PHYSICAL REVIEW A 68, 013411 (2003
Sensitive detection of radiation trapping in cold-atom clouds
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In this paper, we calculate the effect of radiation trapping on the photon statistics of the light scattered from
optical molasses. We propose that an intensity correlation function measurement may be sensitive to the
presence of radiation trapping at an on-resonance optical depth as low as 0.1, more than an order of magnitude
less than where effects of multiple scattering in cold-atom clouds have been previously olh$eWatker, D.
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[. INTRODUCTION tion in optical molasses where the combined optical power in
the multiple trapping laser beams is usually of the order of

Radiation trapping in atomic vapors refers to the reablhe saturation intensity, meaning that the excited state frac-
sorption of spontaneously emitted photons, and has bediPn seldom exceeds 10%. According to our model, besides
studied extensively in atomic spectroscopy, astrophysics, aréPherent excitation by the laser, the atoms experience inco-
plasmaq1]. In the context of cold atoms, radiation trapping herent pumping by a thermal photon reservoir formed by the
[2] was recognized as being principally responsible for prespontaneous emission from other atofkin the trap. The
venting trapped atomic samples from becoming col@r spontaneously emitted photons are dephased and depolarized
and densef4]. This is because an atom, upon absorbing avith respect to the coherent pumping field. In contrast to
spontaneously emitted photon by a neighbor, experiences Ref.[5], Doppler broadening is included in our model, how-
momentum kick away from the emitter. In R¢1], the pres-  ever, line broadening owing to the Raman transitions that
ence of radiation trapping induced abrupt changes in thavould occur in real multilevel atoms is ignord®,9]. A
cloud shape under certain conditions. These changes becarsigple expression for the degree of second-order coherence
observable only at number densities of' %@ 0/cm® and  of the scattered light is obtained, in which the contribution
an optical depthfor an on-resonant probef 3. More re-  from reabsorption of spontaneous emission is clearly dis-
cently, interest in radiation trapping has been revived in theblayed. We find that the coherence properties of the scattered
context of electromagnetically induced transpareiidyln a  light are sensitive to radiation trapping even for number den-
coherently prepared atomic sample, although the number dities around 19-10°/cm® and optical depths as low as 0.1.
atoms undergoing spontaneous emission are relatively few, Section Il describes the simple physical model we use for
these spontaneous photons incoherently pump nearby atontigscribing radiation trapping in terms of the probability of
destroying atomic cohereng8]. In Ref.[5], a laser field was reabsorption in the sample of a photon emitted by an atom,
used to create a coherent superposition of ground-state Zeand how the reabsorption of fluorescent light is related to the
man sublevels. At densities above80'%cm?®, the presence optical depth of the atom sample. In Sec. IIl, we calculate the
of radiation trapping was found to increase the decay rate dptensity correlation function for the light scattered from cold
the Zeeman coherence. moving atoms, including the effects of radiation trapping. In

In the context of laser-cooled atoms, a rather direct way té>€c. Ill D, we plot and discuss our results.
sensitively explore radiation trapping is to investigate the
photon stqtistics of scattered light. Previous works have || pHysicAL MODEL OF RADIATION TRAPPING IN
noted the importance of the frequency spectrum of the scat- ATOMIC SAMPLES
tered light in determining the strength of repulsive radiation
trapping forceq1], and in calculating the heating of the at-  Let us assume a uniform spherical distributi@liameter
oms owing to radiation trappin@,7]. Further, some workers 1) of two-level atoms(ground statdg), excited statde))
speculate that they may have seen some preliminary eviwith number densityn as shown in Fig. 1. Suppose a reso-
dence of the effect of radiation trapping on the two-timenant photon starts at one end and traverses through the
intensity correlation functiorl! (t)I(t+ 7)) [8]. However, in  sample. The probability that this photon is absorbed by an
Ref.[8], no attempt was made to include multiple scatteringatom is simplynol (providednol<1), whereo is the on-
in the theory. resonance absorption cross sectioal is actually the num-

