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Optical free-induction decay of laser-cooled85Rb
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~Received 2 December 1996; revised manuscript received 28 April 1997!

Optical free-induction decay~FID! of laser-cooled85Rb has been observed. Considerably good agreements
are obtained between experiments and theoretical calculations in the condition of no inhomogeneous broad-
ening. The possibility to apply optical FID measurements to the studies of phase relaxation in a dense atom trap
is discussed.@S1050-2947~97!02808-4#

PACS number~s!: 42.50.Md, 32.80.Pj
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I. INTRODUCTION

Most optical coherent transient experiments so far h
been performed with samples which are subject to consi
able inhomogeneous broadening@1#. Obtained signals are
contributed from atoms with various resonance frequenc
and the behaviors of each homogeneous system are
aged. Coherent transient signals of a homogeneous sa
@2# are, on the other hand, directly related to the behavio
the homogeneous system with great sensitivity, and this
ture is advantageous for many purposes, including the s
of optical dipole noise due to fluctuations of induced dipo
@3#. Also it is of great interest to study pulse propagation in
purely homogeneous sample. Since the area theorem@4#
which describes the evolution of the pulse area is based
the assumption that the inhomogeneous width is larger t
the natural width, the behavior of pulse propagation in
purely homogeneous sample@5# becomes different from tha
expected from the area theorem for an inhomogeneo
broadened sample.

Recently, laser cooling and trapping technique has rap
developed@6#, and it has enabled us to prepare a sample
atoms which features both a negligibly small inhomogene
width and a high density at the same time. These features
quite useful for optical coherent transient experiments,
well as many other applications. In this paper we report
the observation of optical free-induction decay~FID! signals
of laser-cooled85Rb atoms. The details of the experiment,
well as the theoretical explanations, are described. The
sibility to apply optical FID measurements to the studies
phase relaxation in a dense atom trap is also discussed.

II. BASIC EQUATIONS

We briefly review the basic equations which describe
interaction between an optical pulse and trapped atoms.
consider a trapped atom as a two-level systemub&,ua& with
energy eigenvalues of\v0 ,0, respectively. We assume th
there is no inhomogeneous broadening, and that the a
densityN is homogeneous in space. In addition, spatial
homogeneity of the excitation pulse is neglected.

The electric fieldE(z,t) of an optical pulse which propa
gates in thez direction with an angular frequencyv are
expressed as

E~z,t !52E0~z,t !Re$eei [vt2kz1f~z,t !]%, ~1!
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wheree is a unit vector which expresses the polarization
the electric field,f(z,t) is the additional phase,k5v/c (c is
the velocity of light in vacuum!. E0(z,t) is a slowly varying
envelope of the field amplitude and is taken to be real.

A behavior of the two-level atom is described by the o
tical Bloch equation@7# as follows:

u̇52~Dv2ḟ !v2
u

T28
, ~2a!

v̇5~Dv2ḟ !u1kE0w2
v

T28
, ~2b!

ẇ52kE0v2
w2~21!

T1
, ~2c!

where „u(z,t),v(z,t),w(z,t)… is the Bloch vector,
Dv5v02v and k52d/\ (d5dab•e, wheredab is the di-
pole matrix element betweenub& and ua&; d is taken to be
real by choosing an appropriate relative phase between
two states!. T1 is a radiative lifetime andT28 is a homoge-
neous phase relaxation time (T1526.5 ns for the 52S1/2–
5 2P3/2 transition of 85Rb @8#!. When there is no additiona
phase relaxationT2852T1.

The Maxwell equation for the electric field is given as

S ]2

]z2 2
1

c2

]2

]t2DE5
4p

c2

]2

]t2 P, ~3!

where P(z,t)5NdRe„e@u(z,t)1 iv(z,t)#exp$i@vt2kz
1f(z,t)] %… is the polarization density. Applying a slowl
varying envelope approximation to leave only the lowe
order derivatives, two equations for the components in ph
and out of phase with the electric field are obtained

kE0S ]

]z
1

1

c

]

]t Df52a8u, ~4a!

S ]

]z
1

1

c

]

]t DkE05a8v, ~4b!

where a852pNvd2/\c. The absorption coefficienta is
given asa52a8T28 . aL is equal to the sample optical den
sity times ln10, whereL is the sample length. The whol
1564 © 1997 The American Physical Society
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56 1565OPTICAL FREE-INDUCTION DECAY OF LASER-COOLED85Rb
spatial and temporal evolution of an optical pulse can
obtained by solving Eqs.~2! and ~4!.

