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Observation of a transient response of recoil-induced resonance: A method for the measurement
of atomic motion in an optical standing wave
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We demonstrate a method to directly observe the dynamics of motion of cold atoms in an optical standing
wave using a recoil-induced resonance. By detecting a transient response of this resonance, we observed the
interaction between an atomic population grating and a periodic optical potential. Using this method, we
investigated the lifetime of the atomic grating under various conditions in the optical potential. As a result, we
obtained the appropriate conditions for the long lifetime and observed the narrowest linewidth in the recoil-
induced resonance corresponding to the atomic temperature of 4.4+0.3 uK for 8’Rb atoms.

PACS number(s): 32.80.Pj

Recent developments of laser cooling and manipulation
techniques of atoms have made it possible to investigate the
wave nature of atoms in such fields as atomic interferometers
[1]. Under the typical condition for the cold atoms in an
optical standing-wave potential, where the atomic de Broglie
wavelength is comparable to the optical wavelength, we have
to consider atoms as atomic waves rather than particles. The
interaction between the cold atoms and such a periodic opti-
cal potential is essential for the cooling processes of stimu-
lated [2,3] or polarization gradient [4-7] cooling and the
quantized motions of atoms in an optical crystal [8—14].
Most of the related experiments have mainly showed the
stationary properties of atoms, such as final velocity distri-
bution of cooled atoms and the quantized energy structure of
atoms in the optical potential. Besides the stationary proper-
ties, the dynamic properties of atomic motion are also impor-
tant and are inevitable in understanding the cooling process
involving the damping force to the atoms in the optical po-
tential [15]. In recent experiments [ 16~20], the velocity dis-
tribution of cold atoms was precisely measured using a
recoil-induced resonance. In this paper, we propose a method
to measure the dynamic property of atomic motion in a pe-
riodic optical potential using the recoil-induced resonance.
Detecting the transient response of the recoil-induced reso-
nance, we can observe the damping oscillation that reflects
the interaction between the atomic grating and the periodic
optical potential. By using this method, we can obtain the
lifetime of the atomic grating or the coherence time of
atomic momentum states in the periodic optical potential.

In the following part of this paper, we will first show the
theoretical interpretation of the transient response of the
recoil-induced resonance. Next, we will present the experi-
mental results obtained by this method and will show the
experimental approach to study the dynamics of cold atoms.
From these experimental results, we obtained the conditions
for the long lifetime of the atomic grating. Finally, as an
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application of the present study of atomic dynamics, we will
show the results of the velocity distribution measurement of
cold ¥Rb atoms using the recoil-induced resonance under
these conditions.

We consider the situation where the two probe beams with

wave vectors k 1 and 122 cross in a cold atomic vapor at an
angle 6. Their angular frequencies w;,w, are detuned from
the atomic resonant frequency by A, and their frequency dif-
ference 6= w,— w; is much smaller than A. Two beams
have parallel and linear polarization in the direction perpen-
dicular to the probe beam plane. Initially, frequency differ-
ence & is fixed to zero and then rapidly switched to a nonzero
value. The transient response of the recoil-induced resonance
can be measured by detecting the transmitted intensity of one
of the probe beams. The intensity change of the probe beam
is given by the imaginary part of the polarization P induced
by two probe beams, and is approximately expressed as

2
Im{P}=— —’Z—Xj dr,sin(qr,— )™ (ry,t) (7, .1).
(1)

Here, x, u, ¢(r,,t), and r, are the Rabi frequency, the
transition dipole moment, the atomic wave function of the
motion of the center of mass, and the projection of radius
vector on g, where g=k,—k; and g=|q|. It is a modified
equation that describes the signal of the recoil-induced reso-
nance in terms of the coherence between the momentum
states [20]. From Eq. (1), one can easily observe that the
signal is contributed only from the component of atomic den-
sity modulated by sin(gr,— 6t). The motion of the atomic
center of mass is governed by the Hamiltonian that includes
the potential with the periodicity of cos(qr,— ét). There-
fore, initially, atomic population grating modulated by
cos(gr,— ot) is generated with & fixed to zero. After rapidly
switching & to a nonzero value, periodic interaction between
the atomic grating and the optical standing wave moving
with the speed of /g is induced. As it can be understood by
Eq. (1), this periodic interaction manifests itself as an oscil-
lation of the probe signal with frequency . The time evolu-
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FIG. 1. Transient signal of recoil-induced resonance. At 0 us,
the frequency difference was switched to a nonzero value.