In this paper, we calculate the two-time intensity correla-ber of “collisions” suffered by a particle moving through a
tion function for the light scattered from optical molasses,collection of targets with number density and in the con-
incorporating a simple model of radiation trapping. In ourtext of the absorption of light in matter is also known as the
model, the atoms are approximated as simple two-level sysptical depthbecause it describes the exponential attenuation
tems being coherently pumped by a near-resonant laser beawperienced by a light beam propagating through the me-
that transfers some population to the excited state. The caium (see, for example, Ref10]).
herent pump is chosen as weak to describe the typical situa- In the context of a cold-atom cloud, the photon traversing
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ted, as should be the case. In the same vein, we se@athat
arises frompg., and is zero if the excited state fraction is
zero.

By plugging in typical numbers for optical molasses, we
can see how largeo| andn,, are expected to be. In the case
of typical ®Rb molasses,n=1F-1F/cm®, ¢=2.91
X10 ¥m?, 1=1 mm, y=(26.63 ns) !, andl~2l where
Is=1.64 mW/cn3. This means thahol ranges from about
0.01 to 0.2, anahy, ranges from about 0.001 to 0.02. Because
n,<<1, it is valid to use the physical picture of radiation

coherent pump £

incoherent trapping presented above to analyze typical molasses. The

pumping of description ofn,, as a probability breaks down only when

the atom the optical depth becomes comparable (r exceeds
unity, at that pointnal can no longer be interpreted as a
probability.

However, our model remains a crude one because, as in
Ref.[5], we do not take into account the dependence of the
FIG. 1. Physical model of radiation trapping: An atom in the radiation trapping on the locations of the atoms, and the di-
uniform cold cloud is depicted being pumped by coherent excitatiof€ctions in which the spontaneous photons are emitted. We
from the laser as well as by a background of incoherent light. Thedlso ignore the frequency dependence of the atomic emission
origin of the incoherent background is the spontaneous emissioand the absorption cross section, assuming on-resonant val-
from atoms in the cloud. As explained in the text, the incoherentues for both. Further, the atom density in the cloud is not
pumping rateR is given by R=ny,y, where ny,=probability of  uniform as has been assumed here. Hence, a quantitatively
reabsorption of a photon by an atertprobability some other atom accurate prediction af, is difficult. Even so, we show be-
emits a photoy (probability that this photon gets absorbed in the |ow that small amounts of radiation trapping are expected to
sample=peeXnol. See Sec. Il for explanation of symbols. significantly influence the intensity correlations of the light
scattered from the cloud.
through the sample could have come from the trapping laser First, we use the optical Bloch equations to calculate the
itself, or have been emitted by an atom excited by the tragield emitted by a moving atom taking into account the inco-
laser. If we denote the probability of a two-level atom beingherent pumping by radiation from other atoms in the cloud.
in the excited state owing to laser excitation @s, then  We then apply the quantum regression theorem to construct
pee= (1121 )1(1+1/14+4A%/y?) [14], wherel is the trap la-  the two-time correlation function for the field radiated by this
ser intensity] 5 is the saturation intensity for the transitiakh, atom.
is the laser detuning from atomic resonance, ani the
reciprocal of the excited state lifetime. Theney is simply i1, LIGHT SCATTERED BY THE MOVING ATOM IN THE
the number of photons emitted per second by a trapped atom PRESENCE OF RADIATION TRAPPING
as a result of being illuminated by the trap laser. These pho- . ) ] ) )
tons traverse through the cold atom cloud, with probability Since we are interested in measuring the intensity corre-
nol of being reabsorbetbr trapped in a certain sensa the Iatlons of the Ilgh_t scattered f_rom optl(_;al molasses, we first
cloud. Therefore, the probability that an atom will emit a specify the two-time correlation function that needs to be
photon, which will be eventually reabsorbed in the sample i€Vvaluated.
nolpee. If we denote this probability as,, and the number
of reabsorptions/sec per atom Rsthen A. Intensity correlation function for the scattered light

