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We subject a falling cloud of cold cesium atoms to periodickkifrom a sinusoidal potential created by a
vertical standing wave offresonant laser light. By controllably accelerating theéeptial, we show quantum
accelerator mode dynamics to be highly sensitive to ffextve gravitational acceleration when this is close to
specific, resonant values. This quantum sensitivity to arobparameter is reminiscent of that associated with
classical chaos, and promises techniques for precisiosuneaent.

PACS numbers: 05.45.Mt, 03.65.Sq, 32.80.Lg, 42.50.Vk

The identification and observation of signatures of chaos im magneto-optic trap (MOT) of laser-cooled atoms that are
guantum dynamics is the goal of considerable currfliore  then released and subjected to pulses from a standing wave of
Much of this work centers on the theoretical definition andoff-resonant light, is
characterization of energy spectra [1], or such quantidges I oo
the Loschmidt echa [2] and fidelity![3], which essentially de 3P 5 _ 5 -

2] V(3] ¥ H = o +mg2— higo[1 + cosG2)] >ls-nT), (@)

velop the idea that sensitivity of a wavefunction’s evaiatto m oo

small variations in a system’s Hamiltonian be used as a deﬁniwherez“is the position pthe momentumm the particle mass
tion of quantum instability [1,12,1 3] 4]. Such quantities bu P P ' P ’

be observed experimentally but require some interpretatio tthe timeT the pulse periodigq quantifies the strength of the

highlight the way in which their nature betokens stability o kicking potential,G = 2r/Aspay anddsparis the spatial period
. . of the standing wave applied to the atoms. The quantity
chaos. An attractive alternative would be the observation o o :
. . . o . ..._normally the gravitational acceleration. However, by &ec-
different motional regimes. This is more in sympathy with

. . . . : ating’ the standing wave, it is possible tfiextively modifyg.
the tgchmques and philosophy used to identify classicaosh We have previously used this technique to counteract gravit
and is the approach used here.

_and regain kicked rotor dynamics [7)13].

. In _certa_in systems th_e decay _Of the over_lap of _t\{vo ini- In an innovative analysis by Fishman, Guarneri, and Re-
tially identical wavefunctions evolving under slightiyfiiring i (FGR) [1P], the fact that QAM are observed only

Hamiltonians can be expressed in the long time limit as th henT approache#Ts, = (2xm/AG? where¢ € Z* and
sum of wo decay predictions, governed by Fermi's Goldenr is the halt.Talbot timel[9], is exploited to yield a dra-

Rule and the classical Lyapunov eXp‘;'?e‘”t LZE Thﬁ_ drfca\lnatically simplified picture of QAM dynamics. In a frame
rate serves as a quanium signature of instability, whic CaQccelerating withg, the linear potential is removed to leave a

be compared with that of the corresponding classical Sy'Sten%patially periodic Hamiltonian. The quasimoment@is then
Such sensitivity can be probed by interferometric techesqu conserved, i.e., if a momentum sta = |(k + B)AG), where

[B,16]. In the quantum-mechanical system presented heze, trk € Z andg € [0,1), ‘ladders’ of momentum states of dif-
classical limit of which is chaotic, extreme sensitivity the ferentg evolveindependently. The resulting1-dependent and

quahtatl\_/e nature of the m0t|0na_1l dyna_mlcs to a control Pass_specific kick-to-kick time evolution operator is
rameter is directly observable. Itis manifested by tfieat on

guantum accelerator mode (QAM) dynamics|[6}17.18, 9, 10] Fn(B) = expi{p + sgne)[zt + kB — y(n — 1/2)]}%/2¢)

of small variations in the féective \{alue of gravity in_ thé—_ x exp(k cosy/e]), @)

kicked accelerator [7], an extension of the paradigmétic B

kicked rotor [11]. The QAM observed in this atom optical wherek = |el¢q, k = 27T /Ty/2, andy = gGT2. We have in-

realization [6] 7} 18,19, 10], are characterized by a momenturtroduced a smallness parametes 27(T/T1/2 — £), to quan-

transfer, linear with kick number, to a substantial fractfap  tify the closeness of to ¢T1,» and the dynamical variables

to ~ 20%) of the initial cloud of atoms. This is due to a reso-are now an anglg = Gz and a discrete conjugate momen-

nant rephasingfeect, dependent on the time-interval betweentum g = ple|/AG, such that §70] = ile|. If one constructs a

kicks, for certain initial wavefunctions|[9, 12]. The sensi  kick-to-kick Heisenberg map corresponding to Edy. (2) f@ th

ity in the dynamics we observe also promises the capabilitglynamical variables, then in the limit— 0, the commutator

of precisely calibrating a relationship between the localg  vanishes along with the uncertainty principle, and the aper

itational acceleration and/m, wherem is the atomic mass, tors can be replaced by their mean values. Thus

and we describe how our observations constitute a prelimi- - -

nary feasibility-demonstration of such a measurement. Pri1 = pn = Ksinfyn) _ngn(f)y’ (3a)
The Hamiltonian of thé-kicked accelerator, realized using Xn+1 = Xn + SGNE)On1, (3b)
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(a) ] [42], in ‘grating recoils'zG [9] is

