL REVIEW A 70, 041602R) (2004

G. J. Duffy, A. S. Mellish, K. J. Challis, and A. C. Wilson
Department of Physics, University of Otago, P.O. Box 56, Dunedin, New Zealand
(Received 23 June 2004; published 11 October 2004

We experimentally investigate the atom-optiéaticked harmonic oscillator for the case of nonlinearity due

to collisional interactions present in a Bose-Einstein condensate. A Bose condensate of rubidium atoms tightly
confined in a static harmonic magnetic trap is exposed to a one-dimensional optical standing-wave potential
that is pulsed on periodically. We focus on the quantum antiresonance case for which the classical periodic
behavior is simple and well understood. We show that after a small number of kicks the dynamics are
dominated by dephasing of matter wave interference due to the finite width of the condensate’s initial momen-
tum distribution. In addition, we demonstrate that the nonlinear mean-field interaction in a typical harmonically
confined Bose condensate is not sufficient to give rise to chaotic behavior.
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The &-kicked rotor is an extensively investigated systemfinite width of the initial condensate momentum distribution
in the field of classical chaos theory. During the last decadés shown to have a profound effect on the dynamics. After a
great progress has been achieved in understanding quantusmall number of kicks the behavior is dominated by dephas-
dynamics of a classically chaotic system using atom-opticaing of matter wave interference. We present numerical solu-
techniques and cold atoms. From an experimental point dfions of the Gross-Pitaevskii equation which match the ob-
view, cold atoms in optical potential&—5] provide an ideal served behavior and confirm our interpretation.
environment to explore quantum dynamics. To date, all ex- In the atom-optical kicked harmonic oscillator, the effec-
perimental work has focused on linear atomic systése®, tive Planck’s constarikt can be adjusted, in a sense, to make
for example[6-9], and references thergiwvhere the quan- the system “more” or “less” quantum mechanical. At specific
tum dynamics are stable due to the linearity of thevalues ofk—in particular, wherek is a rational multiple of
Schrodinger equation. In stark contrast to the chaotic behaw2r—quite remarkable phenomena can occur in the form of
ior of classical dynamics, the linear quantum systems exhibiso-called quantum resonances and antiresondb¢Es—2(Q.
antiresonance(periodic motion, dynamical localization |n this work we focus our attention on the case of the
(quasiperiodic motiop or resonant dynamids.0,11. =27 antiresonance at which the energy of a linear system

Recently, theoretical investigations have considered howexhibits simple periodic behavior. This antiresonance re-
the nonlinearity due to many-bodgollisional) interactions  quires a particular initial momentum state which evolves in
in a Bose-Einstein condensatBEC) modifies the behavior such a way that during the period of free evolution in be-
of the atom-optical kicked rotor system, providing a route totween kicks, the different components of the state vector of
chaotic dynamics. Gardinet al. developed a theoretical for- the system experience a phase shift that alternates in sign
malism to treat the one-dimensional nonlinear kicked harfrom one momentum component to the next, so that the sys-
monic oscillator(a particular manifestation of the generic tem returns identically to its initial state after every second
S-kicked rotop using Gross-Pitaevskii and Liouville-type kick. The underlying physics of linear atom-optical kicking
equations to describe the dynamics of a Bose-Einstein cort antiresonance has already been neatly described, albeitin a
densate, and estimated the growth rate in the number of nowlifferent context{14]. In the short pulsgthin grating limit
condensate particlgd2]. Zhanget al. investigated the gen- the first kick imprints a sinusoidal phase profile onto the
eralized quantum kicked rotor by considering a periodicallyplane matter wave, thereby populating a number of momen-
kicked Bose condensate confined in a ring potential for théum stategdiffraction order$, and the phase evolution of the
case of quantum antiresonanS]. As opposed to the fa- n'" state is proportional t®? so that after free evolution
miliar periodic behavior exhibited by a corresponding linear(between kicks corresponding to half the Talbot timdr
system, they predicted quasiperiodic variation in energy for &h/4E,, where the recoil enerds, =(f1k)?/2m,k is the wave
weak-interaction strength and chaotic behavior for strong invector andm is the atomic magsthe second pulse cancels
teractions. the spatial variation induced by the first. For multiple pulses

