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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-coolédRb 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 oscillatior].S1050-294{©8)51001-3

PACS numbds): 32.80.Pj

Laser-cooling techniques make it possible to prepare verand (n+ 2)th vibrational states. By detecting both intensity
cold atomic samples whose center-of-mass motion can band phase signals, one can obtain complementary informa-
controlled by optical potentials. When such cold atoms ardion on the atomic dynamics in the potential. It also opens up
confined by a periodic optical potential, atomic energies ar¢he possibility of active control of atomic motion by tempo-
guantized and discrete band structures appear. The discratd change of the optical potential.
vibrational energy spectrum has been observed using stimu- In this paper, we describe an observation of the phase
lated Raman transitiori4,2] and resonance fluoresceri@.  change of the transmitted probe beam caused by the oscilla-
More recently, we have observed the oscillation of thetion of the rms position of trapped atoms. The rms position
atomic position in the time domaiite., pendulum motion of = of cold atoms has also been measured in optical lattice ex-
the center of the atomic density distributjona the transient periments using Bragg scatterii§—11 and fluorescence

respons¢4,5] of recoil-induced resonandé]. _[12]. The method presented here has the advantage that the
From a quantum-mechanical point of view, such an 0sCil34mic dynamics is not perturbed by an additional probe la-
lation is the result of coherence between thh and f ser beam

+1)th vibrational states. The damping rate of the transient
signal is related to the spectral widths of the sidebands fo,
absorption and emissidi—3], since the sidebands are asso- ; . .
ciatedpwith the autocorrelation of the atomic oscillation. It 1€t €00ling (PGQ.[M] n a vapor 8(7:8"' Thg SuaF
was recently realized that the observed signal decay rate Wa:s,2_>5P3’2F:_3 Cy(_:“C transition of the*'Rb .D2 line was
much smaller than the inelastic optical scattering rate preuSed for cooling. Figure 1 shows our experimental setup to
dicted by Lamb-Dicke theor7]. Consequently, it was sug- obs_erve recoil-induced resonance and |t_s transient response.
gested that for a perfectly harmonic potential, the signalnside the cold sample, two probe beamsth wave vectors
damping rate be determined by the cooling rate, which ik;, k, (q=k,—k;), angular frequencieso;,w, (d=w,
much smaller than the inelastic scattering rate. — w4) detuned from the cooling transition iy (A> 6), and
In our previous work[4,5] the oscillation of the mean parallel linear polarizatiorjsare crossed at an anghe These
atomic position was observed by the change in intensity ofwo probe beams are generated from the same extended cav-
the probe beam. Alternatively, one can detect the change dfy diode laser, each one having passed through aurR0-
phase of the probe beam. In this case, in contrast to intensifginhole to obtain a uniform wave front. Under these condi-
detection, one observes the temporal change of the rootions, an optical potential proportional to cqg(— &) is gen-
mean-squarérms) position spread of cold atoms in the po- erated in the beam-crossing area. The velocity of the optical
tential wells. Thus, the phase of the probe light allows one tgotential in the laboratory framey,=46/q along G (q
measure periodic contraction and expansion of the atomies|g|), is controlled by changing. Here,r is the projection
density distribution caused by coherence betweenntthe of the position vector org, and the spatial period of the
potential is 27/q. One of the transmitted probes is divided
by a beam splitte(BS), one part being detected by a photo-

In our experiment, a cold cloud &fRb atoms is prepared
f)y a magneto-optical tragMOT) [13] and polarization gra-

*FAX: +81-45-921-1204. detector PD1 for intensity measurement, and the other one
TFAX: +81-462-42-9511. being mixed by a 1-mm-thicktalon plate(ET) and then

*FAX: +82-2-884-3002. detected by PD2 for phase measurement. Reflectivities of the
SFAX: +81-44-819-2072. front and rear faces of the ET are 38% and 100%, respec-
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Atomic density distribution
FIG. 1. Experimental scheme to observe recoil-induced resonance and its transient response.

tively. Because the diameter of the probe bedBsnm) is  optical potential5]. Such an oscillation of the mean atomic
bigger than the size of the atomic cloud { mm), only the position cannot be induced when atoms are exposed to a
central part of the probe interacts with the cold atoms. Thestationary standing wave because of the symmetry of the
central and the outer part of the probe beam are overlappesystem. We actually observed that the damped oscillation of
by the ET, and thus the output signal of PD2 is a convolutiorPD1 output vanished a#/27= —0.4 kHz [Fig. 2(b)]. We

of both the intensity and phase changes of the transmitteihterpret this as follows: Due to an intensity imbalance be-
probe beam. The reflection angle of the ET is adjusted by &aveen the MOT and PGC counterpropagating cooling laser
fine screw(SC) in such a way that phase sensitivity is maxi- beams, the atoms were cooled to a nonzero average velocity.
mized. Therefore, a smalb (i.e., small drifting speed of the poten-

