PHYSICAL REVIEW E 71, 027201(2009

Deviations from early-time quasilinear behavior for the atom-optics kicked rotor
near the classical limit
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We present experimental measurements of the mean energy for the atom-optics kicked rotor after just two
kicks. The energy is found to deviate from the quasilinear value for small kicking periods. The observed
deviation is explained by recent theoretical results which include the effect of a nonuniform initial momentum
distribution, previously applied only to systems using much colder atoms than ours.
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For some time now, studies of cold atoms subject to a - PP N
periodically pulsed one-dimensionélD) optical lattice[a H= 5K cog$) >, (r-n), (1)
n=0

system referred to as the atom-optics kicked réA@OKR)]
have provided a great deal of insight into quantum systems .. . ~
with chaotic classical analogé—4]. Typically, such experi- Wherep is the scaled atomic momentum operaigris the
ments have focused on the “late-time” behavior of the quanSc@led position operator for an atorr=t/T is the scaled
tum kicked rotor. This is partially because the hallmark oftime, andx is the kicking strength. We note the commutator
quantum interference effects in the AOKR—dynamicalrelation [¢,p]=ik, wherek=8w,T, and e, is the energy
localization—is only observed after at least five or ten kickschange of a cesium atom after the scattering of a single pho-
for typical experimental paramete(see, for example, Ref. ton of wavelength z/k =852 nm has occurred. The atomic
[5]). Observations of quantum resonances in the mean emomentump is related to the scaled momentum by

ergy have also generally been made in the late-time regimg/ 24k =p/k, and we refer to the quantity/ 2%k, as the mo-
[4,6]. Somewhat less attention has been given, however, thentum in two-photon recoils, or the momentum in experi-
the “early-time” regime, where theoretical predictions hadmental units. The atomic position operafois given by X
suggested that only quasilinear energy growth took place, in 12k,.

particular, during the first two kicks. That is, no classical or " is' useful to consider the standard map for thkicked

quantum co[)relagops_ _alredfou_rl;d to bef important durg\g thisotor (DKR). If we label the atomic position and momentum
time, given broad initial distributions for position and mo- ;¢ hefore thenth Kick as ¢, ; and p,,,, respectively, inte-

mentum. . . grating Hamilton’s equations over one kick gives the recur-
However, recent theoretical and experimental work demga rejation

onstrates that nontrivial behavior may be observed in the

mean energy of the AOKR as a function of kicking period Dn= o1t P Pn= Pr-1— K SIN(Pp_1). (2

after as few as two kicks if the atomic sample initially has a

narrow momentum distributiofi7]. Experimental work has This map holds for the classical position and momentum for

focused on the temporal half-Talbot effect which leads tothe DKR and also for the associated position and momentum

recurrence of the initial momentum distribution after two operators for the quantum DKR. In this paper, we are inter-

kicks [8,9] and more detailed studies of the energy depenested in the mean energy of the atoms after they have expe-

dence as the kicking period is varied have also been perienced two kicks. From Ed2) the atomic momentum after

formed[9]. To observe the effects of interest, both of thesetwo kicks is

previous experimental studies made use of Bose-Einstein i i

condensates which provide atomic samples with much nar- p2 = po— K SiN(¢pg) — Kk SiN(¢hy). €]

rower initial momentum distributions than those used in typi- _ 2 or2

cal AOKR experiments. For atomic ensembles with largef=XPerimentally, we measure the quantity=(p5/2K), that

thermal energies, the classical theory of Rechester and Whité: the mean kinetic energy of the atomic ensenibieex-

[10] and the quantum theory of Shepelyang$k{] both pre- perimental units Theoretically, this requires the determina-

dict the same constant quasilinear energy growth rate for théon of correlation functions of the forngsin(¢o)sin(¢)).

first two kicks for any kicking period. In this paper, we dem- These correlations were first calculated for the classical DKR

onstrate that deviations from quasilinear behavior can occupy Rechester and Whi{d 0] and later for the quantum DKR

in the second kick even for relatively broad initial momen- by Shepelyansky11] under the assumption that the atomic

tum distributions. The anomalous energy growth rates ar@osition and momentum were initially uniformly distributed.