In this work we investigate the nonlineakicked har-  this process repeats so that the initial plane-wave state is
monic oscillator by performing experiments on Bose-reconstructed after every second pulse.
Einstein condensates in a harmonic potential. A Bose con- Bose condensate evolution in an optical standing wave, or
densate of rubidium atoms tightly confined in a staticlattice, has previously been well described by the Gross-
harmonic magnetic trap is exposed to a periodically pulsedPitaevskii equatioiGPE) (see, for exampl¢21]), and con-
one-dimensional optical standing-wave potential. Our focuslensate behavior in a kicked harmonic potential can be de-
is on the particular case of quantum antiresonance for whichcribed in this formalism using the one-dimensional GPE
the linear behavior is simple and well understqdd]. The along the direction of the kicking beams,
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3 px.b) p. K pulsed optical standing wave generated by two counterpropa-
j——~ =9 - — - x o —x gating laser beams with parallel linear polarizations derived
at IX" Kk, 2T from a single beam which is detuned 1.48 GHz from the

N 5S,/5,F=2—5P5,,,F’'=3 transition. Each beam has an in-
1, 2 tensity of 1052 W/ and intercepts the condensate at an
XE_: ft-nT) + 257 ClyxDI* [ 9x.D), angle of 27° to the radial direction. A double-pass acoustic-
=0 optic modulator is used in each beam for switching the op-
(1) tical potential on and off. The pulse length is 796 ns, which
is much less than the minimum classical oscillation period of
130 us, so that the kicking potential is well described as a
where y(x,t) is the condensate wave function and thin phase grating25]. Following the kicks, the momentum
=EQTr,/# is the classical stochasticity parameger kick distribution is determined from a time-of-flight absorption
strength for the effective Rabi frequenc). Here f(t—-nT) ~ image after a free expansion period of 29 ms, by which time
represents a square pulse, such thatnT)=1 for 0<t the momentum components have separated. ;’he energy of
-nT< 7, wherer, is the pulse length. The length scale is thethe atomic sample is determined by calculatifigdp)/2m,

characteristic harmonic oscillator lengttt/2maw,, and the then d|y|d|ng by the total number o'f'atoms. The kicking
temporal scale is the effective trapping frequengyalong per_lod is 33.16us to match the condition for the quantum
the axis of the kicking beams. The nonlinear strength ~antiresonance &-=8E,T/Aw =2 (corresponding to half the

=(8u/3)%2 is calculated such that the one-dimensional Talbot time, whereT is the pulse period in units of L.

chemical potentiak is equal to the chemical potential of the The beam det.uni.ng and intensity were chg;en to give. a rela-
three-dimensional condensate, in the Thomas—Fermi aF§|_vely strong kicking strength while maintaining a negligible

e o1 ;
proximation. Optimization techniques developed by Blakie>Pontaneous emission rate34 7). Up to 25 kicks were

and Ballagh{21] are used to calculate the condensate groun(ﬁiel'vered to the condensate for each experimental run. For

state and the GPE is evolved using a Runge-Kutta fourthgach number of kicks, the energy measurement was repeated

) . . . ix tim nd the mean value is plotted in Fig. 1.
order interaction picture algorithifi22]. S es, and the mean value is plotted g

Th fih . lculated usi Figure 1 shows an experimental and theoretical plot of
e energy of the system Is calculated using energy versus kick number. The theoretical calculation uses

7,=6.9686X 104, T=0.029, andC=50 in correspondence
with the experimental conditions. The height of the optical

. P K k potential has been adjustés=8.25 so that the energy after
E:f g (X)) -~ —-—=co > the first kick is consistent with the experimental value. Ini-
IX K7,
N

tially, periodic behavior is observed, but after several kicks
the oscillation in the energy of the system damps away to an
x> f(t-nT) + 1x2+ EC|1,//(x,t)|2 H(x,t)dx, (2)  average valugto within our experimental uncertaintyThe
n=0 4 2 theoretical points indicate that this average value gradually
increases, but no further significant oscillation is expected.
This steady increase occurs because in the time between

which is evaluated after each kick to make a direct comparikicks, atoms moving in the harmonic potential gain a small
son with experiment. amount of potential energy.

Note that in this formalism any noncondensate particlesd Tr:'e .damplng [nttf:je qtsﬁ'ltlﬁt'op .?f thgdtine][gt)/r] IS du% to
are not accounted for. Previous theoretical pagé13 ephasing assoclated wi € finite wi of the conden-

have investigated the proliferation of noncondensate par§ate s'|n|t|al momentum distribution. The initial momentum
state is not perfectly reconstructed after each free evolution

ticles, and for our nonlinearity, kicking strength, and numberperiod, because different momentum components of the ini-