First the temperature of the cold atoms is measured btial) was needed to compensate that motion. Even though the
using recoil-induced resonan¢4,6]. We record the output oscillation of the output of PD1 vanished, we still observed a
of PD1 versus the frequency differenéeand estimate the damped oscillation of the PD2 signgfig. 2(c)]. This im-
temperature to be as low as 4K. Here, the intensity of the plies that the residual atomic dynamics caused an oscillatory
probe beams is 4.2 mW/&né#=12.5°, the frequency differ- phase change of the probe beam but no intensity modulation.
ence § is scanned at a raté(5/27)/dt=54 kHz/ms, and The oscillation frequencies of Figs(#2 and Zc) are 5.38
A/27m=+920 MHz. The large detuning ensures that the op-+0.05 kHz and 9.6:0.1 kHz, respectively.
tical potential is shallow enough that the atomic momentum We now present the physical mechanism responsible for
distribution is not perturbed.

Next, we observe the change in both the intensity and
phase of the transmitted probe due to the transient response
of recoil-induced resonance. Temporal changes of PD1 and
PD2 outputs are monitored for fixed i.e., the cold atoms

are exposed to one-dimensional standing waves with a con- (a)
stant,5-dependent drift speed. Figure 2 shows typical photo- -

detector signals for three frequency differences and for the

intensity and crossing angle stated above. The detuning is L (b)
A/27m=+90 MHz, and the frequency differené#2 is set

smaller than 6 kHz. Under these conditions, the atomic ki- (c)

netic energy in the frame of the moving optical potential,
(mé/q)2/2m=(3.7:k)?/2m, is much smaller than the optical
potential depth (8#&k)?/2m, and thus localized atomic mo-
tion is achieved. Atoms preferably populate the2,m=0 . | L .
ground state due to optical pumping. Therefore, our optical 0 100 200 300 400 500
potential depth refers to the transitith=2,m=0—F' =3, Time [us]
m=0.

When 6/27m=6 kHz [Fig. 2@)], damped oscillation of the FIG. 2. The output signals of two photodetectf@, (b)] PD1
output from PD1 is observed, which reflects the oscillationand (c) PD2. The frequency differences for each signal wede
of the mean atomic position relative to the slowly moving §/27=6 kHz and[(b), (c)] 6/2w= —0.4 kHz, respectively.

Photodiode output signal (arb. units)
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the observed oscillatory phase change. The intensity an 03

phase change of the probe arise from a recoil-induced res:
nance and can be represented by the imaginary and real pi
of the induced polarizatior?, respectively, approximately 0251
iven b
g y | (a)
P= 2100 f d i o) Jy* t t G}
=— 4 | drgexii(arg—8O)1¢* (rq.¥(rq.0). T o
1 S 03
o
Here() and u are the Rabi frequency and the transition di- & |
pole moment, respectivelyi(r,t) is the atomic center-of- e
. _ = (b)
mass wave function, ang* (r,t) (rq,t) represents the en- 02t
semble average of the density distribution for all of the 8 ’
atoms(atomic density grating since they all contribute to 'S
the signal. From Eq(1), we can understand that an intensity & 0613 [
change of the transmitted probe beam originates in a modt &
lation of the atomic density distribution proportional to &
sin(@ry— &t). Because the optical potential has a periodicity g 0251 I L (C)
of cos@ry— &), the time evolution of the average atomic po- 15
sition relative to the minima of the periodic potential leads to 02} m
the intensity change of the transmitted probe beam. On th M
other hand, a change of the rms position spread of the aton o1sh

relative to the potential minima affects only the real part of 0o 1 2 3 4 5 ¢ 7

the polarization, implying that a temporal change of the rms . .

position spread of the atoms manifests itself as a phas Time (units of 27/)

change of the probe beam. In Fig. 2, even when the intensity

change vanisheflFig. 2(b)], a phase change was still ob-  FIG. 3. Numerical results for the time evolution of the root-

served[Fig. 2(c)]. Thus the damped oscillation of the ob- mean-squaré¢rms) position of the atomic density distribution rela-

served phase change corresponds to an oscillation of tHive to the minima of the standing-wave potential. Solid and dotted

width of the position distribution. lines are quantum and classical results, respectively. The rms posi-
In order to investigate the characteristics of signal decaytion spreads were estimated inside one spatial period of the poten-

we simulated the atomic dynamics when cold atoms ardal, 27/q. The initial rms momentum p, of the cold atoms along

nonadiabatically exposed to the stationary standing wave] ar€ (& Apg/2q=0, (b) Apq/hq=1, and(c) Ap,/hq=17, re-