found only at very small values of the kicking period which In this case, the cross terms in the expression(fgf are

have not previously been probed experimentally. found to vanish when averaged over the ensemble and we are
For large detunings between the kicking laser and thdeft only with contributions from the squares of the three

atomic transition, the scaled Hamiltonian for an atom whichterms in Eq.(3). The last two terms give equal contributions

experiences idead kicks with periodT is of k?/4 each, so the energy after two kicks is
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E2 proad= (07 + k)22, (4)

Whereop is the scaled standard deviation of the initial mo-
mentum distribution. Although this expression is explicitly

dependent ok, in a given experimental run, the quantities

o,/R and«/k are held constarjcorresponding to a constant
magneto-optical trapMOT) temperature and constant laser
power, respectivelly In this case, we see that the energy after

two kicks remains constant &sis varied and that, ignoring
the thermal energy;ﬁ/Zkz, it is simply given by twice the

quasilinear growth rate?/4k>.

The assumption of a broad initial momentum distribution
is not justified if the initial momentum distribution is com- _
parable in width to &k, (as is the case for a Bose-Einstein Scaled Planck's constant

condensatg or if Kis close to zero, since,=Ko, (Whereo,
is the standard deviation in experimental unita this paper AR )
we consider the latter case and the effect it has on the energy- 1he solid line is fork/k=7 and¢,=1.8 two-photon recoils.
after two kicks. In Ref[7] an expression was derived for the The dashed line is fok/k=7 and ¢,=3.2 two-photon recoils.
energy after the second kick for atoms with a Gaussian initiaPimulation results for the same parametéreosses and circles,
momentum distribution of arbitrary widt,. In this case the ~"eSPectively, but for kicking with rectangular pulses of constant
cross terms in the expression f@§> do not vanish and the width 7,, are overlayed. The ratig,/ T varied from about 0.015 for

energy after two kicks for the quantum DKR is found to be k=3 to 0.5 fork=0.1. The vertical lines show the value &f;; as
determined from Eq(6). The dot-dashed line is far,=1.8 and the

dotted line is forop=3.2.

Energy (2 photon—recoil units)

FIG. 1. Energy after two kicks as a functioniofs given by Eq.

2 2
K K 0,2 >
E,= _<0'l2) + E + E[l —Jo(Kpg)€ Z‘Tn] - 2KJ1(Kq)O'ie 7,2
in an initial momentum eigenstate. We may estimate the
2 _ ) value ofk below which we expect deviations from quasilin-
+ xUoliq) = JzlKq) JcodR2)e™ ) ®) ear behavior using the followingslassical argument: After
one kick, the atoms have a momentum variamgg= o>
where k=2« sin(k/2)/k and k=2« sin(kK) /K. The width of +021, whereoy, the momentum variance due to the first kick,

the initial momentum distribution becomes narrower injs o2=2(x/k)?(ik,)? (assuming a broad initial position distri-
scaled units a& is decreased, leading to deviations from thebution). The shortest timd ;; between pulses for which at-

quasilinear result fok=< 1. This effect can be seen in Fig. 1 OMs With momentunip|= oy still traverse a full cycle of the
for two different values ofs,. The energy now varies as a standing wave between kicks is given by

function ofk and exhibits a pronounced minimum, the posi- Tt = A\Mcd 20101 (6)
tion of which depends on the value efk. From this mini-

mum, the energy then increases monotonicallyjkas0 to ~ For pulsing periodsT <Tcy (and, thus,K<8wTcri=Kerid),
the value(x/R)2+02/2 in two-photon recoil energies. i, is most atoms traverse a distance less thaa and deviations
small and any P of the quantum correction. flz)ictorsjrom the quasilinear result should be expected. For the two