+z

The degree of second-order temporal cohergi®ér) of
Nip=nNolpee, a polarized light wave of intensity emitted by a spatially
coherent thermal source is given fy1,12

g(2)( 7)= w =

In other words,R is the incoherent pumping rate per atom (1(1))?
due to reabsorption. One may alternatively think of the reab- . . .
sorbed light as a reservoir of blackbody radiation with mearwhere g‘(7)=(E(t)-E*(t+7))/(i(t)) is the degree of

photon occupation numbex,, per modd5,13]. In our case, first-order coherence and, by the Weiner-Khintchine theorem,
niy<1, hence the above physical interpretationngf as a  is the Fourier transform of the frequency spectrum of the

probability is justified. light wave.E(r t), the operator for the field radiated by the
A satisfying feature of our simple physical model of ra- o L YN IR

diation trapping is thaR depends orp.ey, implying that ~2tomic dipole, is given byE(r,t)y=K(r)o.(t), where

reabsorptions occur only if coherent radiation from the laseK () = (©*/4méeqc?) (9/r—(d-r)r/r3) is the usual spatial di-

is first absorbed by the atoms and then spontaneously emipole pattern at point radiated by an electric dipole oscil-

R=n¢ 7. .Y
1+|gP(n)?, (2
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lating at frequencyw, and fri(t) are standard notations for _ i _iReot
the atomic raising and lowering dipole operatpt4,13 in Pee= — (Ntht1) ¥peet Nin¥pgg— EQe Pegt C.C.
the Heisenberg picturgat t=0, o,=|e)(g| and o_ _
=|g){e|). The spatial dependence of the electric field can- =~ Pgg
cels out in the above expression fgt)(7), and we obtain
: 1 i -
~ ~ _ : —ik-vt _
()= (o ()o_(t+7))ss @ Peg= — ( Nin 5 YPeg— 1ApPeg— EQe " (pee— Pgg)
o ()o_(t , .
< +(1) ( )>ss :pae’ (4)

where the subscripgs denotes the steady state.

Note _that _Eq.(2) is true only for a collection_ of radiators_ where, in usual notatioisee, for instance, Ref14]), pgyq
that radiate independently of each other, as is the case ingq,__ are the atomic populations in the ground and excited
chaotic source. In the absence of radiation trapping, thgates, respectively, and 4, describes the complex amplitude
trapped atoms certainly act like independent radiators angs ihe induced atomic dipole. As usUAl], peg andpgg are

Eq. (2) is valid. However, once the atoms start absorbing,g|ateq o the expectation values of the raising and lowering
photons emitted by other atoms, we can no longer treat them

as independent radiators. Nevertheless, we feel justified if’}tom'cffi d',p°|e operators as foIIowspeng,}e'“’t aAnd
using Eq.(2) to describe radiation trapping because in ourPeg=(o+)e '“'. Thus, the action of the raising operater
model each atom interacts with a reservoir of incoherentlowering operators_) on the ground stat¢g) yields the
photons, not with other atoms directly. While it is true thatexcited statge) (0), and on the excited stafe) yields 0
the reservoir exists only because of the spontaneous emissigground state|g)). Also, as usual,pee=(0ee and Pyg
from all the atoms in the cloud, we may still think of each =(oy,) (att=0, oee=|€)(e| and o4q=|g)(g|). The sym-
atom being pumped separately by a coherent solheela-  bols y and A represent, respectively, the radiative decay
sep and an incoherent sourcgehe reservoir. As such each rates from the excited state and the laser detuning g
atom emits in response to this excitation independently of the- ,, wherew,, is the atomic resonance frequency ands
other atoms. At any rate, the coupling between the atomghe driving laser frequengyrom atomic resonance. A physi-
through reabsorption events is very weak in the case of opeal explanation ofy, in terms of the probability of reabsorp-
tical molasses owing to the weak laser excitation and lowion of a fluorescent photon is given in the preceding section.
atomic number densities. One can see from E@4) that the role ofn,, is to (a) inco-
Therefore, our task reduces to finding expectation valuegerently pump atoms out frofig) to |e) causing an increase
of single-time and two-timer operators. We now evaluate in the radiative decay rate from the excited state, énd
these atomic dipole correlation functions, taking into accountause an increase in the decay rate of the dipole coherence.
the motion of the atom, with the help of the optical Bloch  From Eqs(4), it is straightforward to obtain the following

