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Radiative processes in a confined Fermi sea
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We investigate the combined effects of quantum statistics, resonant dipole-dipole atomic interactions, and
reabsorption of radiation on the spontaneous emission of excited atoms in a confined Fermi sea. Even for dilute
gases, reabsorption may be qualitatively important in determining the rate and angular distribution of emitted
radiation. A temporal crossover behavior in the angular distribution is illustrated, in which the characteristic
signatures of Fermi statistics are qualitatively changed by reabsorption within the gas.

PACS numbgs): 03.75.Fi, 32.80-t, 32.70.Jz, 42.50.Fx

Following successful experiments to cool and trap .
bosonic alkali metal vapors below the Bose-Einstein condenP(r)=d 2 C(Iglde;Ma)€E; s (N (G Ejm +q+ H.C.,
sation (BEC) temperaturd 1], there is now a great deal of iMa 2
interest in the observation of the effects of quantum degen-
eracy in trapped fermionic gasgz]. These include the pos-

sibility of Cooper pairing and radiative inhibition effects . : - -
caused by the Fermi sé8—5]. In this paper we investigate dipole matrix element; is a Clebsh-Gordan coefficient, and

some fundamental features of radiative emission into théeq q=—1,0,1} are the standard spherical basis vectors. The

Fermi sea, including resonant atomic dipole-dipole interac@nnihilation and creation operators for the groung) (

tions responsible for reabsorption of radiation within theéelectronic-vibrational and exciteck) electronic-vibrational

sample. In the nondegenerate limit, our work relates to th@tomic states, satisfy the usual anticommutation relations for

old problems of line broadening, radiation trapping, and colfermions. Herey; and¢; are vibrational eigenfunctions of a

lective effects[6], although since we work in the dilute gas trapped atom in the ground and excited electronic states, re-

limit, we do not consider Dicke-superradiance effects herespectively. We assume for simplicity that the excited atom

[7]. In recent times reabsorption has been noted as an impo@xperiences the same harmonic trapping potential as the

tant limitation on the ability of all-optical cooling methods to Fermi sea of ground-state atoifig. However, as we discuss

achieve BEC[8,9]. In this paper our primary focus is the later, the results are not very sensitive to this assumption for

qualitative influence of reabsorption effects on the rate an@ppropriately prepared initial states.

angular distribution of radiation emitted by excited atoms The radiative emission and reabsorption is conveniently

into a Fermi sea of confined ground-state atoms. In the abreated by master equation methods. For the purpose of nu-

sence of reabsorption effects the spatially anisotropic Ferninerical calculations it is necessary to simplify to a two

sea produces certain characteristic signatures which have relectronic-state systemM(—m=0). While the theoretical

cently been considered theoretica]by. derivations can be carried forward including atomic degen-
We consider a gas of fermionic atoms, spatially confineceracy, in order to simplify the presentation we will not do so

in a harmonic trap. The atoms are modeled as a two levdiere. We of course fully expect the simplified model will

system with Zeeman degeneracy, although we will shortlyoreserve the important qualitative features of quantum statis-

simplify our description. The mutual interaction of the atomstics and radiative interactions in a real degenerate atom.

is mediated by the resonant electromagnetic field, and we The master equation for the atomic density mapifx) is

ignore any other atomic interaction assuming a zero temperabtained by standard methods, treating the radiation field as

ture spin-polarized sample in whichwave fermionic inter-  reservoir initially in the vacuum state

actions can be ignored as a consequence of the antisymmetry

of the wave function. The Hamiltonifm ff)r the system of p(t)=(S+ D p(t), (3)

interacting atoms and field is given BY=H yomst Hphotons

+H,, whereH yoms and H pporons are the usual free atomic Where

and electromagnetic field Hamiltonians, respectively. In the

electric dipole approximation the interaction Hamiltonian for Sp(t)=—i[Heggmp(t) —p(t)H ﬁ] (4)

