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Observation of Temporal Behavior of an Atomic Wave Packet Localized in an Optical Potential
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We have investigated the dynamic temporal behavior of atomic motion in a periodic optical potential
by detecting a recoil-induced resonance signal. In the slowly moving optical potential, damped
oscillations are observed in the transient signal and the oscillation frequency is found to be independent
of the moving speed of the potential. By using a Monte Carlo wave-function method, the signal can
be attributed to the oscillatory motion of atomic wave packet localized in the potential, where the
oscillation frequency corresponds to the energy separation between vibrational levels.

PACS numbers: 32.80.Lg, 32.80.Pj

There has been much interest in the quantized motion afell. The5S,,,, F = 2-5P3,, F = 3 cyclic transition
cold atoms inside a periodic optical potential. The discretef the 8’Rb D, line was used as a cooling cycle. Af-
vibrational energy spectrum therein has been spectroscofer the preparation of the cold sample, two probe beams
cally observed by using a stimulated Raman technique [l\vith wave vectorsk,, k, (§ = k» — k;) and angular fre-
and a heterodyne technique [2,3]. However, in spite of thguenciesw, w, (§ = w, — w;) detuned from the atomic
natural expectation, the dynamic behavior of the atomigesonance by, having parallel linear polarizations, are
motion localized in the optical potential, which can beintersected inside the sample at an angle(Fig. 1).
understood as a result of quantum interference betweeBecause of the small frequency differenée an opti-
the stationary discrete vibrational eigenstates, has not beeal potential with a periodicity of cégr, — 51), i.e., a
observed yet. Observation of such a dynamics can providgotential moving with speed, = §/¢ alongg, was gen-

one the information on an atomic coherence time. erated in the beam crossing area. Here |gl, andr, is
Recently, atomic motion traversing a periodic opticalthe projection of the position vector gh The small fre-
potential was observed [4] by detecting the transient e

response of the recoil-induced resonance signal [5,6]
when two probes were introduced into cold atoms. In

that work, localized atoms were first produced in a 5
stationary periodic optical potential produced by the kl kl
interference between two probe beams having the same

frequencies. With the frequency difference shifted to 3]

some large value, the atoms were then made to acquire an

L
initial kinetic energy, in the frame of the moving optical W
potential, much larger than the potential depth itself. ® O]
Therefore, they could transverse many such potentials,
which was manifested as a decaying signal oscillating at ‘
the frequency difference of the probes. / \
Atomic

In this Letter, we describe the first observation of the
temporal oscillation of an atomic wave packet localized in Mot
a periodic optical potential. When a potential is made Wave-packet i;,mﬂmi%l
to move very slowly by a small frequency difference, /\ ‘
initially localized atoms will follow the moving potential
and oscillate around the potential minimum. By detecting™!G. 1. An experimental scheme to observe the oscillation
the transient response of the recoil-induced resonanc f an atomic wave packet localized in an optical potential.

. - he optical standing wave moving with speeg of §/q is
one can observe the temporal behavior of localize . > >
atomic motion generated by two probe beams with wave vectqrandk, and

. 87 with angular frequencies, w,, which cross in th coLd atomic
In our experiment, a cold 4K cloud.of Rb atoms vapor at an angle. Hered = w, — @, § = k» — Ky, and
was produced [4] by a magneto-optical trap [7] and, =|j|. The intensity change of the transmitted probe beam
polarization-gradient cooling [8,9] in a rubidium-vapor is monitored by the photodetector (PD).
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4 ' ' ' Next, we rewrite Eq. (1) with the vibrational eigen-

:"é? 31 /(a) . states in the moving optical potential. We substituted
B3 the atomic wave function represented as a super-
£ 0 (®) } position of vibrational eigenstates, i.ey(r),1) =
::; 1 . >, cadn(r))e B/ into Eqg. (1), whereg,, c,, and
g ol E, are the eigenfunction, the probability amplitude, and
E the energy of thenth vibrational state, respectively,
3 1f © . also r, = r, — 8t/q. By this substitution, Eq. (1) is
g Ll i rewritten as
£ ) 2u8) .
S af “— _ Im{P} = —TZf dry sin(gry)c,car1,(r,)
n
0 50 100 150 200 X ¢n+1(V,;)€7’(E”“7E")[/h~ (2)
Time [ps] From Eq. (2), we also observe that the quantum interfer-