III. EXPERIMENTAL SETUP

We trapped and cooled85Rb atoms in a glass vapor ce
by using the magneto-optical trap~MOT! method@9#. The
background vapor pressure was about 131028 Torr and was
dominated by the partial pressure of Rb. A quadrupole m
netic field for MOT was produced by an anti-Helmholz co
and its gradient at the trap position was 6 G/cm for the a
direction and 3 G/cm for the radial direction. Six beams
MOT ~circularly polarized, intensity 18 mW/cm2 per beam,
linewidth<400 kHz! were applied to the vapor cell, fre
quency of which was detuned by 10 MHz below resona
of the F53 –F854 transition ofD2 line (5 2S1/2–5 2P3/2,
780 nm!. To avoid optical pumping to the lower hyperfin
state of the ground state (F52), an additional beam~10–
100 mW/cm2) which was resonant to theF52 –F853 tran-
sition was applied. The diameter of the trapped atom clo
was typically 1.5 mm, which was determined from an ima
of a charge-coupled device array. The atom density was
timated from absorption of a weak probe beam and was t
cally 531010 cm23. The typical number of the trapped a
oms has been calculated from above values to be 23108.
aL could be varied up to about 10 by changing the shap
size of the trapped atom cloud, or the atom density. T
temperature of the trapped atoms was approximately
mK, which was measured by the release and recap
method@10#. The inhomogeneous Doppler width of theD2
line for this temperature is 360 kHz, which is almost neg
gible compared with the 6.0 MHz natural width.

Excitation pulses for optical FID (100ns–1ms duration!
were produced by an electro-optic modulator~EOM! ~rise
time 5 ns!. In some cases, where phase rotation should
avoided, an acousto-optic modulator~AOM! ~rise time 15
ns! was used instead. Since the observed transition must
closed two-level system, we performed optical pumping
all atoms into theF53, mF513 state with a circularly
polarized optical pulse resonant to theF53 –F853 transi-
tion (30 mW/cm2, 10 ms duration! before the observation o
optical FID. The completeness of optical pumping could
verified through the disappearance of fluorescence from
trapped atoms. In order to avoid the perturbation from
trapping beams, we turned them off during the optical F
measurement. The pulses transmitted through the trappe
oms were detected by an avalanche photodiode~bandwidth 1
GHz!, and monitored with a digital storage oscillosco
~bandwidth 300 MHz!.

IV. EXPERIMENTAL RESULTS AND THEORETICAL
ANALYSES

Figure 1 shows a typical transmitted pulse. The freque
of the excitation pulse was just resonant and its intensity
much weaker than the saturation intensity. This optical F
signal of laser cooled atoms is analogous to superradia
@11# in that a large fraction of absorbed energy is emitted
coherent radiation. At the very beginning of the transmit
pulse (t50 –10 ns! the absorption is relatively small. At thi
periodv which reduceskE0 through Eq.~4b! is not induced
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considerably. On the contrary, as the time passes,v comes to
take a large negative value driven by the second term of
~2b! with kE0.0 and w;21. This largev reduceskE0
through Eq. ~4b!, resulting in a sizable absorption. A
t;70 ns,v is subject to relaxation from the third term o
Eq. ~2b! to become a constant value, which results in a c
stant absorption. When the incident excitation pulse am
tude falls to zero (t;80 ns), the contribution from the inci
dent excitation pulse suddenly disappears and only
contribution fromv (v,0) remains@Eq. ~4b!#. kE0, which
has been a positive value up to this time, suddenly cros
zero and becomes a large negative value. Finallyv decays to
zero with the time constantT28 according to the Eq.~2b!.