equations. solution for the dipole coherengg,y(t)=(o_(t))e'“":

B. The optical Bloch equations for the moving atom <(} (t)>eiwt:<c‘r (t/)>eiwt’e—(y’/2+iA)(t—t’)

We assume the interaction energy of the atomic digble

- S | / ’ t

with the incident light fieldS to be —d- €. If the excitation - 5 Qe (A f dt"[pedt")
laser is a single beam propagating in the direction, and a !
stationary atom is located at the origin, then the field incident
on the atom is§(=% EEO e '“'+c.c.). However, if the atom

at the origin is moving with yelocityZ, then the electric field

at the atom isl 250 e ikvt=o) L oo |f we define the Wherey'=(2ny;,+1)yandt’is the i.nitial time for_our mea-
Rabi frequency Q as usual for a stationary atom, surement. For a weak laser excitation, as in optical molasses,
we may assume that,((t") — pgg(t”) in the integrand in Eq.

Q=d.y e/1i&, whered,, is the dipole matrix element be- : =
tween the ground and excited states, then for an atom Iocatéé) does not vary much during th,e time lnlter\lél—t [13],
and hence can be replaced pyt') —pg4(t’) and pulled

at the origin but moving with velocity the Rabi frequency out of the integral. We then obtain

can be written a§le '*'* !, In the following, we include the

effect of atomic motion on the interaction of the atom with . ‘ R o . ,
the laser beam, but do not take into account the effect of ~ (o—(t))e'“'=(o_(t"))e'“ e (»2HIN-)
atomic motion on the interaction of the atom with trapped

—ikvt”

_pgg(tu)]e(y'IZJriA)t"e , (5)

photons. _ i [pedt’) = pas(t')]
In order to calculate the two-time correlation function, we 2(y'12+iA") Pee Pag
start by writing down the optical Bloch equations for the o
atomic populations and coherence of the moving atom: x e kvt g (/2Hia) =ty (6)
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whereA’=A—K-v. It is clear that the expectation value of fr_om r_nultiple directions. This means thgt no_mat_ter_in which
the dipole operatos_ at a later time + = (wherer=0) can direction a trapp_ed atom may be moving, it will likely be
imolv b itten in terms ofA (1)) by allowing t—t+ counterpropagating with respect to one of the laser beams
S|mp,y € wri 7- y 9 T and therefore be predominantly interacting with that beam.
andt’—t in Eq'I(G)H ion th Using the above two approximations, we hai@’7),
\We now apply the quantum regression t. eo{&m1§§_| tq =exp(—k*7kgT/2m). Therefore, we finally obtain the fol-

calculate the expectation value of the two-time atomic dlp0|ﬁ : . - ~

owing expression for the steady-state valug @f. (t)o_(t

correlationo . (t)o_(t+7) in terms of the single-time op- hich. from E i< also th (1) .
erators given by Eq. 6. We obtain 7)) which, from Eq.(3), is also the numerator @f*~'(7):

(oo (t+m)e (4 ()G (14 7)) eamr | g™ e 0o
Y
oL iQ
— (t)ef(y /2+IA)T+ - KeT .
Pee 2(y'12+iA") +Pssee,oex _szZZB_m e o7,
Xp*eg(t)efik-v(t+T)(l_e—(y’/ZJriA’)T), (7) (9)

where we have usetir, (t)oeet))=0 (becausdg|e)=0)
and(a () ogq(t))=(o (1)) (becausdg|g)=1). where Pszse_e,oE|Q|2/(4A_2Jr y'?+2|Qf%). Note that if the