FIG. 2. Experimental results of the dependence of the trans€NC€ between even and odd numbered vibrational states
mitted intensity of the probe beam on frequency differencesleads to an intensity change of the probe beam. This is
Frequency difference$ /27 were (a) —8 kHz, (b) —4 kHz,  quite reasonable because such an interference makes the
(c) 0 kHz, (d) 4 kHz, and (e) 8 kHz, respectively. atomic density distribution asymmetrical with respect to
the optical potential.
quency difference between two probe beams was made by In our experiment, the initial atomic kinetic energy
using acousto-optic modulators (AOM) [4]. We observed(m§/4)*>/2m was much smaller than the potential depth.
the transmitted intensity change of the probe beam as Bherefore it is proper to interpret the damped oscillation
signal by a photodetector. in Fig. 2 as arising from the oscillation of an atomic wave
In Fig. 2 we present typical transmitted probe signalspacket localized in the potential due to the dynamic inter-
Here the intensity of the probe beams was 4 fieW?,  ference between the even and odd numbered vibrational
cross angled was 14.4, and detuning was fixed at states, as shown in Eq. (2).
A/27 = —60 MHz with respect to theF = 2-F = In order to understand the dependence of the signals on
3 transition. The frequency differenc&/27 was set the frequency difference shown in Fig. 2, we have simu-
smaller than 8 kHz. Under these experimental conditionsiated the time evolution of the atomic wave function inside
the atomic kinetic energy in the frame of the movinga moving periodic optical potential and the correspond-
optical potential(md/q)*/2m = (4hk)*/2m was much ing recoil-induced resonance signal by using the Monte
smaller than the optical potential depti9ik)*/2m.  Carlo wave-function method [10]. In order to simulate
From this value, we can find that the signal oscillatingthe temporal behavior of an atomic wave packet, we have
frequency was independent of the valuesgR7 and the  solved the master equation which consists of the relaxation
signal amplitude became larger ag2 increased from operator and Hamiltonian given by Egs. (67) and (77) of
0 kHz. Moreover, when the sign @&/27 was reversed, Ref. [10]. Evaluating Eq. (1), we have also obtained the
the signal shape was also reversed. transmitted intensity change of the probe beam. In this cal-
We now describe the physical mechanism responsibleulation, we treat atoms (heféRb) as two-level atoms,
for the signals observed here. As depicted in Ref. [4], theand assume the initial atomic momentum distribution to
intensity change of the transmitted probe beam arises frome a § function; i.e., the initial atomic density distribu-
the recoil-induced resonance [5,6] and can be represent@&dn is constant in all space. The cross angle, detuning,
by the imaginary part of the polarizatioh induced by and Rabi frequency of each probe beam are assumed to

two probe beams which is approximately given by be # = 180°, A = —T'/2, and Q = I'/2, respectively,
2u0) _ ' which give an optical potential depth 6f67k)?/2m. We
Im{P} = x| 9 sin(gry — 81)¢"(ry, t)¢h(ry,1).  set the moving speed of the optical poteniiglsuch that

mv§ /2 is much smaller than the potential depth. Note that

(1) since atoms oscillate in a one-dimensional optical poten-
HereQ, u, andy(r,, 1) are the Rabi frequency, the tran- tial, their characteristic behaviors can be observed for an
sition dipole moment, and the atomic wave function forarbitrary value ob without any loss of generality. There-
center of mass motion. From Eg. (1), we can easily unfore, for convenience, we have assumed a large value for
derstand that the intensity change of the transmitted prob@, which decreases much of the computing time (as the
beam originates from a component of the atomic densityangle increases, the reciprocal lattice vector of the optical
distribution modulated by sigr, — 61). Because the op- potential increases, and thus the number of expansion co-
tical potential has a periodicity of cag, — 61), the time  efficients of the atomic wave-function momentum space
evolution of the atomic density distribution asymmetricaldecreases, which then reduces the computing time).
to the optical potential leads to a change in the transmitted Figures 3 and 4 present the numerical results of the
probe intensity. time evolution of the atomic density distribution in the
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FIG. 3. The time evolution of the atomic density distribution in a periodic optical potential calculated by the Monte Carlo wave-
function method. The detuning and Rabi frequency) of each probe beam we@ = —A = I'/2, where the depth of the

optical potential becomed6/ik)?/2m. The speeds of the optical potentia) were (a) 0, (bB%k/m, and (c)5hk/m, respectively.

The region of one period of an optical potential is considered, and the potential minimum is located at the origin on the spatial axis.

moving optical potential and the corresponding transmit{Fig. 4(a)]. Now, the reason why the signal amplitude be-
ted intensity change of the probe beam, respectively. Bezame a minimum aé /27 = 0 kHz in Fig. 2 is clear; be-
cause the optical potential is spatially periodic, we showcause a6 /27 = 0 kHz, the optical potential is stationary.
only the time evolution of the atomic density distribution In the case of a moving optical potential, spatially
inside one period of the optical potential in Fig. 3. Theasymmetrical vibrational levels, i.e., odd numbered vi-
zero point on the spatial axis corresponds to the movindprational levels (mainly 1st), are also excited because the
optical potential minimum. initial atomic momentum in the frame of the moving op-