For a quantitative study of the whole transmitted pu
shape, we compared it with theoretical calculation with E
~2! and ~4!. The detail of calculation is as follows. Th
sample was considered as an assembly of thin layers s
perpendicularly to the propagation direction. A real expe
mental incident pulse was used as the boundary condition
the electric field at the first layer, and it was assumed t
initially all atoms were in the ground state (u,v50 and
w521). At first, the time evolution of„u,v,w… in the first
layer was calculated with Eqs.~2!. By using this„u, v,w… the
time evolution of the electric field at the next layer was c
culated with Eqs.~4a! and ~4b!. The same procedure wa
repeated for all layers along the propagation direction, a
finally the transmitted pulse shape was obtained. In this
culation, back scattering of the excitation pulse by the ato
was neglected, so that such a successive calculation
sliced layers became possible. Thus calculated transm
pulse shapes were compared with the experimental trans
ted pulse shape with various values of parameters ofT28 and
aL. The solid lines in Fig. 1 shows the intensity of a calc
lated transmitted pulse in the case ofT2852T1553 ns and
aL54. In order to incorporate the imperfect matching b
tween the excitation beam cross section and the atom de
distribution, 10% of the intensity of the excitation pulse w
assumed to be transmitted without interacting with t

FIG. 1. A transmitted pulse is shown as dots. The frequenc
just resonant and the intensity is sufficiently weak compared w
the saturation intensity.aL is approximately 5. The decay from
t;90 ns is an optical FID signal. The dashed line is the excitat
pulse without trapped atoms. The solid line is a theoretical re
calculated in the condition whereT2852T1553 ns andaL54.
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FIG. 2. Transmitted pulses for~a! red-detuned
(Dv.0) or ~b! blue-detuned (Dv,0) excita-
tion pulses. The numbers in the figure represe
the value ofDv. aL is considered to be smalle
than that in the case of Fig. 1. As for the case
red detuning, steep peaks are observed at the
of the excitation pulse.
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atoms. An excellent agreement with experimental results
achieved for the calculated pulse shape obtained in suc
way. This complete coincidence implies that the effect
additional phase relaxation, due to cold collisions for e
ample, is not significant at the present atom density o
31010 cm23.

Figure 2 shows transmitted pulses for detuned excitat
As the detuning of the excitation pulse becomes larger,
magnitude of the inducedv becomes smaller, which leads t
smaller absorption and, hence, a smaller optical FID sig
For red-detuned excitation pulses (Dv.0), steep peaks can
be seen near the end of the excitation pulses. The appear
of such steep peaks are explained by taking account of
phase rotation of the excitation pulse, as follows. When
produce optical pulses by using an EOM, it is difficult
avoid the rapid rotation of the optical phase during the ris
and falling period of the pulse envelope. As for the EO
which we have used, the phasef(z,t) of the pulse takes
nonzero values during the rising and falling perio
@f(z,t).0 andf(z,t),0, respectively#. Now we consider
the weak-excitation case (u,v;0 andw;21). Just before
the steep peak appears, the system has reached the s
state, andv takes a negative value. SinceDv.0, u takes a
positive value through Eq.~2a!. During the falling period of
the excitation pulse, a sudden phase shiftDf(z,t),0 oc-
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curs, which leads to a sudden decrease inuvu through Eq.
~2b! @Dv52Df(z,t)u.0#. This decrease inuvu leads to an
increase in the pulse envelope through Eq.~4b!, resulting in
a steep peak in the transmitted signal. In a similar way, in
case ofDv,0 the phase shifts result in a decrease in t
pulse envelope, although this decrease cannot be well dis
guished from the sudden decrease of the original excita
pulse envelope. In the case ofDv50, u almost always
equals zero and such a steep structure will not appear. T
type of steep structure might average out and not beco
apparent in the case of Doppler broadened samples. The
pearance of such steep peaks is a notable consequence
great sensitivity of coherent transient signals of laser coo
atoms to the phase of the electric field.

