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Phase change of a probe due to oscillation of cold atoms in an optical standing wave
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We abruptly subject laser-cooled87Rb atoms to the one-dimensional, blue-detuned, optical standing-wave
potential generated by two crossed probe laser beams and detect the phase change of the probe beam due to
cold-atom dynamics. Damped oscillations of the observed phase signal are attributed to a temporal change of
the root-mean-square position of the cold atoms relative to the minima of the periodic optical potential. The
damping rate is in good agreement with numerical results, which take into account the potential anharmonicity
but neglect spontaneous emission. The agreement indicates that the decay is mainly caused by dephasing due
to trap anharmonicity. For sufficient low initial temperature, our calculations show quantum revivals of the
wave-packet oscillation.@S1050-2947~98!51001-3#

PACS number~s!: 32.80.Pj
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Laser-cooling techniques make it possible to prepare v
cold atomic samples whose center-of-mass motion can
controlled by optical potentials. When such cold atoms
confined by a periodic optical potential, atomic energies
quantized and discrete band structures appear. The dis
vibrational energy spectrum has been observed using st
lated Raman transitions@1,2# and resonance fluorescence@3#.
More recently, we have observed the oscillation of t
atomic position in the time domain~i.e., pendulum motion of
the center of the atomic density distribution! via the transient
response@4,5# of recoil-induced resonance@6#.

From a quantum-mechanical point of view, such an os
lation is the result of coherence between thenth and (n
11)th vibrational states. The damping rate of the transi
signal is related to the spectral widths of the sidebands
absorption and emission@1–3#, since the sidebands are ass
ciated with the autocorrelation of the atomic oscillation.
was recently realized that the observed signal decay rate
much smaller than the inelastic optical scattering rate p
dicted by Lamb-Dicke theory@7#. Consequently, it was sug
gested that for a perfectly harmonic potential, the sig
damping rate be determined by the cooling rate, which
much smaller than the inelastic scattering rate.

In our previous work@4,5# the oscillation of the mean
atomic position was observed by the change in intensity
the probe beam. Alternatively, one can detect the chang
phase of the probe beam. In this case, in contrast to inten
detection, one observes the temporal change of the r
mean-square~rms! position spread of cold atoms in the p
tential wells. Thus, the phase of the probe light allows one
measure periodic contraction and expansion of the ato
density distribution caused by coherence between thenth
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and (n12)th vibrational states. By detecting both intens
and phase signals, one can obtain complementary infor
tion on the atomic dynamics in the potential. It also opens
the possibility of active control of atomic motion by temp
ral change of the optical potential.

In this paper, we describe an observation of the ph
change of the transmitted probe beam caused by the osc
tion of the rms position of trapped atoms. The rms posit
of cold atoms has also been measured in optical lattice
periments using Bragg scattering@8–11# and fluorescence
@12#. The method presented here has the advantage tha
atomic dynamics is not perturbed by an additional probe
ser beam.

In our experiment, a cold cloud of87Rb atoms is prepared
by a magneto-optical trap~MOT! @13# and polarization gra-
dient cooling ~PGC! @14# in a vapor cell. The 5S1/2F
52→5P3/2F53 cyclic transition of the87Rb D2 line was
used for cooling. Figure 1 shows our experimental setup
observe recoil-induced resonance and its transient respo
Inside the cold sample, two probe beams@with wave vectors

kW1 , kW2 (qW [kW22kW1), angular frequenciesv1 ,v2 (d[v2
2v1) detuned from the cooling transition byD (D@d), and
parallel linear polarizations# are crossed at an angleu. These
two probe beams are generated from the same extended
ity diode laser, each one having passed through a 20-mm
pinhole to obtain a uniform wave front. Under these con
tions, an optical potential proportional to cos(qrq2dt) is gen-
erated in the beam-crossing area. The velocity of the opt
potential in the laboratory frame,v05d/q along qW (q
[uqW u), is controlled by changingd. Here,r q is the projection
of the position vector onqW , and the spatial period of the
potential is 2p/q. One of the transmitted probes is divide
by a beam splitter~BS!, one part being detected by a phot
detector PD1 for intensity measurement, and the other
being mixed by a 1-mm-thick e´talon plate~ET! and then
detected by PD2 for phase measurement. Reflectivities of
front and rear faces of the ET are 38% and 100%, resp
R24 © 1998 The American Physical Society
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FIG. 1. Experimental scheme to observe recoil-induced resonance and its transient response.
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for
tively. Because the diameter of the probe beams~5 mm! is
bigger than the size of the atomic cloud (,1 mm), only the
central part of the probe interacts with the cold atoms. T
central and the outer part of the probe beam are overlap
by the ET, and thus the output signal of PD2 is a convolut
of both the intensity and phase changes of the transm
probe beam. The reflection angle of the ET is adjusted b
fine screw~SC! in such a way that phase sensitivity is max
mized.

