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Enhancement and suppression of spontaneous emission and light scattering by quantum degenera
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Quantum degeneracy modifies light scattering and spontaneous emission. For fermions, Pauli blocking leads
to a suppression of both processes. In contrast, in a weakly interacting Bose-Einstein condensate, we find
spontaneous emission to be enhanced, while light scattering is suppressed. This difference is attributed to
many-body effects and quantum interference in a Bose-Einstein condensate.
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For a long time, spontaneous emission and light scatte
were regarded as intrinsic properties of atoms. Howe
quantum electrodynamics~QED! revealed the connection be
tween these phenomena and the electromagnetic mode
the vacuum. Spontaneous emission and scattering can
take place when a vacuum mode is available to accom
date the emitted or scattered photon. Cavity-QED exp
ments@1# exploit the fact that small cavities can be used
modify the vacuum, and thus emission and scattering
light.

Recent breakthroughs in the experimental realization
gaseous quantum degenerate systems of bosons@2–5# and
fermions@6# have provided additional means to modify th
emission and scattering behavior of atoms. On the one h
this modification is due to the finite population in the fin
state of the scattering or emission process. On the o
hand, interactions modify the nature of the final states for
recoiling atom, similar to a cavity that alters the mode str
ture for the photon.

Generally, transition rates between an initial state w
populationN1 and a final state with populationN2 are pro-
portional to N1(11N2) for bosons and toN1(12N2) for
fermions. This reflects the well-known fact that in a boso
system the transition into an already occupied state is
hanced by bosonic stimulation, while in fermionic system
occupation of a state prevents a transition into this state
Pauli blocking.

This simple derivation of transition rates using occupat
numbers becomes subtle or even invalid for correlated ma
body states such as an interacting Bose-Einstein conden
~BEC! ground state. In this Rapid Communication, we an
lyze under which circumstances the simple approach ca
used to reproduce the correct results for the interaction
tween light and a BEC. We show theoretically that spon
neous emission in a weakly interacting BEC is enhanc
consistent with the description using occupation numb
and calculate the enhancement factor. We compare this r
to light scattering in a BEC, which is suppressed due
interference effects not included in the simple derivation,
we have shown experimentally and theoretically in previo
work @7#. In contrast, in fermionic systems quantum dege
eracy leads to a suppression ofboth spontaneous emissio
and light scattering@8–11#.

For simplicity we consider a homogeneous system of
oms at zero temperature, which exhibits all the signific
features. The system is assumed to consist ofN atoms with
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massm at a densityn in a volumeV, which is sufficiently
large such that the summations over quantum states ca
approximated by integrals.

A noninteracting BEC atT50 can be described by
single-particle ground-state wave function with amplitu
AN. Thus, the occupation of quantum states with wave v
tor k is given by N(k)5N d(k). Since the final states fo
spontaneous emission and light scattering with a finite m
mentum transferq are not occupied, both processes occur
the single-atom rate.

This situation changes drastically for an interacting co
densate. Here, two atoms in the zero-momentum state
coupled to states with momenta1k and 2k. This changes
the excitation spectrumv(k) from the free-particle form,
\v(k)5Er(k), to the spectrum of Bogoliubov quasipart
cles,\v(k)5AEr(k)(Er(k)12m). Here,m is the chemical
potential andEr(k)5\2k2/2m the recoil energy associate
with the momentumk. The chemical potential is a measu
for the interatomic interactions and is related to thes-wave
scattering lengtha by m54p\2an/m.

The atom-atom interaction admixes pair correlations i
the ground-state wave functionuBEC,N& of a BEC with N
atoms, yielding the structure@12#

uBEC,N&5uN, 0, 0&2auN22, 1, 1&1a2uN24, 2, 2&1•••,
~1!

wherea5121/uk
2 . HereuN0 ,Nk ,N2k& denotes a state with

N0 atoms in the zero-momentum state andN6k atoms in
states with momentum6k. In Eq. ~1! a summation over all
momentak is implicitly assumed. The average population
momentum states is given byN(k)5uk

2215vk
2 , whereuk

5coshfk , vk5sinhfk and tanh 2fk5m/@Er(k)1m#.
To study the effect of the presence of a BEC on spon

neous emission, we consider an excited atom at rest adde
a BEC ofN ground-state atoms. This system is described
an initial stateu i &5âe,0

† uBEC,N&, whereâe,0
† creates an elec

tronically excited atom at rest. We use Fermi’s golden rule
obtain the rate for spontaneous emission. The only differe
to the single-atom spontaneous decay rateG comes from the
overlap matrix elements to the final momentum stateu f &,
^ f uâkL

† âe,0u i & where âkL

† is the creation operator for a fre

ground-state atom with momentumkL . Summing over all
final states one arrives at
©2001 The American Physical Society01-1
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gBEC5G ^BEC,NuâkL
âkL

† uBEC,N&. ~2!

