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Optical free-induction decay of laser-cooled®*Rb
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Optical free-induction deca§FID) of laser-cooled®®Rb 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®7)02808-4

PACS numbgs): 42.50.Md, 32.80.Pj

[. INTRODUCTION wheree is a unit vector which expresses the polarization of
the electric fieldg(z,t) is the additional phas&= w/c (c is
Most optical coherent transient experiments so far haveéhe velocity of light in vacuum Eg(z,t) is a slowly varying
been performed with samples which are subject to consideenvelope of the field amplitude and is taken to be real.
able inhomogeneous broadenipg]. Obtained signals are A behavior of the two-level atom is described by the op-
contributed from atoms with various resonance frequenciegical Bloch equatiorf7] as follows:
and the behaviors of each homogeneous system are aver-
aged. Coherent transient signals of a homogeneous sample
[2] are, on the other hand, directly related to the behavior of
the homogeneous system with great sensitivity, and this fea-
ture is advantageous for many purposes, including the study
of optical dipole noise due to fluctuations of induced dipoles v=(Aw—¢)u+kEqw—
[3]. Also it is of great interest to study pulse propagation in a
purely homogeneous sample. Since the area thedigm
which describes the evolution of the pulse area is based on We — kEp— w—(-1)
the assumption that the inhomogeneous width is larger than TR T,
the natural width, the behavior of pulse propagation in a
purely homogeneous samglg| becomes different from that where (u(z,t),v(zt),w(z,t)) is the Bloch vector,
expected from the area theorem for an inhomogeneouslf w=w,—w and k=2d/% (d=d,,- e, whered,, is the di-
broadened sample. pole matrix element betwedib) and|a); d is taken to be
Recently, laser cooling and trapping technique has rapidlyeal by choosing an appropriate relative phase between the
developed 6], and it has enabled us to prepare a sample ofwo states T, is a radiative lifetime and’} is a homoge-
atoms which features both a negligibly small inhomogeneougeous phase relaxation tim&,(=26.5 ns for the 3S;,,—
width and a high density at the same time. These features ag?p, , transition of *Rb [8]). When there is no additional
quite useful for optical coherent transient experiments, aphase relaxatiof = 2T;.
well as many other applications. In this paper we report on - The Maxwell equation for the electric field is given as
the observation of optical free-induction ded&D) signals
of laser-cooled®™®Rb atoms. The details of the experiment, as # 1 9 41 §?
well as the theoretical explanations, are described. The pos- (P_? W) = a2
sibility to apply optical FID measurements to the studies of
phase relaxation in a dense atom trap is also discussed. where P(z,t)=NdRe(e U(z,t) +iv(z t) ]expli[ ot—kz
+¢(z,1)]}) is the polarization density. Applying a slowly
Il. BASIC EQUATIONS varying envelope approximation to leave only the lowest-

. . . : : : order derivatives, two equations for the components in phase
We briefly review the basic equations which describe the nd out of phase with the electric field are obtained

interaction between an optical pulse and trapped atoms. Wa
consider a trapped atom as a two-level systbim|a) with 9 19
K O(

u

u=—(Aw—¢)v—T—é,

(2a)

0 2b
X (@)

(209

P, )

energy eigenvalues dfwg,0, respectively. We assume that

there is no inhomogeneous broadening, and that the atom

densityN is homogeneous in space. In addition, spatial in-

homogeneity of the excitation pulse is neglected. (i E ﬁ) KE-=a (4b)
The electric fieldE(z,t) of an optical pulse which propa- dz c ot 0 v

gates in thez direction with an angular frequency are

E‘Fgﬁ)(b:_a/u, (4a)

expressed as where o’ =27Nwd?/fic. The absorption coefficient: is
_ given asa=2a'T,. al is equal to the sample optical den-
E(z,t)=2Ey(z,t)Refee! [t k2t ¢z0IL (1)  sity times In10, wherd. is the sample length. The whole
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spatial and temporal evolution of an optical pulse can be S B B B B
obtained by solving Eqg2) and (4). 061 N ey 1