2r
Ov = go+ N—
|€]

1 Y

Frsno . ©
whereqp is the initial momentum. FoN a multiple ofj, this
result is exact foe-classical initial conditions located on, )
periodic orbits. We now consider the momentum of orbits
specified byi/p = r/s (for e < 0) andj/p = —r/s (for € > 0)

as a single function ol ande, in the case wherenZ2y/k?
approaches rational values. Letting2y/k®> = r/s + wé?
[14], we find:

2
gy =~ Qo + Né(% + ﬁ)+ NW(27TTZ + 20+ %) (6)
Scanning through from negative to positive values, one does
not generally observe two QAM of the samand magnitude
of j (with positive sign for negative, and negative sign for
positivee) [8,[15]. However, in the gravity-resonant cases we
FIG. 1: Phase space plots produced by E¥. (3), wheyié = consider, when 2/%y/k? is close tor/s, we always observe
1/1 = y = (2r + €)%/2r, andk = |€/0.8x for (a) e = —-0.88, anr/sand then a-r/s QAM as we scare in this way. This
(b) e = —0.02, (c)e = 0.03, (d)e = 0.6. This corresponds to is shown in Fig[lL, where we plot Poincaré sections produced
T = 57.4us, 665us, 67us, 73us. For (a), (b) the island corresponds by Eq. [3) fory = k?/27 = (27 + €)%/2x (i.e.,r/s = 1) and
toa . i) = (1,1) QAM, and for (c), (d), to ay, i) = (1, -1) QAM. k = |elpq = |€0.8x (the approximate experimental mean value
[@]). The islands around thep(j) = (1, —sgng)1l) periodic
whered, = (8,) andgy = (Bn) + sgnel + kB — y(n — 1/2)]. orbits remain Iarge over a wide range ofnd, in dramatic
Quantum accelerator modes are one-to-one related to stagfi@ntrast to Ref.l[8], no higher-order island structureseapp
periodic orbits of this mag [) 8. 1.2]. It is very important to @€ — 0. In Fig.[2(a) the corresponding QAM are similarly
note thate — O coincides withi — 0 only if £ = 0. Oth-  rebustand uninterrupted by higher-order QAMTas> T .
erwise, as in the experiments here, the classical-pattiae From Eq. [6) we thus see that for a givlin g is a linear
behavior of QAM is due to a quantum resonanffe. function of e whenevew = 0. If w # 0 this changes to a
The stable periodic orbits yielded by E@ (3) (and hencd'yPerbolic function ofe, where the arms of the hyperbolae
QAM) are classified by their orderand jumping index (the ~ POint in opposite directions for oppositely signed Devi-
number of momentum units, in terms of the size of the phasetion from straight line behavior in a QAM accelerated to a
space cell, traversed afteriterations). The sign dfis deter-  9iveén momentum will be greater for a gravity-resonant mode
mined by whether this is in the positive or negative momen-corresponding to a smaller valuejgh = r/s. This is because

tum direction. A necessary conditicn [12] for the existeate the acceleration of the modedis/p, but the deviation is- N.
a periodic orbit igi/p + sgn€)y/2x| < k/2r, which can be e consider only QAM wherg=r = 1, so high-order modes
rewritten (for smalk) as exhibit, for a given momentum transfer, greater sensytitot

i variations ing than low-order modes.
_|E|(@ + &) <L, sgn@zﬂng < |E|(@ - @) (4) In our realization of the quantum-kicked accelerator,
2t k) p k? 2t K ~ 107 cesium atoms are trapped and cooled in a MOT to a
Both ¢4 andy/k> = gm?/#?G® are independent of, and  temperature of &K, yielding a Gaussian momentum distribu-
therefore ofe. Equation[) is convenient wheh is varied ~ tion with FWHM 62G. The atoms are then released and ex-
from just below to just abovéTy,, i.e., scanning from neg- ~ Posed to a sequence of equally spaced pulses from a standing
ative to positive, as in the experiments described here. A¥ave of higher intensity light 15 GHz red-detuned from the
¢ — 0, the QAM that occur must be characterizedignd ~ 6°Sy2 — 6°P12, (F = 4 — F’ = 3) D1 transition. Hence
p such thati/p — —sgng)2rt2y/k?. In general 262y/k? is the spatial period of the standing waveliga = 447 nm, and
an irrational value, and one usually observes a succes$ion d12 = 66.7us. The peak intensity in the standing wave is
increasingly high-order QAM &% — (T, [8]. If we tune = 5 10*mWjcn?, and the pulse duration i = 500ns.
g so that 2—[27/k2 =r/s, wherer ands are integersy then This is SlﬁiCiently short that the atoms are in the Raman-
i/p+sgne)2rt?y/k? = 0 fori/p = —sgnE)r/s. Once they,i)  Nath regime and hence each pulse is a good approximation
QAM satisfying this condition appears, shiftifgcloser to 0 ad-function kick. The potential depth is quantified by
{T1,> does not result in higher-order QAM. ¢a = Q%p/86., whereQ is the Rabi frequency andl. the
In a frame accelerating witly, the momentum afteN detuning from the D1 transition. During the pulse sequeace,
kicks, for an initial condition near a(j) stable periodic orbit Vvoltage-controlled crystal phase modulator is used tdstro
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FIG. 2: (color online). Color density plots of experimentabmentum distributions for ffierent éfective gravityg corresponding to (a)
r/s = 1/1 (after 15 kicks), (by/s = 1/2 (30 kicks), (c)r/s = 1/3 (45 kicks), and (dy/s = 1/4 (60 kicks), asT is varied in the vicinity of
the half Talbot timeTy,, = 66.7 us, from 605us to 745us in steps of A28us. In each case the QAM corresponds/to = r/s; subplot (i)
corresponds tev ~ —8.5 x 10 (deviation from resonarg is ~ —8.6 x 102 ms2), subplot (ii) tow ~ 0, and subplot (iii) tov ~ 8.5 x 10°*
(deviation from resonarg is ~ 8.6 x 102ms2). Overlaid lines, labeledp(j), indicate QAM momenta predicted by Ef (6). Population
arbitrarily normalized to maximum value 1, and momentum defined in a frame falling wighNote the significantly greater population at
high momentum (up to 5M@) nearT,, in (d.i) and (d.iii), compared to (a.i) and (a.iii).