First the temperature of the cold atoms is measured
using recoil-induced resonance@4,6#. We record the outpu
of PD1 versus the frequency differenced, and estimate the
temperature to be as low as 4.7mK. Here, the intensity of the
probe beams is 4.2 mW/cm2, u512.5°, the frequency differ-
enced is scanned at a rated(d/2p)/dt554 kHz/ms, and
D/2p51920 MHz. The large detuning ensures that the o
tical potential is shallow enough that the atomic moment
distribution is not perturbed.

Next, we observe the change in both the intensity a
phase of the transmitted probe due to the transient resp
of recoil-induced resonance. Temporal changes of PD1
PD2 outputs are monitored for fixedd, i.e., the cold atoms
are exposed to one-dimensional standing waves with a
stant,d-dependent drift speed. Figure 2 shows typical pho
detector signals for three frequency differences and for
intensity and crossing angle stated above. The detunin
D/2p5190 MHz, and the frequency differenced/2p is set
smaller than 6 kHz. Under these conditions, the atomic
netic energy in the frame of the moving optical potenti
(md/q)2/2m<(3.7\k)2/2m, is much smaller than the optica
potential depth (8.9\k)2/2m, and thus localized atomic mo
tion is achieved. Atoms preferably populate theF52,m50
ground state due to optical pumping. Therefore, our opt
potential depth refers to the transitionF52,m50→F853,
m50.

Whend/2p56 kHz @Fig. 2~a!#, damped oscillation of the
output from PD1 is observed, which reflects the oscillat
of the mean atomic position relative to the slowly movi
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optical potential@5#. Such an oscillation of the mean atom
position cannot be induced when atoms are exposed
stationary standing wave because of the symmetry of
system. We actually observed that the damped oscillatio
PD1 output vanished atd/2p520.4 kHz @Fig. 2~b!#. We
interpret this as follows: Due to an intensity imbalance b
tween the MOT and PGC counterpropagating cooling la
beams, the atoms were cooled to a nonzero average velo
Therefore, a smalld ~i.e., small drifting speed of the poten
tial! was needed to compensate that motion. Even though
oscillation of the output of PD1 vanished, we still observed
damped oscillation of the PD2 signal@Fig. 2~c!#. This im-
plies that the residual atomic dynamics caused an oscilla
phase change of the probe beam but no intensity modula
The oscillation frequencies of Figs. 2~a! and 2~c! are 5.38
60.05 kHz and 9.060.1 kHz, respectively.

We now present the physical mechanism responsible

FIG. 2. The output signals of two photodetectors@~a!, ~b!# PD1
and ~c! PD2. The frequency differences for each signal were~a!
d/2p56 kHz and@~b!, ~c!# d/2p520.4 kHz, respectively.
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the observed oscillatory phase change. The intensity
phase change of the probe arise from a recoil-induced r
nance and can be represented by the imaginary and rea
of the induced polarizationP, respectively, approximately
given by

P>2
2mV

D E drq exp@ i ~qrq2dt !#c* ~r q ,t !c~r q ,t !.

~1!

HereV andm are the Rabi frequency and the transition
pole moment, respectively.c(r q ,t) is the atomic center-of-

mass wave function, andc* (r q ,t)c(r q ,t) represents the en
semble average of the density distribution for all of t
atoms~atomic density grating!, since they all contribute to
the signal. From Eq.~1!, we can understand that an intens
change of the transmitted probe beam originates in a mo
lation of the atomic density distribution proportional
sin(qrq2dt). Because the optical potential has a periodic
of cos(qrq2dt), the time evolution of the average atomic p
sition relative to the minima of the periodic potential leads
the intensity change of the transmitted probe beam. On
other hand, a change of the rms position spread of the at
relative to the potential minima affects only the real part
the polarization, implying that a temporal change of the r
position spread of the atoms manifests itself as a ph
change of the probe beam. In Fig. 2, even when the inten
change vanished@Fig. 2~b!#, a phase change was still ob
served@Fig. 2~c!#. Thus the damped oscillation of the ob
served phase change corresponds to an oscillation of
width of the position distribution.