------ Excitation
: ! + Transmission

I1l. EXPERIMENTAL SETUP '
04} : Calculation i

We trapped and cooleffRb atoms in a glass vapor cell
by using the magneto-optical trgMOT) method[9]. The
background vapor pressure was about1D~8 Torr and was
dominated by the partial pressure of Rb. A quadrupole mag-
netic field for MOT was produced by an anti-Helmholz coil
and its gradient at the trap position was 6 G/cm for the axial
direction and 3 G/cm for the radial direction. Six beams for . R
MOT (circularly polarized, intensity 18 mW/cfnper beam, N S S S ST TP S
linewidth<400 kH2 were applied to the vapor cell, fre- 20 0 20 40 60 80 100 120 140 160 180
guency of which was detuned by 10 MHz below resonance t [ns]
of the F=3-F’=4 transition ofD, line (52S,,-52P3,,

780 nm. To avoid optical pumping to the lower hyperfine  FIG. 1. A transmitted pulse is shown as dots. The frequency is
state of the ground statd-E2), an additional beanilO—  just resonant and the intensity is sufficiently weak compared with
100 mW/cn?) which was resonant to the=2—-F'=3 tran- the saturation intensityaL is approximately 5. The decay from
sition was applied. The diameter of the trapped atom cloud~90 ns is an optical FID signal. The dashed line is the excitation
was typically 1.5 mm, which was determined from an imagepulse without trapped atoms. The solid line is a theoretical result
of a charge-coupled device array. The atom density was e§alculated in the condition whef®,=2T;=53 ns andaL =4.
timated from absorption of a weak probe beam and was typi-

cally 5x10% cm~3. The typical number of the trapped at- considerably. On the contrary, as the time passesmes to
oms has been calculated from above values to Bd.. take a large negative value driven by the second term of Eq.
aL could be varied up to about 10 by changing the shape of2b) with xkE;>0 andw~—1. This largev reducesxE,

size of the trapped atom cloud, or the atom density. Thdéhrough Eq. (4b), resulting in a sizable absorption. At
temperature of the trapped atoms was approximately 20b~70 ns,v is subject to relaxation from the third term of
uK, which was measured by the release and recapturEd. (2b) to become a constant value, which results in a con-
method[10]. The inhomogeneous Doppler width of tBe, ~ Stant absorption. When the incident excitation pulse ampli-
line for this temperature is 360 kHz, which is almost negli- tude falls to zero{(~80 ns), the contribution from the inci-
gible compared with the 6.0 MHz natural width. dent excitation pulse suddenly disappears and only the

Excitation pulses for optical FID (100ns—ds duration ~ contribution fromv (v<0) remaingEq. (4b)]. kEq, which
were produced by an e|ectro-optic modu|a(EOM) (I’iSG has been a positive value up to this time, suddenly crosses
time 5 ng. In some cases, where phase rotation should b&ero and becomes a large negative value. Finatiecays to
avoided, an acousto-optic modulatgkOM) (rise time 15  zero with the time constarit, according to the Eq(2b).
ns) was used instead. Since the observed transition must be a For a quantitative study of the whole transmitted pulse
closed two-level system, we performed optical pumping ofshape, we compared it with theoretical calculation with Egs.
all atoms into theF =3, mg=+3 state with a circularly (2) and (4). The detail of calculation is as follows. The
polarized optical pulse resonant to the=3—F'=3 transi- Sample was considered as an assembly of thin layers sliced
tion (30 mW/cn?, 10 us duration before the observation of perpendicularly to the propagation direction. A real experi-
optical FID. The completeness of optical pumping could bemental incident pulse was used as the boundary condition for
verified through the disappearance of fluorescence from théhe electric field at the first layer, and it was assumed that
trapped atoms. In order to avoid the perturbation from thdnitially all atoms were in the ground states,p =0 and
trapping beams, we turned them off during the optical FIDW=—1). At first, the time evolution ofu,v,w) in the first
measurement. The pulses transmitted through the trapped dayer was calculated with Eq&2). By using this(u, v,w) the
oms were detected by an avalanche photodibdedwidth 1  time evolution of the electric field at the next layer was cal-
GHz), and monitored with a digital storage oscilloscopeculated with Eqs(4a and (4b). The same procedure was
(bandwidth 300 MHZ repeated for all layers along the propagation direction, and
finally the transmitted pulse shape was obtained. In this cal-
culation, back scattering of the excitation pulse by the atoms
was heglected, so that such a successive calculation with
sliced layers became possible. Thus calculated transmitted