. . . . sets of parameters considered in Figk};=1.0 and 0.78, in
2 sin(k/2)/k,sin(R) /R, or cogk/2), are different from unity, . . L .
quantum interference effects may become important, particugﬁgdaﬁglriﬁ:gegsm? the behavior exhibited by numerical
larly if « is large. However, for the parameters investigatec}‘?l Y ;

in this paber. quantum corrections were nealigible. At larger. The crosses and circles in Fig. 1 show simulation results
paper, q gligrole. 9%or a rectangular-pulse-kicked rotor, in which the pulse width

values of /K (which were not attainable experimentaly ;- \was kept constant as the kicking period was decreased, as

clear difference between quantum and classical energies jﬁ experiments. We see that even though thiicked ap-
predicted by the analytical expression in the vicinity of the

energy minimum. Future experiments utilizing higher Iaser}:)m)“maltlon 's flagrantly violated for low (where the pulse

S . may be on for up to half the kicking perindhe simulation
pc;lwers should be able to resolve this difference eXpe”mer}'esﬁlts show exgellent agreement%vliath tgd{icked theory.
tally.

Physically, we can ascribe the importance of the exacThiS agreement may pg attributed to the fact that the atomic
T . fomenta are stil sufficiently small after two kicks, that at-
momentum variance of the atoms for Idwto the short time  oms will not tend to traverse a significant distance along the
between pulses in this regime. Essentially, the spread igptical standing wave during the time the pulse is on. Spe-
atomic momentum is not resolved if the time between thesfically, for the highest energies measured in this work, at-
first and second kicks is small. For very sniglthe system’s oms typically travel a distance of only 8% of the standing
behavior is similar to the case where the atomic sample startsave’s period. This means that averaging of the kicking
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FIG. 3. Experimentally measured energies after two kicks for

FIG. 2. Experimentally measured energies after one and twearious values ok/k and 0,=3.35+0.06. The measured values of
kicks (circles and crosses, respectivelfhe value ofx/kK was ./ were(a) 7.5, (b) 6.4, (c) 5.6, and(d) 4.5 each with an experi-
found to be 5.2+0.4 and, was measured to be 4.2 two-photon mental error of +0.1. The solid line through the data shows the

recoils. The solid lines give the theoretical values for the energyenergy given by Eq(5) The dotted and dashed lines show the

after one and two kicks, respectively. The initial thermal energy hagnergy given by the quasilinear theory after one and two kicks,
been subtracted to allow a more instructive comparison between thegspectively.

energies.

strength over the pulse duration, which can restrict energj’®asures;, using a time-of-flight method and once again
growth after many pulses, may be neglected in this workfind the mean energy for the results wh&z 1. We may

Hence, we compare our experimental results with @in  then calculatec/k using Eq.(4). In Fig. 3, the mean energy

the remaindgr of this report. I as a function oK is shown for various values of the param-
Our experimental set up has been detailed in other publi-

cations[6,12]. Cesium atoms are typically cooled to below eter k/K corresponding to different laser powers used in our
10 pK for our experiments in a standard MQT3]. The experiment. We notice in particular that the positiorkiof
atoms are then released from the trap and kicked twice b{he energy minimum and the point where deviation from the
pulses from an optical standing wave detuned 500 MHz fronfluasilinear result first occurs shift to the right as the value of
the 65;,, (F=4)— 6P, (F'=5) transition of cesium. The «/k is decreased. Additionally, @&— 0, the energy due to
largest optical power used in our experiments was 29 mWicking tends to(x/K)2, which corresponds to ballistic en-

For this power, the spontaneous emission probability was . - -
estimatedpto be-1.5% ger kick. Since only twg kicks ogcur ergy growth with coefficient(1/4)(x/R). Ballistic energy