scopically accelerate the standing wave profile. The atomtin the ideal & = 0) total momentum transfer, 15, 30, 45
therefore &ectively experience a non-standard, and control-and 60 kicks were applied, respectively, fixiNg/s. For each
lable, value of gravity. After the pulsing sequence, thereto of Figs.[2(a)[P(b)[d2(c), and 2(d) the data displayed are: in
fall through a sheet of laser light resonant with t€6, — subplot (i), from experiments in whichn®/k? = r/sis ful-
6°P3/2, (F = 4 — F” = 5) D2 transition, G m below the filled as exactly as feasible, yielding linear variation bét
MOT. By monitoring the absorption, the atoms’ momentumQAM momentum withT; and in subplots (i) and (iii), for
distribution is then measured by a time-of-flight methodhwi equal positive and negative deviations, respectivelynftiois
resolution:G. For further details see Ref5l ﬂ 9. near-ideality, yielding hyperbolic variation of the QAM mo
In Fig.[2 we show momentum distributions for experimentsMentum. Typically~ 10-20 % of the atoms are accelerated
in which the value ofT was scanned arourith, (¢ = 1) away from the cloud centered pt= 0.
from 605us to 745us, with 2ry/k? varied in the vicinity of In each subplot (ii) of Figll2, the QAM momentum pre-
r/sequal to (a) 11, (b) /2, (c) /3, and (d) 4. To main- dicted by Eq.[(b), shown as an overlaid line, is identicale Th
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expected linear dependencebappears to be well confirmed motional quantum dynamics of cold cesium atoms, which are
by the data, although the separation of the QAM from thehighly sensitive to the precise value of an externally adjoie
main, non-accelerated cloud, centered at zero momentum, Erameter, theffective gravity. This is distinct from concep-
clearer for smalless = p (there is less momentumftlision  tually related proposals that consider slightlsfeling Hamil-

of the main cloud due to the smaller number of kicks). Thetonians to study the Loschmidt echo or fidelity, and demon-
effect of imperfectly resonant gravity, shown in subplots (i) strates an attractive link to the concepts of highly seresy-
and (iii) in Fig.2, is much more dramatic for largee p, for  namics in classically chaotic systems. Furthermore, we hav
which more kicks are applied. In Fifl 2(a), subplots (i) anddescribed a feasible experimental scheme taking advanfage
(i) are barely distinguishable from subplot (ii), wheseim  this sensitivity to determine a relationship between ttealo
Fig.[A(d), the momentum distributions in subplots (i) anijl (i gravitational acceleration argm.

are highly asymmetric compared with subplot (i), with, 80

to T1,,, noticeable population at up to 8. The asymmetry We thank K. Burnett, S. Fishman, I. Guarneri, L. Rebuzzini,
inverts as one changes from below [subplot (i)] to above{subG.S. Summy, and particularly R.M. Godun, for very helpful
plot (iii)] the resonant value of gravity. We therefore ohae  discussions. We acknowledge support from the Clarendon
a clear qualitative change in the QAM dynamics, highly sen-Bursary, the UK EPSRC, the Royal Society, the EU through
sitive to a control parameter. The displayed predictiorsgpf the TMR ‘Cold Quantum Gases’ Network, the Lindemann
(@) show that deviations from linear behavior only occur whe Trust, and NASA.

very close tdT'; in Figs[2(a.i) anfl2(a.iii), but are much more

significant in Figs[2(d.i) and 2(d.iii). This is due to thedar

number of kicks necessary for large- p to achieve the same
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