We neglected spontaneous emission and calculated the tinfgectively.

evolution of the atomic density operator, assuming that its

initial value was given by a Maxwell-Boltzmann distribution rms position of the atoms damps rapidly due to the dephas-

with temperaturd. The time evolution of the density opera- ing effect caused by the trap anharmonicity. When

tor after switching on the probe light abruptly was deter-Ap,/7q=0, a remarkable difference between classical and

mined by the Hamiltonian, which consists of the atomic ki- quantum simulations appears, which is a quantum revival of

netic energy and the optical potential, the atomic oscillatiorjsolid curve in Fig. 8)]. [Our calcu-

lation shows that our optical potential contains approxi-

. 1 Ug mately 50 discrete bound states. Under conditions such as in
1epprp =5 (P =P )Py o= = (Ppr—hapr + Ppr +hapr Fig. 3@, the sudden turn-on of the potential excites the at-
oms to a distribution of vibrational levels whose mean exci-
—Pprpr i Pppr—ig)s (2)  tation quantum number is 23. Here, the effect of the period-

icity of the lattice and tunneling from one well to another is

where the density operator is given in momentum represertaken into account.For large initial rms momentum of the
tation, andU,, is the potential depth. atoms, such as in Fig(8), and in particular in Fig. @), the

In Fig. 3, solid lines show the time evolution of the rms quantum revival, visible in Fig. @), diminishes [solid
position spread of the atoms calculated by E2). Dashed curves in Figs. &) and 3c)]. Nevertheless, although the
lines are results calculated with Newton’s equation in thequantum calculation approaches the classical one for the cal-
same periodic potential. The crossing angle, detuning, andulation of Fig. 3c), the calculation shows that a slight re-
intensity of each probe beam were the same as in Fig. 2. Théval still exists[see inset of Fig. @)].
initial rms momentumA p,, of the atoms alongj was set to Figure 4 shows botlia) experimenta[same as Fig. @)]
(@ Apy/hq=0, (b) Apy/hq=1, and(c) Ap,/hq=17, re- and(b) numerical results of the phase change signal of the
spectively. Here, Fig. (8) corresponds to our experimental transmitted probe, where Fig(} was calculated using Egs.
condition of T=4.7 uK. In Fig. 3, the time is given in units (1) and(2) for the conditions of Fig. &). Figure 4a) is in
of 27/ w, wherew is the Bohr frequency between the lowest good agreement with Fig.(d), which indicates that the de-
and first excited vibrational levels. Both the classical andcay rate of the phase signal was mainly determined by
guantum-mechanical results show that the oscillation of thelephasing due to trap anharmonicity. While a slight quantum
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oms in these sublevels experience optical potential depths
Time (units of 27/®) shallower than that for th&=2, m=0 state due to the

0 05 1 1.5 2 25 3 3.5 smaller relative transition strength, which causes an addi-
tional spread of frequencies and increases the damping rate
of the atomic density grating oscillation. However, using a
large crossing angle and a subrecoil cooling technique
[15,16, the value ofAp,/Aq could be decreased such that
the quantum revival of the atomic oscillation could be ob-
served.

The calculated oscillation frequencies of the rms width
(measured by PD2and mean positiofimeasured by PD1
(b) are (1.4%0.08)w and (0.88-0.02)w, which are smaller
— than 2v and w due to the potential anharmonicity. The cor-
responding experimentally observed frequencies ab 120
kHz) and 0.7% (5.4 kH2 are 17% smaller than the numeri-
cal values. We believe this is because atoms in sublevels
other than thé==2, m=0 state experience a shallower po-
tential depth. The experimental value of the ratio of these
frequencies is 1.7, which agrees perfectly with our theoreti-
cal result.

] ] ] ]
0 100 200 300 400 500

Time [Us]

Transmitted probe phase change (arb. units)

FIG. 4. (a) Experimental andb) numerical results for the phase
change signal of the transmitted probe. Note {laais identical to
Fig. 2(c). The authors wish to thank Dr. W. D. PhillighlIST), Dr.

G. Raithel(NIST), Dr. J. Lawall(NIST), Dr. C. I. Westbrook
revival appears in Fig.(8), we did not observe such a re- (CNRS, and Dr. A. Zvyagin(TIT) for their valuable com-
vival in our experiment. We believe that there are two reaiments and discussions. A part of this work was supported by
sons why we could not observe the revival. First, our signalthe Japanese Society for the Promotion of Science for Young
to-noise ratio was insufficient. Second, the population ofScientists. W. Jhe is grateful to the Ministry of Science and
sublevels other than tHe=2, m=0 state was not zero. At- Technology of Korea for its support.
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