In the steady statet{>), we simply replace.t) and factory’<in the denomlnator had instead been jyéx then
peg(t) in Eq. (7) with their steady-state valugss and pS3 p>%eo Would be nothing but the usual expression for the

which are readily found from Eqg4) by settingbee andbeg excited state fraction of a coherently excited two-level atom

N in the absenceof radiation trapping.
equal to zero. Substituting these steady-state valuepor Lo . .
andpe, in Eq. (7), we obtain Substituting Eq(9) in Eq. (3), and using Eq(2), we now

have the expressions for the first- and second-order coher-
ences of the light scattered from optical molasses, including
the effect of radiation trapping. We present the implication of

- - _Y —(y'12+i
(o (Do _(t+ T)>ss_?nthe (/2tived T these results in the following section.
v 5 C. First- and second-order coherences for the light scattered
?|Q| from a moving atom in the presence of radiation

n e—nZ.JT —iw7, trapping
4"+ y" 2420 Equation (9) has an intuitively appealing justification.
(8)  Keeping in mind that the Fourier transform gf)(7) is the
frequency spectrum, we see tigit)(7) has two terms; one
We need to perform an average over the Maxwell-gscillating at the atomic resonance frequency and the other at
Boltzmann distribution of velocities in the cold-atom cloud. the driving frequency. Now, the emission spectrum, for a
The first term on the right-hand side of H8) has no veloc-  Jetuned excitation of strength such th@{~y or I ~ I, has
ity dependence and remains unchanged. The velocity averaggo contributions[15]: (a) an elastic contribution, with a
of the second term is easily evaluated if we make the follow4inewidth equal to that of the laser, centered at the laser fre-
ing two crude approximations. _ quencyw; (b) a three-peaked inelastic contribution, compris-
(1) We ignore the velocity dependence &f in the de-  ng a central peak ab and two side peaks located approxi-
nominator, i.e., we pul’~A. This is roughly justified be- mately at the atomic resonant frequengy, and 2w — weg,
cause while typical values ok for optical molasses range respectively{15], with linewidths comparable to the natural
from one to several linewidths below resonance, the magniztomic linewidth. Note that the inelastic peakais much
tude ofkv is just a fraction of the linewidth. For example, in smaller than the elastic contribution for weak excitation,
the case of™Rb, the linewidth isy/2m~6 MHz, and for  while the emission at @— weg is much less likely than the
molasses at a temperature f=50 uK we can estimate ,_light to be reabsorbed in the cloud owing to the decrease
kv~ (2m/\)3kgT/m (where =780 nm, m is the mass of the absorption cross sectiar(w) with detuning. There-
number andkg is the Boltzmann’s constanto be about 0.7  fore, in a crude sense, we may ignore the inelastic contribu-
MHz. tion at frequencies other than aty. Hence, we find that the
(2) We replacek-v in the exponential with simply first term in Eq.(9), which depends ony, and arises solely
—kv. This, again, is roughly justified because the dominanfrom the contribution of radiation trapping (1), is cen-
contribution to the radiated field comes from atoms thatered at the atomic resonance frequenrgy,. The second
counterpropagate relative to the red-detuned laser beam ametm describes the contribution ¢b')(7) from atomic emis-
are Doppler-shifted closest to resonance. Even though, in thigion arising predominantly from laser excitatiorote, how-
paper, we only consider one laser beam, real molasses typver, the dependence of this term o throughy’ in the
cally have multiple laser beams irradiating the atomic samplelenominator as mentioned earliand is hence located at the
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g@(7) [see Eq(11)] as a function of the delay for three

a
a

ng,=0.02

~C us different values of, . The much smaller contributions from
1 ng =0 ::Ju cosime #m the remaining two terms in Eq11) are shown in the inset.
i o, tm We have used typical numbers for optical molasse&°Bb
s % - atoms:T=50 uK, 1/1;=2, A/y=2. For the topmost plot,
§ ™ (ns) we putn,,=0, i.e., we assume the density of trapped atoms
~ 08 to be so low that there is no radiation trapping. For the
E middle and lowest plots, we put,,=0.01 andn,,=0.02,
Y respectively, which from the definition of optical depth in
Sec. Il and from Eq.1) correspond to an optical depth,
02 number density of the cold atom cloud of abdt15,