Thus, the spontaneous emission rate is proportional to
square of the norm of the state vectorue1&5âkL

† uBEC,N&.

To calculate the norm ofue1& explicitly, we transform to
Bogoliubov operators by substitutingâk5ukb̂k2vkb̂2k

† .

The operatorsb̂k
† and b̂k are the creation and annihilatio

operators for the microscopic quasiparticle excitations o
weakly interacting condensate. Hence, the many-b
ground-state wave function of the condensateuBEC,N& cor-
responds to the quasiparticle vacuum defined by the rela
b̂kuBEC,N&[0,;k. Thus, we obtain

FBose
spont5^e1ue1&5ukL

2 511N~kL!

5H coshF1

2
tanh21S ks

2

kL
2/21ks

2D G J 2

, ~3!

where\ks5mc is the momentum of an atom moving at th
speed of sound, which is related to the chemical potentia
m5mc2. Enhancement of spontaneous emission in a BEC
significant if ks becomes comparable to the wave vectorkL
of the emitted photon, since for small momentum trans
ukL

2 5ks
2/kL

2 . Equation~3! and its interpretation are the majo

results of this paper. It should be noted that this enhancem
of spontaneous emission in a BEC is different from the p
nomenon of superradiance as discussed by Dicke@13#. Su-
perradiance occurs in a noninteracting gas of sufficient
umn density, whereas the enhancement of spontan
emission described here requires interactions that scale
density.

The result of Eq.~3! that spontaneous emission in
weakly interacting BEC is enhanced, is striking in view
our earlier finding@7# that light scattering in a BEC is sup
pressed. The operator describing a light-scattering event
momentum transferq is the Fourier transform of the atomi
density operator r̂(q)5(mâm1q

† âm . If r̂(q) acts on
uBEC,N&, only terms involving the zero-momentum sta
m50 yield significant contributions. By applying Fermi’
golden rule we found that the scattering rate is proportio
to the norm of the state vector

ue&'
~ âq

†â01â0
†â2q!uBEC,N&

AN

'~ âq
†1â2q!uBEC,N&5ue1&1ue2&, ~4!

where we have replacedâ0
† and â0 by AN following the

usual Bogoliubov formalism@14#. After transforming to Bo-
goliubov operators we obtain a suppression factor of

SBose~q!5^eue&5~uq2vq!2, ~5!

which is the static structure factor for a BEC. Generally,
static structure factor is the normalized response of a sys
to a perturbation with wave vectorq. For smallq, corre-
sponding to phononlike quasiparticle excitations,SBose(q)
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5\q/2mc approaches zero. Light with wave vectorkL scat-
tered at an angleu imparts a momentum\q52\kLsin(u/2)
to the atomic system. By integrating Eq.~5! over all possible
scattering anglesu and accounting for the dipolar emissio
pattern, we find that Rayleigh scattering from a BEC is su
pressed by a factor@7#

FBose
scatt5

ks

Aks
21kL

2 S 15

8

ks
5

kL
5

1
23

8

ks
3

kL
3

12
ks

kL
1

kL

ks
D

2S 15

8

ks
6

kL
6

1
9

4

ks
4

kL
4

1
3

2

ks
2

kL
2 D tanh21S kL

Aks
21kL

2D . ~6!

For comparison, we briefly summarize the suppression
spontaneous emission and light scattering for a fermio
system. A Fermi gas atT50 with Fermi momentum\kF is
characterized byN(k)5u(kF2k), i.e., all momentum state
with k,kF5(6pn)1/3 are occupied. If we add an electron
cally excited atom at rest to the Fermi sea, its spontane
decay rate is suppressed by a factor

FFermi
spont512N~kL!5u~kL2kF!. ~7!

When off-resonant light with initial wave vectorkL is
scattered from a filled Fermi sphere into an outgoing wa
with final wave vectorkL1q, the scattering rate is sup
pressed by@15#

Sfermi~q!5E dk N~k!@12N~k1q!#

5H 3q

4kF
2

q3

16kF
3

if 0 ,q,2kF ,

1 if q.2kF .

~8!

Equation~8! is the static structure factor for a Fermi gas
zero temperature. Integrating over all possible scatter
anglesu and accounting for the dipolar emission pattern,
find that the total suppression factor for Rayleigh scatter
from a Fermi sea is given by

FFermi
scatt 55

69

70

kL

kF
2

43

210

kL
3

kF
3

if kL,kF

12
3

10

kF
2

kL
2

1
9

70

kF
4

kL
4

2
1

21

kF
6

kL
6

if kL.kF .

~9!