We have also performed numerical calculations for d
tuned excitation. The EOM which we have used has t
crystals in series, in order to compensate a temperature
pendence of refraction index. A slight time difference b
tween the applied voltages for two crystals results in a s
den phase shift. Figure 3 shows calculated transmitted pu
incorporating such phase shifts, where the time differenc
assumed to be 2 ns. The characteristic features of the ex
mental pulse in Fig. 1, such as the overall shape and
appearance of steep peaks in the red-detuned cases, ar
plained with this calculation.
,
fi-
n-
FIG. 3. Calculated transmitted pulses for~a!
red-detuned or~b! blue-detuned excitation pulses
in the case where the excitation pulse is suf
ciently weak compared with the saturation inte
sity, andaL52.5.
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FIG. 4. ~a! A transmitted pulse in the cas
where aL is approximately 9. The excitation
pulse is weak enough compared with the satu
tion intensity. A splitting of optical FID into two
parts can be seen.~b! A magnified scale is used to
examine the detailed feature in the dashed reg
in ~a!.
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In the case of nearly the highestaL in our experiment
(;9) and sufficiently weak excitation compared with t
saturation intensity, a novel feature that an optical FID sp
into two parts has been observed~Fig. 4!. In order to avoid
the ambiguity associated with the phase rotation of the e
tation pulse, an AOM, instead of an EOM, was used
producing the excitation pulse. Also, we checked that
second peak did not come from an electrical mismatch
inserting an attenuator in the signal path. Such a splitting
the optical FID, or in other words an appearance of dou
peaks, is considered to correspond with ‘‘anomalous cla
cal absorption’’@7,12#. In the classical weak-excitation re
gime, the pulse area follows Beer’s law, and it approac
zero asaL becomes fairly large, while the total energy of th
pulse needs not. In fact, an excitation pulse with a dura
much shorter thanT28 @13# can be transmitted through
sample with a fairly largeaL in the shape of a dampe
oscillation. In our experimental result, this type of oscillati
is considered to have resulted in the double peaks. Figu
shows a theoretical result in the case ofaL59, which shows
a similar type of splitting as in Fig. 4.

V. DISCUSSION AND CONCLUSION

Since optical FID signals of laser cooled atoms are se
tive to optical coherence, it is expected that phase relaxa
ts
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in a laser trap can be investigated by observing optical
signals. We will consider here two types of broadening p
cesses which may contribute to phase relaxation, on
which is a ‘‘static’’ type and the other a ‘‘dynamic’’ type.

At first, let us consider the possibility of observing t
effect of a ‘‘static’’ broadening which comes from the inte
atomic distance distribution. A pair of identical ground-st
and excited-state atoms is subject to a line shift due to
C/R3 potential@14#, so that a variety of interatomic distan
results in inhomogeneous broadening, which leads
dephasing among induced dipoles. The atom densit
which the resonance frequency shift due toC/R3 potential
(C510.1 in atomic units for85Rb @15#! becomes equal to th
natural width is calculated as aboutn5631014 cm23. In
such a high atom density the line shift can be distinguis
from the natural width. Such a high density can be obtai
through the evaporative cooling method@16#.

We also argue the possibility of studying a ‘‘dynamic
broadening process due to interatomic collisions by us
optical FID measurements. It appears unlikely that ordin
elastic collisions lead to any significant phase relaxation
the typical atom density of a usual magneto-optical t
(131010–131011 cm23), since the expected elastic col
sion interval for the above condition~typically ;1 s! @17# is
by far longer than the duration of an optical FID sign
tly
nd
FIG. 5. ~a! A calculated transmitted pulse in
the case where the excitation pulse is sufficien
weak compared with the saturation intensity, a
aL59. ~b! The dashed region in~a! with a mag-
nified scale.
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(;50 ns!. However, if there is any kind of enhanceme
effect on the collision rate due to acceleration of the int
atomic motion by theC/R3 interaction potential, as is th
case in the trap loss mechanism in a laser trap@18#, colli-
sional phase relaxation effects may be observed in op
FID signals. While we used a simple semi-classical pictu
it no longer gives a sufficient description for this type
argument, and fully quantum-mechanical analyses will
required.

In conclusion, we have observed optical FID signals
laser cooled85Rb atoms. The observed signals have be
compared with theoretical calculations in the case of no p
phase relaxation (T2852T1553 ns!, and fairly good agree-
ments have been achieved. In the case of slightly r
detuned excitation, we have observed a steep peak nea
end of the excitation pulse, which is a consequence of
great sensitivity of optical FID signals of laser cooled ato
to the phase of the excitation pulse. We have also observ
se
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splitting of an optical FID signal into two parts in the ca
where the excitation pulse is sufficiently weak compar
with the saturation intensity andaL is large (;9). The pos-
sibility to apply optical FID measurements to detect pha
relaxation effects in a dense atom trap has been discus
and it has been predicted that in such a high atom densit
more than 631014 cm23 ‘‘static’’ phase relaxation effects
due to line shift from the interatomic interaction potent
can be observed.
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