In the case of a stationary optical potential, the spatical potential is nonzero. Because of quantum interfer-
tially symmetrical vibrational states, i.e., even numberecence between even and odd numbered vibrational states,
(mainly Oth and 2nd) vibrational states, are excited bethe atomic density distribution now oscillates asymmetri-
cause the initial atomic momentum is zero. Becauseally with respect to the potential with a Bohr frequency
of quantum interference between these even numberesf (E; — Ey)/A [Fig. 3(b)]. This additional atomic os-
vibrational states, the atomic density distribution oscil-cillation manifests itself as the damped oscillating signal
lates symmetrically with respect to a potential with a[Fig. 4(b)]. As the moving speed of the optical poten-
frequency of(E, — Ey)/h (Bohr frequency) [Fig. 3(a)]. tial increases, the population of odd numbered vibrational
Because of the spatial symmetry of an atomic oscillalevels increases, and thus the amplitude of atomic os-
tion, the intensity of the probe beam does not changeillation, i.e., signal oscillation, increases [Figs. 3(c) and
4(c)]. When the moving direction of the potential is re-
versed, the time evolution of the atomic density distribu-
tion is also reversed spatially (we do not show this result
in Fig. 3), and consequently the sign of the correspond-
ing signal is reversed [Fig. 4(d)]. Here the reasons why
the signal amplitude becomes larger&Q is far from
0 kHz and why the signal shape is reversed when the sign
of /2 is reversed in Fig. 2 are now clarified, because
the moving speed of the optical potential is proportional
to §/2m.

Moreover, in Fig. 4, the oscillation frequency of the
signal is independent of the moving speed of the optical
h m s o ™ 0 w0 potentlf_:ll, which indicates that the oscillation frequen(_:y is

Time in units of T c_letermlned only by the Bohr frequency be_tween V|br_a-
tional states. If the atoms traverse the optical potential,
FIG. 4. The dependence of the transmitted intensity changen the other hand, the signal oscillation frequency is de-

on the moving speed of the optical potentig} calculated ; ; ; ;
by the Monte Carlo wave-function method. The speeds Ogermlned by the time of flight for atoms traversing one

the potentialu, were (a) O, (b)3/ik/m, (C) Sik/m, and (d) period of the optical potential and thus strongly depends
—57ik/m, respectively. The detuning and Rabi frequency were0n the value ol [4]. Therefore the fact that the oscilla-
the same as the values in Fig. 3. tion frequency in Fig. 2 is independent &f2 is strong
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evidence that we have observed localized atomic mo- 25 . T | | \
tion. Note that the Bohr frequencies can also be obtained
by classical analysis, which implies that the oscillatory
motion can be approximately understood as the classical
harmonic oscillation.

As the simulation results show, the spatial localization
of the atomic density distribution is gradually lost as
time goes on [Figs. 3(a), 3(b), and 3(c)]. This is due
to the fact that the quantum interference between atomic
momentum states results in the spatial localization of the
atomic density distribution. In other words, the atomic
localization is gradually lost as spontaneous emission
destroys the coherence between these momentum states. % .2'0 _Afo .6[0 .8'0 .150 -éo
Such a dissipation of spatial localization of the atomic A/2% [MHz]
density distribution also manifests itself as the signal ) o
decay [Figs. 4(b), 4(c), and 4(d)]. Moreover, the signalF!G: 5. The dependence of the signal oscillating frequency on

. 1 . . probe detuningA/27. The intensity and cross angle of the
decay time of590I""" representing the atomic coherenceprobe beams were equal to the values in Fig. 2. The frequency

time is much longer than the inverse of the opticalgifferences/27 was fixed at 4 kHz. Dots represent the ex-

pumping ratel' ~! at the antinodes of the optical standing perimental results, and the solid curve represents the theoretical

wave. This can be explained by the fact that the energfohr frequenciesAw,i,/27 between Oth and 1st vibrational

separation between vibrational states is much larger th 5.“93% Inset shows tgehcompansion tr)]et}/veen expenmeﬂtal CI’SC”'

the recoil energy as a result of the strong confineme ting frequencies and theoretical Bohr frequencies. The slope
. : oS f the fitted line was 0.9.

of the atomic wave function [11]. Similar effects appear

in Fig. 2, where the signal decay time (4&) is much In summary, we have demonstrated the navebitu

longer than the inverse of the optical pumping rate at thenethod to observe the oscillating motion of an atomic

antinode of the optical standing wave (). _ wave packet localized in a periodic optical potential.
Note that the spatial localization of an atomic waveg,r method will be a powerful tool for investigating

packet can also be lost due to the dephasing effeghe fundamental dynamics of cold atoms localized in an
between different vibrational states. Moreover, the atomigpiical potential.

wave packet is repeatedly squeezed and stretched duringThe authors wish to thank Dr. A. Hemmerrich

the asymmetrical oscillatory motion [Figs. 3(b) and 3(C)]. (university of Munich) and Dr. W.D. Phillips (NIST)
This indicates that the atomic wave function which is notss; their valuable comments and discussions.
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