Figure 1 shows a typical transmitted pulse. The frequencypulse shapes were compared with the experimental transmit-
of the excitation pulse was just resonant and its intensity wated pulse shape with various values of parametef;aind
much weaker than the saturation intensity. This optical FIDaL. The solid lines in Fig. 1 shows the intensity of a calcu-
signal of laser cooled atoms is analogous to superradiandated transmitted pulse in the case ©f=2T,;=53 ns and
[11] in that a large fraction of absorbed energy is emitted axL =4. In order to incorporate the imperfect matching be-
coherent radiation. At the very beginning of the transmittedtween the excitation beam cross section and the atom density
pulse t=0-10 ns the absorption is relatively small. At this distribution, 10% of the intensity of the excitation pulse was
periodv which reduces<E, through Eq.(4b) is not induced assumed to be transmitted without interacting with the

02

Intensity [arb.]

IV. EXPERIMENTAL RESULTS AND THEORETICAL
ANALYSES
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atoms. An excellent agreement with experimental results wasurs, which leads to a sudden decreasévinthrough Eq.
achieved for the calculated pulse shape obtained in such @b) [Av=—A¢(z,t)u>0]. This decrease ifv| leads to an
way. This complete coincidence implies that the effect ofincrease in the pulse envelope through Etp), resulting in
additional phase relaxation, due to cold collisions for ex-a steep peak in the transmitted signal. In a similar way, in the
ample, is not significant at the present atom density of fase ofAw<0 the phase shifts result in a decrease in the

X100 cm~3.

pulse envelope, although this decrease cannot be well distin-
Figure 2 shows transmitted pulses for detuned excitationguished from the sudden decrease of the original excitation
As the detuning of the excitation pulse becomes larger, thgulse envelope. In the case &fw=0, u almost always

magnitude of the inducegl becomes smaller, which leads to equals zero and such a steep structure will not appear. This
smaller absorption and, hence, a smaller optical FID signaktype of steep structure might average out and not become
For red-detuned excitation pulseA®>0), steep peaks can apparent in the case of Doppler broadened samples. The ap-
be seen near the end of the excitation pulses. The appearangearance of such steep peaks is a notable consequence of the
of such steep peaks are explained by taking account of thgreat sensitivity of coherent transient signals of laser cooled
phase rotation of the excitation pulse, as follows. When weatoms to the phase of the electric field.