the atoms and electromagnetic field is given by

whereM is a magnetic quantum numbaet,is the reduced

Jp()=T,> REG(i,j,i",j")]1a! & p(t)efg, (5
:__J d3rD(r)-P(r), oy

and the effectivénon-Hermitian Hamiltonian

whereD(r) is the electric displacement operator and the po-

Ham —1 2 S Gl0,0,1%,11818:618, ()
larization density of the atoms is given by eff 2 AR jYidirs’
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where the summations are taken over the twelve vibrationagdmission-absorption cycles we apply perturbation theory. We
guantum numbers labeled by i’, j, j'. Further,I'y  separate frons the terms that are responsible for reabsorp-
=d2k,3_’\/3ﬁeo7r is the single atom spontaneous emission ratdion within the system, i.e$=Sy+ S, with

and ka=wa/c. The resonant dipole-dipole interaction

among the atoms is mediated by the coupling coefficient r N T
J Y Ping Sop==7 2 [G(.].i.))efgglep+Hel, (1)

3i
—x fd3rfd3r’ ,
A r

- s anata AT
XYF (1) (Y1) (1) Sip==7 2 [90,5.1"1€[0,8,8prHel. (12

gi,j,i"%j")=

X G(r—r',ka)- € (7) " and where all of the effects of reabsorption are contained in
S, : the prime on the summation indicates a sum over all
indices except when=i' andj=j' are simultaneously sat-
isfied. By contrastS, contains exchange effects which lead
Yo inhibited spontaneous emission into the Fermi sea. The

the real part of which, R€]), modifies the radiative coupling
rate, and the imaginary part, I, is the dipole-dipole in-
teraction potential for the atoms. The dyadic Green functio

is given by term Sy was recently considered by Busch et al using Fer-
vV [explikr—r'[} mi’; golden ruIe[S].. We are now able to investiggte how

G(r—r',ky)=| 1+ — Al I (8)  radiative reabsorption within the sample modifies these

K& Adarlr—r’| quantum statistical effects. Of course the influence of quan-

tum statistics is also correctly incorporated into our treatment

relating the field observed atto a source dipole oscillator at of reabsorption. Using the separation®fve make the fol-
r'. To evaluatej it is useful to expres& in a separable form  |owing expansion:

with respect to its arguments. In spherical coordinates this is

readily achieved, for example by using addition theorems. t , ,
For the anisotropic traps also of interest here, cylindrical or e&=e‘sot+f dt’eSo(t=t)s et
even Cartesian coordinates are more convenient. The separa- 0

tion of G is then facilitated by the use of vector wave func- t t/ , L )
tions [10]. We will not discuss the details further here, but +J dt'f dt’eSolt=1)§ g5~ g eSot" 4. ...
note that the calculations presented have been greatly simpli- 0 0
fied by employing this approach. (13
We proceed by expanding the solution to E8). in the
form [11] and retain terms up to second order $h. The result is
back-substituted into Eq9). Physically we allow for at most
J e ftdt’es(“‘/)jes‘/ one emission-ab;orption-reemission.cy_cle before the photon
0 is detected outside the system. This is reasonable for the

dilute gas limit we consider here.

+ftdt’J’t,dt”eS(t_t/)Je‘S(t/_t")JeSt"+--- »(0). The AeAxcited—state popullatio.n . is given byPg(t) .

0 0 =Tr{2,—ejTejp(t)}. If reabsorption is ignored, we see the in-

9 fluence of purely quantum statistical effect§y) on the
spontaneous emission

The expansion describes all photon emission, absorption, re-
emission, . . ., processes the atoms undergo as they evolve Pe(t)=exp{—Tat[1—fo]}, (14
in time. The decomposition given has the property that each L ) )
occurrence of7 is associated with detectecphoton, i.e, one  Wherefo==;Rg G(i,jo.i,jo)] is the Fermi blocking factor.
which has exited the sample. All of the reabsorption pro_Here| runs over all initially occupied ground-state levels
cesses are contained & and are discussed further below. While jo denotes the initially occupied excited-state level. In