tion of the atomic grating by this interaction can also be
observed by this method. The atomic grating will dissipate if
the periodic interaction gives rise to heating. However, in the
case of cooling, the atomic grating tends to follow the mov-
ing optical standing wave, where the term “cooling” means
the atomic motion is damped in the frame of moving optical
potential. In both cases the time evolution of the atomic grat-
ing appears as a decay of oscillating signal.

In our experiment, a cold cloud of ¥’Rb atoms was pro-
duced by a magneto-optical trap (MOT) in a rubidium-vapor
cell [21]. The 58,,F=2~5P3,F=3 cyclic transition of the
8Rb D, line was used as a cooling cycle. To produce a
greater cooling effect, we used polarization-gradient cooling
(PGC) [6,7]. First, the magnetic field was turned off quickly.
After 5 ms, the detuning of the cooling light was increased,
and 5 ms later, its intensity was reduced to % of the original
intensity. Finally, after 2 ms, the cooling and repumping
lights were shut off. In MOT and PGC, o* — o~ laser con-
figuration was utilized. The final temperature of the cold at-
oms was measured by the time-of-flight method [6,22,23] to
be 4+ 1 uK, where the error was mainly due to uncertainty
in the determination of the initial size of the molasses.

For this cold sample, we measured the transient response
of recoil-induced resonance. Two probe beams intersect in-
side the sample of prepared cold atoms. Initially, the fre-
quency different & was kept at zero, and after 20~40 us, it
was rapidly switched to more than 100 kHz. The light inter-
action time was assured to be sufficiently long to prepare
coherence between the momentum states. In this experiment,
two probe beams were generated from the same extended-
cavity diode laser, and were frequency shifted by individual
acousto-optic modulators (AOM). One of these acousto-optic
modulators was driven by an rf synthesizer in order to con-
trol the frequency difference between the two probe beams.
The intensities of the two beams were controlled by another
AOM. A typical transient signal is shown in Fig. 1. Here the
intensities of probe beams were 12 and 13 mW/cm?. The
beams’s crossing angle # was 14.0°. The probe beams’s de-
tuning was fixed to A/27= +200 MHz with respect to the
F=2-F=3 transition. The frequency difference of the probe
beams was switched from 6/2w=0 to 200 kHz in order to
observe the signal of damping oscillation.

We first measured the dependency of the decay time of
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FIG. 2. Dependence of the signal decay time on the saturation
parameter. Dots represent the measured decay times. The solid line
represents the inverse of the optical pumping rate.

the transient signal on the saturation parameter of probe
fields. Figure 2 shows the result, where the solid line repre-
sents the inverse of optical pumping rate I'’ (=sI"), where s
and I' are the saturation parameter and a natural width of the
atomic excited state, respectively. The intensity, frequency
difference, and cross angle of the probe beams were equal to
the values in Fig. 1. In order to change the saturation param-
eter, we changed the detuning A/27 from +15 to +110
MHz. From Fig. 2, one can observe that the decay time in-
creases with decreasing saturation parameter. The induced
atomic grating dissipates due to the optical pumping, where
the rate is proportional to the saturation parameter. The decay
time is expected to become longer as the saturation param-
eter becomes smaller. A comparison of the solid line and the
closed circle in Fig. 2 reflects that the observed decay time is
much longer than that expected from the saturation param-
eter. This result is consistent with the previous result ob-
tained from the width of the recoil-induced resonance [16].
Such a long decay time of the atomic grating or the momen-
tum space coherence can be explained by the energy separa-
tion, which is much larger than the recoil energy and the
optical pumping rate [5,9].