produce optical pulses by using an EOM, it is difficult to We have also performed numerical calculations for de-
avoid the rapid rotation of the optical phase during the risinguned excitation. The EOM which we have used has two
and falling period of the pulse envelope. As for the EOMcrystals in series, in order to compensate a temperature de-
which we have used, the phaggz,t) of the pulse takes pendence of refraction index. A slight time difference be-
nonzero values during the rising and falling periodtween the applied voltages for two crystals results in a sud-
[#(z,t)>0 and ¢(z,t)<0, respectively Now we consider den phase shift. Figure 3 shows calculated transmitted pulses
the weak-excitation casaifv ~0 andw~ —1). Just before incorporating such phase shifts, where the time difference is
the steep peak appears, the system has reached the steadgumed to be 2 ns. The characteristic features of the experi-
state, and> takes a negative value. Sindav>0, u takes a mental pulse in Fig. 1, such as the overall shape and the
positive value through Ed2a). During the falling period of appearance of steep peaks in the red-detuned cases, are ex-
the excitation pulse, a sudden phase shift(z,t)<0 oc-  plained with this calculation.
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> > FIG. 3. Calculated transmitted pulses @
=06 = 06 red-detuned ofb) blue-detuned excitation pulses,
g OC" in the case where the excitation pulse is suffi-
Q 04 Q© 04 ciently weak compared with the saturation inten-
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In the case of nearly the highe&l in our experiment in a laser trap can be investigated by observing optical FID
(~9) and sufficiently weak excitation compared with the signals. We will consider here two types of broadening pro-
saturation intensity, a novel feature that an optical FID splitscesses which may contribute to phase relaxation, one of
into two parts has been observéflg. 4). In order to avoid  which is a “static” type and the other a “dynamic” type.
the ambiguity associated with the phase rotation of the exci- At first, let us consider the possibility of observing the
tation pulse, an AOM, instead of an EOM, was used foreffect of a “static” broadening which comes from the inter-
producing the excitation pulse. Also, we checked that theytomic distance distribution. A pair of identical ground-state
second peak did not come from an electrical mismaich byng excited-state atoms is subject to a line shift due to the
inserting an attenuator in the signal path. Such a splitting of/R3 potential[14], so that a variety of interatomic distance
the opt|_cal FID, or in other words an appearance of OIOUbI?esults in inhomogeneous broadening, which leads to
peaks, is C(-)ns,|,dered to corresponq with “anomglogs CIaSSIdephasing among induced dipoles. The atom density at
cal absorption”[7,12). In the class!cal weak-e>§0|tat|on '€~ \vhich the resonance frequency shift due@tR® potential
gime, the pulse area follows Beer’s law, and it approachefcz10 1 in atomic units fofSRb[15]) becomes equal to the
zero aseL becomes fairly large, while the total energy of the . ; 4 d 3
pulse needs not. In fact, an excitation pulse with a duratiorpatural V\,”dth IS calculgted as-about_=6><101 cm . In

such a high atom density the line shift can be distinguished

much shorter tharT; [13] can be transmitted through a . . i .
sample with a fairly largealL in the shape of a damped from the natural Wldth. Such a high density can be obtained
through the evaporative cooling methb].

oscillation. In our experimental result, this type of oscillation L . . -
is considered to have resulted in the double peaks. Figure 5 W€ @lso argue the possibility of studying a “dynamic

shows a theoretical result in the casendf=9, which shows broadening process due to interatomic collisions by using
a similar type of splitting as in Fig. 4. optical FID measurements. It appears unlikely that ordinary

elastic collisions lead to any significant phase relaxation for

the typical atom density of a usual magneto-optical trap

(1x10°-1x10* cm~3), since the expected elastic colli-
Since optical FID signals of laser cooled atoms are sensision interval for the above conditigitypically ~1 ) [17] is

tive to optical coherence, it is expected that phase relaxatioby far longer than the duration of an optical FID signal

V. DISCUSSION AND CONCLUSION
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(~50 n9. However, if there is any kind of enhancement splitting of an optical FID signal into two parts in the case
effect on the collision rate due to acceleration of the interwhere the excitation pulse is sufficiently weak compared
atomic motion by theC/R® interaction potential, as is the with the saturation intensity andL is large (~9). The pos-
case in the trap loss mechanism in a laser fieg, colli- sibility to apply optical FID measurements to detect phase
sional phase relaxation effects may be observed in opticaklaxation effects in a dense atom trap has been discussed,
FID signals. While we used a simple semi-classical pictureand it has been predicted that in such a high atom density as
it no longer gives a sufficient description for this type of more than 6<10" cm™2 “static” phase relaxation effects
argument, and fully quantum-mechanical analyses will bedue to line shift from the interatomic interaction potential
required. can be observed.

In conclusion, we have observed optical FID signals of
laser cooled®Rb atoms. The observed signals have been
compared with theoretical calculations in the case of no pure
phase relaxationT;=2T,=53 ng, and fairly good agree- We would like to thank M. Fujimoto and T. Isayama for
ments have been achieved. In the case of slightly redtheir experimental assistance. This work was partially sup-
detuned excitation, we have observed a steep peak near tperted by the Grant-in-Aid for Scientific Research. One of
end of the excitation pulse, which is a consequence of théhe authorgK.T.) acknowledges financial support from the
great sensitivity of optical FID signals of laser cooled atomsJapan Society for the Promotion of Science for Young Sci-
to the phase of the excitation pulse. We have also observedemntists.
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