In order to investigate the characteristics of signal dec
we simulated the atomic dynamics when cold atoms
nonadiabatically exposed to the stationary standing wa
We neglected spontaneous emission and calculated the
evolution of the atomic density operator, assuming that
initial value was given by a Maxwell-Boltzmann distributio
with temperatureT. The time evolution of the density opera
tor after switching on the probe light abruptly was det
mined by the Hamiltonian, which consists of the atomic
netic energy and the optical potential,

i\ṙp8p95
1

2m
~p822p92!rp8p92

U0

4
~rp82\qp91rp81\qp9

2rp8p91\q2rp8p92\q!, ~2!

where the density operator is given in momentum repres
tation, andU0 is the potential depth.

In Fig. 3, solid lines show the time evolution of the rm
position spread of the atoms calculated by Eq.~2!. Dashed
lines are results calculated with Newton’s equation in
same periodic potential. The crossing angle, detuning,
intensity of each probe beam were the same as in Fig. 2.
initial rms momentumDpq of the atoms alongqW was set to
~a! Dpq /\q50, ~b! Dpq /\q51, and~c! Dpq /\q517, re-
spectively. Here, Fig. 3~c! corresponds to our experiment
condition ofT54.7mK. In Fig. 3, the time is given in units
of 2p/v, wherev is the Bohr frequency between the lowe
and first excited vibrational levels. Both the classical a
quantum-mechanical results show that the oscillation of
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rms position of the atoms damps rapidly due to the deph
ing effect caused by the trap anharmonicity. Wh
Dpq /\q50, a remarkable difference between classical a
quantum simulations appears, which is a quantum reviva
the atomic oscillation@solid curve in Fig. 3~a!#. @Our calcu-
lation shows that our optical potential contains appro
mately 50 discrete bound states. Under conditions such a
Fig. 3~a!, the sudden turn-on of the potential excites the
oms to a distribution of vibrational levels whose mean ex
tation quantum number is 23. Here, the effect of the perio
icity of the lattice and tunneling from one well to another
taken into account.# For large initial rms momentum of the
atoms, such as in Fig. 3~b!, and in particular in Fig. 3~c!, the
quantum revival, visible in Fig. 3~a!, diminishes @solid
curves in Figs. 3~b! and 3~c!#. Nevertheless, although th
quantum calculation approaches the classical one for the
culation of Fig. 3~c!, the calculation shows that a slight re
vival still exists @see inset of Fig. 3~c!#.

Figure 4 shows both~a! experimental@same as Fig. 2~c!#
and ~b! numerical results of the phase change signal of
transmitted probe, where Fig. 4~b! was calculated using Eqs
~1! and ~2! for the conditions of Fig. 3~c!. Figure 4~a! is in
good agreement with Fig. 4~b!, which indicates that the de
cay rate of the phase signal was mainly determined
dephasing due to trap anharmonicity. While a slight quant

FIG. 3. Numerical results for the time evolution of the roo
mean-square~rms! position of the atomic density distribution rela
tive to the minima of the standing-wave potential. Solid and dot
lines are quantum and classical results, respectively. The rms p
tion spreads were estimated inside one spatial period of the po
tial, 2p/q. The initial rms momentumDpq of the cold atoms along
qW are ~a! Dpq /\q50, ~b! Dpq /\q51, and~c! Dpq /\q517, re-
spectively.
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revival appears in Fig. 3~c!, we did not observe such a re
vival in our experiment. We believe that there are two re
sons why we could not observe the revival. First, our sign
to-noise ratio was insufficient. Second, the population
sublevels other than theF52, m50 state was not zero. At-

FIG. 4. ~a! Experimental and~b! numerical results for the phase
change signal of the transmitted probe. Note that~a! is identical to
Fig. 2~c!.
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oms in these sublevels experience optical potential de
shallower than that for theF52, m50 state due to the
smaller relative transition strength, which causes an ad
tional spread of frequencies and increases the damping
of the atomic density grating oscillation. However, using
large crossing angle and a subrecoil cooling techniq
@15,16#, the value ofDpq /\q could be decreased such th
the quantum revival of the atomic oscillation could be o
served.

The calculated oscillation frequencies of the rms wid
~measured by PD2! and mean position~measured by PD1!
are (1.4960.08)v and (0.8860.02)v, which are smaller
than 2v andv due to the potential anharmonicity. The co
responding experimentally observed frequencies of 1.2v ~9.0
kHz! and 0.73v ~5.4 kHz! are 17% smaller than the numer
cal values. We believe this is because atoms in suble
other than theF52, m50 state experience a shallower p
tential depth. The experimental value of the ratio of the
frequencies is 1.7, which agrees perfectly with our theor
cal result.
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