We also compared the decay time in cases of both blue
(A>0) and red (A<O0) detuning of probe beams, where
|A]/2m=20 MHz for both cases. Measured transient re-
sponse signals are shown in Fig. 3. The intensities of probe
beams were 5.1 and 5.6 mW/cm? and the crossing angle 6
was 14.4°. The frequency difference A/27 was switched
from O to 140 kHz. In Fig. 3 the decay times in the cases of
blue and red detuning were 14*1 and 10+ 1 us, respectively.
This implies that the decay time for the blue detuning was
longer than that for the red detuning. This difference can be
easily understood by considering the effect of stimulated
cooling, which occurs only for the blue detuning of probe
beams. In the case of red detuning, only the heating effect
takes place to dissipate the atomic grating. However, in the
case of blue detuning, a stimulated cooling effect is also
expected under some conditions. If this effect is valid, the
atomic grating tends to follow the moving standing-wave
potential with the velocity of /. As a result, the mean time
of atoms staying at the potential minimum, where the field
intensity is also minimum for the blue detuning, is longer
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FIG. 3. Signals of transient response for blue and red detunings.
The solid and broken curves are the signals for blue detuning
A/27r=+20 MHz and for red detuning A/27r= —20 MHz, respec-
tively.

than the time of staying at the potential maximum. This time
difference causes a smaller optical pumping rate for the blue
detuning than that for the red detuning. It leads to the differ-
ence in the decay time of the transient response. The decay-
time difference between blue- and red-detuning cases be-
comes smaller as the absolute value of detuning becomes
larger, because the stimulated cooling effect also becomes
smaller.

These two types of time evolution of the atomic grating
can be distinguished more clearly by switching the frequency
difference & back to zero again, after observing the first tran-
sient response. If the atomic grating moves due to cooling,
periodic interaction between the moving atomic grating and
the stationary optical standing wave will be generated by this
additional switching and the second transient response will
be observed. This cannot be observed in the case of heating.

The decay-time measurement provides us with the condi-
tions to achieve the narrow homogeneous width in the tem-
perature measurement using the recoil-induced resonance.
The evolution time of the atomic grating corresponds to the
coherence time between atomic momentum states, which is
related to the homogeneous width of the recoil-induced reso-
nance [16-20]. Therefore, it can be understood that for a
narrower homogeneous width, the saturation parameter
should be smaller and blue detuning is preferable. Based on
this consideration we measured the temperature of cold
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FIG. 4. Signal of the recoil-induced resonance (stimulated opti-
cal Compton scattering) for a very cold cloud of ¥’Rb atoms. The
solid curve represents the obtained signal averaged over 16 times of
measurements. The broken curve is the theoretical fitting curve.

8Rb atoms. Figure 4 shows the experimental results. The
intensity of the probe beams were 12 and 13 mW/cm?, and
the crossing angle 6 was 14.0°. The detuning of the probe
beams was fixed to A/27= +730 MHz. Under this condi-
tion, saturation parameter s becomes 2.5X 10™*, which cor-
responds to the optical pumping rate of 1.5 kHz. The tem-
perature corresponding to the inhomogeneous width 1.5 kHz
is lower than 0.1 uK. We fitted the signal shape by the de-
rivative of Gaussian profile and estimated the temperature to
be as low as 4.4*+0.3 uK. The measurement error was
mainly due to the sweep rate of relative frequency
d(6/27)/dt=44 kHz/ms. This temperature is in good agree-
ment with that measured by the time-of-flight method
(4x1 uK).

In summary, we demonstrated the method to directly ob-
serve the dynamics of cold atoms. It was confirmed experi-
mentally that this method observes the periodic interaction
between the atomic grating and the moving optical standing
wave and time evolution of the atomic grating due to this
interaction. This method can be a tool for the investigation of
the fundamental process in the atomic cooling or in the in-
teraction between atoms and field.
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