10°/cm?] and abouf 0.3, 2x 10°/cn®], respectively.
Note that if we add the contributions from all three terms
200 400 600 800 in Eq. (11) we will obtain curves fog®)(7) that always start
Tmy from 2 at zero delay and fall to 1 for long delays, as we
_ _ _ 2 would expect for radiation from a collection of independent
_ FIG. 2. The intensity correlation functiog™(r) for N, ragiators[12]. However, for atomic samples of size larger
t;]g’ d%g]lir’]::tdﬁ(:'s?Zt'erTr:einmg'c;ﬁ'ft_l_shheo‘?;zje”tsg:;3\,20;‘;”2;’;22;;%"%e_m an optical wavelength one may expect the cosine oscil-
view of contributions at short time delays from the much smallerlatIon to.WaSh out owing to a random phase dlffere(l:m-
second and third terms in E¢L1) to the correlation fon,;,=0.02. respondmg to the ra”dom locations of atoms in the C)ouq
appearing between the incoherent and coherent pumping

. 2 H H .
laser frequencyw. This paragraph agrees with our previousterms In Eq.(_lO). Of course, the Smaﬂth term still SUTVIVES.
remarks made just after Eq&) and (3): we have modeled 2N €xponential that damps on a time scale determined essen-
the atoms as weakly excited independent radiators that afi@!ly by the photon scattering rate. This appears as a small
being pumped separately by a coherent soureead by an narrow peak superimposed on top of the main broad peak

; Ss 2 ; H H
incoherent background reservoir comprising fluorescent phocontributed by the(p> o) term which is an exponential
tons atw with a width determined by the temperature of the atom

eg:-

From Egs.(9) and (3), we have sample. Thus, as radiation trapping increases one basically
expects to measure a decrease in the coherence of the scat-
) tered light as shown in the main plots in Fig. 2.
g(7) In Ref. [8], it was shown that when effects of radiation
) 2 —iwar 1SS 2 5 Cier trapping are absent, as in the topmost plot in Fig. 2, the width
_ M€ 7 TTe e pTeq oXp — KT Kg T/2m)e . oftheg® curve is determined by the Doppler broadening of
Niht+ p%%e0 the cold atom sample and therefore yieldssitu, noninva-
(10) sive information about the temperature of the cloud. In that
work, the data suggested that the possible presence of radia-

which, upon substitution in Eq2), yields the final result of tion trapping may modify the intensity correlation function
our paper: the degree of second-order temporal coheren#éthout measurably affecting the temperature of the sample
g®@(7) for the light scattered from a moving atom in the (@S measured by a standard time-of-flight techniquteis
presence of radiation trapping. We obtain evident from the calculations here that small amounts of ra-
diation trapping at moderate densities may cause substantial
changes to the intensity correlation function. Note that the