We now focus our discussion on spontaneous emissiofeneral G=fo<1. For a single atom regardless of the trap
and treat initial states in which only one atom is electroni-shapef,=0, whereas if all ground-state levels are occupied
cally excited, while the other ground-state atoms are in do=1. The presence of ground-state atoms inhibits sponta-
confined zero temperature Fermi distribution. In this casé€ous emission leading to a reduced fluoresecence rate. The
only one photon can leave the sample, so that(ieduces ~ dependence of, on the parameteEr/Eg, whereEg and
to ERzﬁzk,i/ZM (M is the atomic magsare the Fermi and
recoil energies, respectively is given in R¢B]. Clearly,
more dramatic results are obtained Bs/Eg increases. A
zero temperature Fermi gas has average interparticle separa-
tion Ry~AsVER/Eg [12]. First generation experiments will
An emitted photon may be reabsorbed by an atom in thg@robably be limited to the regimEr/Eg<1, and thus we
Fermi sea before being detected. In order to discuss sualestrict our attention to dilute gas€g> A4 .

P(t)=[e$‘+ J;dt’es(t‘t/)Je&/}p(O)- (10)
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FIG. 1. Schematic representation of the reabsorption process.
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We will now consider the effects of reabsorption on the It
emission rate. The first correction to the excited state popu-
lation comes from a term quadratic &, which includes all FIG. 2. The excited-state population for a cylindrically symmet-

processes involving a single reabsorption in the Fermi seaic trap with trap frequency(, ER=25hQ(Q=‘°’\/QXQyQZ),

before the photon is detected. The result is to good approxieg /Eg=4/5, and\ =0.1. The dotted curve is for a single atom, the

mation given by asterisks include exchange interactions onfig)( solid curve in-
cludes reabsorption effectsS{+ S;).

Po(t)=e Fatll=fol

o
1+ E(FAt)Z]a (15  trap, reabsorption effects can be very significant, since they
cause population of excited vibrational states which would
where the influence of reabsorption is entirely contained inotherWlse be un(_)cc_uple_d. -
the parameterr=3" ,RAG(i.j.i’,jo)]% Higher order cor- The angular distribution of the spontaneous emission by a
paran _ Tiji’ o1 Jo) 17 g ._single atom in a trap is a typical dipole pattern given in terms
rections involving sequences of two or more reabsorption he diol i el d by {1—1d. k2 dl ¢
processes are neglected, these become important f Ft e dipole matrix elemerd by {1-—|d-k|*} regar ess ot
al'At/2=1. The parametew is a measure of the radiative € si:jape of the trap. However, the presendc;a of r:dentlcal
; o Y : ground-state atoms in an anisotropic trap modifies the angu-
trapping probability for the procegg—i'~-i—], in which lar distribution[5]. The detection of spontaneous emission is

the excited atom in vibrational stajg makes a transition to verned by the ium ratafo(t) which can be written
an unoccupied ground-state levg| emitting a photon which gg emned by the jump operatgip(t) ch can be €

is reabsorbed by an atom in leviebf the Fermi sea causing
a transition to the excited electronic-vibrational stpisee
Fig. 1). In the summation, ranges over the initially occupied jp(t):FAf dQ{1—|d-k|Zp* (kak) p(t)p~ (Kak),
ground state levels of the Fermi sea, whileanges over the 17
complementary set, consistent with the Pauli exclusion prin-

where P=(k)=p~(k)d is the Fourier transform of the

ciple. Alternatively, the leading approximation to can be
expressed in the form positive/negative frequency component of the polarization
density operator. Given a photon is emitted, the probability

9 J' that it is emitted in thek direction is proportional tq{1
a~| — d3rJd3r’ DR G(r—r")]%pe(r'), - " . 'S prop
( ki) po(rIREG( Feelr’) —|d-k|?Hp~(k)p*(k)). Since {1—|d-k|? appears as a
(16)  factor in all cases, we will define an emission profile by

wherep (r) and/=g, e is the density of particles in elec- ) (p~(K)p*(k))
tronic state/. This term is readily understood if one consid- I(k,t)= R — (18
ers the resonant dipole-dipole interaction between two at- J'ko<p*(k)p*(k)>

oms. Perturbation theory then leads to an equation of exactly
this form if we replace the self-consistent densities by th