of kicks, this is predicted to be negligible. Starting W't.h 4 tial distribution have a slightly different Talbot tim@ssoci-
pure Bose condensate, we do not observe any formation Qe with their slightly different phase evolutiorThis is
noncondensate particles. _ illustrated in Fig. 2. The rate of coupling between momen-
Bose-Einstein condensates with up t& ¥Rb atoms are  ,m states is not uniform across the momentum distribution
created in thé&=2,m-=2 hyperfine state with no discernible of the condensate. The centi@ero momentumregion of
thermal component. A description of the BEC apparatus Waghe initial condensate momentum distribution couples to the
given previously[23], but there have been some modifica- higher-order momentum states at a slower rate than the non-
tions. We now use injection-seeded diode lasers to drive thgero wings of the condensate wave function. This causes, for
two magneto-optical traps, and atoms are transferred corexample, the development of the double-peaked structure in
tinuously between the traps using a focused resonant laséte first-order diffraction components. As time evolves, the
beam. Condensates are formed in the static harmonic potenycling between momentum states for different components
tial of a quadrupole-loffe-configuration trg@4], character- of the initial distribution become progressively out of phase.
ized by radial and axial oscillation frequencies @f/2m This process of dephasing occurs even in the absence of
=164 Hz and w,/27=14 Hz, respectively. A condensate, collisions. Figure 3 illustrates the results of theoretical simu-
while confined in the magnetic trap, is then exposed to dations, showing the energy dynamics with and without in-
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FIG. 1. Energy plotted vs kick number for the quantum antireso- 16k mber

nance condition,k=27 with mean-field interactions. The solid FIG. 3. Numerical simulations of energy vs kick number for the
circles are the measured mean energies and the error bars incluggantum antiresonance conditides 277. () No collisional interac-
shot-to-shot variation and systematic uncertainty in the calculatiorion (C=0), (b) collisional interaction corresponding to the experi-

of the energy. The open circles are the corresponding theoreticghent(C=50), and(c) strong collisional interactiofC=1000.
values computed using E@®) and the solid line is to guide the eye.

damped oscillations. We begin to predict what appears to be

teractions. For the experimental condition 6£50 [Fig. ~ unstable behavior similar to that predicted by Zhagtcal.
3(b)], the behavior is essentially the same as the collisionleskL3], and this is consistent with our values of kick strength
case[Fig. 3a)], although dephasing occurs on a longer time@nd nonlinearity. Experlme_ntal!y, this is attainable with con-
scale. This is due to the fact that the initial condensate modensates of>10" atoms(which is beyond our reaghor by
mentum width decreases with increasing collisional interacincreasing thes-wave scattering length via a Feshbach reso-
tions [26]. nance[27]. Although Feshbach resonances have not been
After a significant time one might expect a rephasing ofobserved in the magnetically trapped state§’Bb, and one
the condensate wave function, leading to quasiperiodic O|y\zvould therefore need to use other spin states confined in an
namics. While we have not observed this, our numericaPPtical dipole trap, this is a particularly appealing method for
simulations indicate that some rephasing is possible for thgontrolling the strength of the nonlinearity. Another possibil-
collisionless case, but this is highly sensitive to noise and wdy for reaching the chaotic regime is by using a much lower
predict that rephasing will not occur in the nonlinear regime kick strength. We repeated our measurements for a kick
In Fig. 3(c) the nonlinear ternC in our calculation is a  Strength«=4.125 and observed similar features to those pre-
factor of 20 times larger than that corresponding to our exSented in Fig. 1, with the main difference being a smaller

periment, and the behavior is no longer dominated by th@&mplitude of the energy oscillations. We estimate that we
would have to reduce our kick strength by a factor of 100 to

enter the chaotic regime predicted by Zhaegal. [13].
While it may seem straightforward to simply further reduce
the intensity of the kicking beams, this reduces the energy of
the system to the point where shot-to-shot variations exceed
the predicted signal. For a kick strength lower then 4 the
signal to noise is compromised and the energy of our system
becomes immeasurable.

In summary, we experimentally investigated the possibil-
ity of using nonlinear collisional interactions in a typical
Bose-Einstein condensate to observe chaotic dynamics in the
quantum-kicked harmonic oscillator system. We applied a
pulsed, far-detuned, optical standing wave to a rubidium
Bose condensate, and measured the system energy as a func-
tion of kick number for the case of the quantum antireso-

nance condition ak=27. We found that, even in the pres-

ence of nonlinear interactions, our system exhibits the well-
FIG. 2. Momentum distribution vs kick number for the numeri- known periodic behavior associated with the linear system.

cal simulation in Fig. 1 Using numerical solutions to the Gross-Pitaevskii equation,
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