1 2.2 , on-resonance optical depth of the atom sample in our calcu-
(2) — [ g 1= —k“rkgT/m 2 \—y'r i i Y ;
g(n)=1+ 1SS 2[p ee0€ 2 nge lations (~0.15-0.3) is significantly lower than the optical
(N +p ee0 . 7 . . L . .
depth used in earlier investigations of radiation trapping in
+ 2N a0 ¥ 12g =K rPkgTI2me A 1], (11)  cold-atom cloud$1].
It is clear that because;,<1, the dominant contribution IV. CONCLUSION

from radiation trapping t@‘?)(7) comes from the first term. ) ) i ,
Note that in the absence of radiation trapping the two terms /& have shown that the intensity correlation function

that depend explcitly omy, vanish, and we have simply g®@(r) for the light scattered from optical molasses is ex-
g@(7)=1+exp(—KksT/m). In the presence of radiaiton tremely sensitive to the presence of radiation trapping. We

trapping the prefactor for the exponential term is no Iongeth"’“/e developed a physical, though admittedly rather crude,

unity, and depends amy, as seen from Eq11) and from the model of radiation trapping in optical molasses. The model
definition of p°3,., given just after Eq(9) incorporates into the optical Bloch equations the probability
A .

of reabsorption of photons emitted by the trapped atoms via
) ) the parameten,, [see Eq.(1)]. Our model includes the mo-

D. Results and Discussion tion of the atoms in the laser-atom interaction but not in the
In Fig. 2, we plot the dominant first term contribution to interaction of the atoms with the trapped photons. While the
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full theory of radiation trapping in optical molasses is rather ACKNOWLEDGMENTS
difficult, our simple model enables us to predict that there
should be substantial changes @ (7) even at optical We gratefully acknowledge helpful discussions with Pro-

depths over an order of magnitude lower than where effectfessor Perry Rice and Professor L. M. Bali and also with
of radiation trapping in cold atoms were previously reported Professor Mark Havey and Professor Robin Kaiser. Financial
This model may also be useful for analyzing the coherensupport from the Research Corporation and the Petroleum

backscattering cone of light from cold-atom cloyds]. Research Fund is gratefully acknowledged.
[1] A.F. Molisch and B.P. OehryRadiation Trapping in Atomic 53, 3469(1996.
Vapours(Clarendon Press, Oxford, 1998 [9] Bo Gao, Phys. Rev. A0, 4139(1994).

[2] T. Walker, D. Sesko, and C. Wieman, Phys. Rev. Lé4.408  [10] P.W. Milonni and J.H. EberlyLasers (Wiley, New York,
(1990; D. Sesko, T. Walker, and C. Wieman, J. Opt. Soc. Am. 1988.

B 8, 946(1991). [11] L. Mandel and E. WolfOptical Coherence and Quantum Op-
[3] G. Hillenbrand, C.J. Foot, and K. Burnett, Phys. Revb@ tics (Cambridge University Press, Cambridge, 1995

1479 (1994). [12] R. Loudon,The Quantum Theory of Ligli©xford University
[4] K. Ellinger, J. Cooper, and P. Zoller, Phys. Rev48, 3909 Press, Oxford, 1983

(1994). [13] M.O. Scully and M.S. ZubairyQuantum Optic§Cambridge
[5] A.B. Matsko, I. Novikova, M.O. Scully, and G.R. Welch, Phys. University Press, Cambridge, 1997

Rev. Lett.87, 133601(2001. [14] H. Metcalf and P. van der Stratehaser Cooling and Atom
[6] M. Fleischhauer, Europhys. Let5, 659 (1999; G. Anker- Trapping (Springer-Verlag, New York, 1999

hold, M. Schiffer, D. Mutschall, T. Scholz, and W. Lange, [15] H.J. Kimble and L. Mandel, Phys. Rev. ¥3, 2123(1976.

Phys. Rev. A48, R4031(1993. [16] D.V. Kupriyanov, I.M. Sokolov, P. Kulatunga, C.l. Sukenik,
[7] C. Cooper, G. Hillenbrand, J. Rink, C. Townsend, K. Zetie, and M.D. Havey, Phys. Rev. 87, 013814(2003; G. Labey-

and C.J. Foot, Europhys. Le28, 397 (1994. rie, D. Delande, C.A. Mueller, C. Miniatura, and R. Kaiser,

[8] S. Bali, D. Hoffmann, J. Siman, and T. Walker, Phys. Rev. A ibid. 67, 033814(2003.

013411-6