in these experiments, this rate of spontaneous emission lead°Wth is usually associated with quantum resonance and,
to negligible heating and its effect may be neglected. Théndeed, thek—0 limit may be seen as a special case of
pulse width 7, remained constant at 480 ns for all experi- quantum resonance. In fact, teelassical picture developed
mental runs. After a 12-ms expansion time, the atoms weréor the usual quantum resonances of the kicked rptdi
effectively frozen in space by optical molasses and their reshould also be applicable in the regime n&al.
sultant fluorescence captured by a charged-coupled device We have also investigated the effect of increasingon
(CCD) camera giving the position distribution of the atomsthe deviation from quasilinear behavior. We would expect
after kicking. Knowing the time of flight of the atoms, we that aso, gets larger, the deviation from the quasilinear en-
were then able to calculate their momentum distribution aneérgy in the second kick would become less prominent. To
numerically find its second moment, and, thus, the energy ofest this experimentally, we reduced the cooling efficiency of
the atomic ensemble. our MOT to create atomic samples with various momentum
Figure 2 shows experimental results after one and twapreads of up to 6.0 two-photon recoils. These samples were
kicks. For the results shown in this figure/,k was measured then kicked for the same value af’k. As shown in Fig. 4
by finding the mean of the energies whies 1 for both one  the deviations do indeed become less pronounced as the ini-
and two kicks. The difference between these two values i§al momentum spread is increased. However, modern kicked
given by the quasilinear energy growth réte4)(«/)2. Us- rotor experiments typically achieve initial momentum d|str|-_
ing this parameter, and subtracting the thermal energy front?utIons much narrower tha_n 6 two-phgton recoils, so experi-
both sets of results, we find good agreement between th@ents studying the early-time behavior for smiltlearly
analytical formula of Eq(5) and the results obtained experi- Need to take finiter, effects into account.
mentally. Since the mean energy after one kick is expected to The structure seen in our results occurser 1, where it
always be the trivial quasilinear result, the remainder of ourseems reasonable to expect that the classical kicked rotor
results focus on the energy after two kicks. In this case, weheory is of considerable relevance. In Fig. 5, the classical
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FIG. 4. Experimentally measured energies after two kicks for FIG. 5. Phase-space diagrams fdr corresponding tok
various values otr,. The measured values of, were (a) 3.3, (b) =(top) 0.001, (middle) 0.3, and(bottom 3.0 andx such thatx/k
4.2,(c) 5.3, and(d) 6.0 in two-photon recoils. We estimate the error —5 5 The plots were generated from 100 iterations of the map in
in these measurements to be on the order of 0.9 two-photon recoikq (2) using a uniform initial distribution in theb coordinate and a
For these curves, the measured valuect is 5.8+£0.2. The solid  Gaussian initial distribution ip (momentum in experimental unjts
lines show the analytical results and the dashed lines show thgith 0,=3.6.

energy predicted by the quasilinear theory. ) )
In conclusion, we have presented experimental results for

phase-space distribution is shown for kicking periods correine atom-optics kicked rotor at very early times andkas
sponding tok=0.001, 0.3, and 3.0 and valuesoBuch that — 0. Although the 5-kicked approximation is no longer a
k/®=5.5. The trend in the momentum spre@hd thus en- good one for experiments in this regime, we nonetheless find

ergy) ask increases is apparent and does indeed appear @(C(lellt(_antl agreg_nlgnt be_'lt_vr\]/een our r}:eagur(_arrt]ents a_r;q retclzent
match that found in our measurements, in particular, the di@gay ICal predictions. These results deviate signincantly

. o ing this beh m the quasilinear energy growth in the first two kicks
in energy seen ne&=0.3. One factor governing this behav- ,reqicted by theories which assume a broad initial momen-
ior is the transition from regular motion to chaos ass

: . : um distribution. The considerations raised in this paper will
increased in the kicked rotor system. The onset of globape jmportant for any future studies of the atom-optics kicked
chaos occurs fok~ 1 [_15], corresponding tdZ:O._l_8 forthe  (otor in the regime of smak (see, for example, Ref16)).
I%\dditionally, the further study of this system for smilis of

Ihterest as it relates to quantum resonance behavior in the
Kicked rotor.

seem to correspond roughly to the transition to chaos whe
resonant motion has been destroyed but diffusive energ
growth is still inhibited by Komolgorov-Arnold-Moser

boundaries. We note that the phase-space diagram was ob-The authors would like to thank Sandro Wimberger for
tained using 100 iterations of the standard map in order tenlightening discussions about this work. M.S. was sup-
emphasize the structure present. However, the qualitative bgorted by a Top Achiever Doctoral Scholarship 03131. This
havior of the system is seen to be the same as that after justork was supported by the Royal Society of New Zealand

two kicks. Marsden Fund under Grant No. UOA016.
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