: . . . . Svhich is a normalized measure of the angular distribution of
corresponding single particle atomic wave functiopg(r)

photons detected at time In the absence of reabsorption

—>|¢g(r)|2 andpe(r)_>|¢e(r’)|2- ~ L . - .
In Fig. 2 we show the excited-state population as a func-'_(k't) is independent of timé In addition for classical par-

tion of time, with and without reabsorption effects, for a ticle statistics| is independent ok. We again consider cy-

cylindrically symmetric harmonic trap with trap frequencies lindrically symmetric traps. The emission profile can be
2,=0,=0,=Q,/\, with A\=0.1 and Er/Eg=4/5(a computed numerically from the density matrix. In Fig. 3 we

~0.47). This illustrates that even for a highly anisotropicplot 1(6,t)(6=k-z is defined with respect to the rotational
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FIG. 3. The emission profil¢l(6,t)] as a
function of time for (a) Q,/Q,=0.5 and (b)
e : Q0,/1Q,=0.1.
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axis of symmetryz). WhenEg/Eg<1, the effect of Fermi atom cannot move significantly with respect to the Fermi sea
statistics in the absence of reabsorption is to inhibit photorwithin its natural lifetime provided the initial excited wave
emission in the radial directiof5]. By contrast it is intu- packet has vibrational energy less than abBp(I /)2
itively obvious that reabsorption of a photon is more prob->>Eg. Equivalently, in the absence of an excited state po-
able axially than radially as light propagating in the axialtential the same condition would be necessary for the kinetic
direction encounters more atoms. Exchange and reabsorptig@ferdy of an excited atom. The latter argument ignores the
effects thus tend to counteract one another in this lignit. ~ dipole-dipole interaction potential which scales &g,

the limit Er/Eq>>1 this may not be the cags].) Figure ~#Ta/(kaRo)®. In the dilute limitkaRy>1, and in our ex-
3(a) shows that wherl'st~1 radiative reabsorption has @MPIESKaRo~7. ThusVg,<<#l's. An excited atom can-
qualitatively changed the initial profile, while in the highly NOt leave the vicinity of the Fermi sea in a spontaneous life-
deformed tragFig. 3(b)] the changes are mainly quantitative 1”:583,2/ aﬁsﬂ a resglt .Of V‘?‘P. pr.owded . that. Q/FA<.
except along the axial direction. It has been shown previ-~—R (R QEg), which IS satisfied in the dilute limit pon5|d—
ously that deforming the trap reduces the reabsorption prob‘?.red h.efe- Th? ”Ume”c*?" results presenteq here_mclude the
ability [9]. To observe appreciable anisotropy in the emissiorg'pc.’le interaction potential, and are rather insensitive to the
profile due to quantum statistics, as opposed to reabsor|otioﬁ,)((:'tm]l's"""te _potentlal. . L o
one needs significant trap anisotropy and to limit the photon In con_clusmn,. we have dlscussgd the_ radla_tlve emission
counting time taa<1/T", ; in this case temporal resolution is process n the vicinity of the Fermi sea, mcl_udmg_ quantum
not necessary. With good temporal resolution however, ouf"t"’ms't'c"’.II effects and the' resonant dipole-dipole Interaction
emission profiles illustrate how the character of the emissioﬁeSponSIbIe for reabsorption within the gas. Even in the di-

changes as a function of time from quantum statistics domil—u'[e gas limit, reabsorption is qualitatively important in de-

nated to reabsorption dominated. termining the radiative emission rate and in the cross over

In our treatment we have assumed the excited-state p(),[e;;?gahavior of the time resolved radiative angular distribution.
tial is identical to that which confines the Fermi sea. We We acknowledge support from NSF Grant No.
wish to make some remarks about the effect of the excitedPHY8903180, and thank H.J. Carmichael, M-O. Mewes, and
state potential on our results. SinEg>>(), , an excited L. You for useful discussions.
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