Figure 1 shows the influence of quantum degeneracy
the atom-light interaction. Using Eqs.~3!, ~6!, ~7!, and~9! we
have plotted the rates for spontaneous emission~solid lines!
and light scattering~dashed lines!, normalized by the single-
atom rates, for a weakly interacting BEC@Fig. 1~a!# and a
degenerate Fermi gas@Fig. 1~b!#. A significant deviation
from the free-particle rate is clearly observable if the photo
momentum is comparable toks for bosons andkF for fermi-
ons.

Let us now discuss the intrinsic difference between ato
light interaction in a BEC and in a degenerate Fermi gas
1-2
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a Fermi sea, the suppression of both light scattering
spontaneous emission is asingle-particleeffect caused by
the nonavailability of final states due to the Pauli exclus
principle. Indeed, one would obtain the same result for sp
taneous emission as for light scattering@Eq.~9!# if the initial
momentum of the excited atom were randomly distribu
over the Fermi sphere.

In an interacting BEC the situation is significantly diffe
ent because pair correlations in the ground state, i.e.,many-
body effects, are responsible for both the enhancemen
spontaneous emission and suppression of light scatte
The finite population in states withkÞ0 due to quantum
depletion lends a very intuitive explanation for the enhan
ment of spontaneous emission. If the interactions in the c
densate are sufficiently strong such that momentum st
with k5kL have non-negligible occupation, spontaneo
emission of an atom at rest is enhanced by bosonic stim
tion. This intuitive argument is correct, but it would inco
rectly predict that light scattering is also enhanced.

The suppression of light scattering occurs due to the c
relation between the admixtures of states with momentuk
and 2k. This leads to a destructive quantum interferen
between the two processesuN,0,0&1\q→uN,1,0& and uN
22,1,1&1\q→uN,1,0&, in which either an excitation with
momentumÀq is annihilated or an excitation with momen
tum q is created. Both processes transfer momentumq to the
condensate and are individually enhanced by bosonic sti
lation. Therefore, a simple rate equation model would pre
enhanced light scattering. However, since the initial sta
are correlated the two processes leading to the same

FIG. 1. Modification of spontaneous emission~solid line! and
light scattering~dashed line! due to quantum degeneracy. In~a! we
have plotted the enhancement factor for spontaneous emission
the suppression factor for light scattering for a weakly interact
Bose-Einstein condensate as a function of the light wave vectokL

in units of ks , the wave vector of an atom moving at the speed
sound. In~b! the suppression factors for spontaneous emission
light scattering in a Fermi gas atT50 are plotted as a function o
kL in units of the Fermi wave vectorkF .
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state interfere destructively. Thus for a BEC with repulsi
interactions light scattering is suppressed.

The results presented above for suppressed light sca
ing in both bosonic and fermionic systems also apply to
scattering of massive impurities. This has been studied th
retically for degenerate Bose@16# and Fermi@17,18# gases,
and was experimentally observed in a BEC@19#.

How strong would the enhancement of spontaneous em
sion in currently realized Bose-Einstein condensates
Condensates of23Na atoms confined in an optical trap hav
reached a density of 331015cm23 @20#. For this density the
speed of sound\ks /m52.8 cm/s and the recoil velocity
\kL /m52.9 cm/s are approximately equal and we fi
N(kL)'0.15. Thus, the observation of enhanced sponta
ous emission in a BEC is within experimental reach. Exci
atoms at rest could be produced by injecting ground-s
atoms with momentum\kL into a condensate and using
counterpropagating laser beam to excite them and bring t
to rest. The enhancement of spontaneous emission could
be observed as frequency broadening of the absorption

The fact that light scattering is suppressed, but sponta
ous emission is enhanced, could be exploited for studie
decoherence in a BEC. When a photon is absorbed by a B
~the first step of light scattering!, it creates a~virtual! excited
state that has an external wave function that includes
correlations. Any decoherence of this coherent superposi
state, for example by interaction with the thermal clou
could destroy the interference effect discussed above
turn the suppression of light scattering into an enhancem
Another possibility of creating an excited state atom in
BEC is using Doppler-free two-photon excitation, a sche
already used to probe condensates of atomic hydrogen on
1s→2s transition@5#. In this case, enhancement of spon
neous emission could be observed if the excited-state
time is longer than the coherence time.

In conclusion, we have discussed suppression and
hancement of light scattering and spontaneous emissio
quantum degenerate systems, and shown that in a we
interacting BEC, the quantum depletion can enhance spo
neous emission by bosonic stimulation. This contrasts ea
results on suppressed light scattering in a BEC. As we h
shown, both the reduced light scattering and the enhan
spontaneous emission in a BEC are related to quan
depletion of the condensate. However, the enhanced spo
neous emission appears to be physics beyond the Gr
Pitaevskii equation, while the static structure factorS(q) and
the reduced light scattering can be obtained from the Gro
Pitaevskii equation@21#.

Note added. Recently we found a theoretical paper@22#
that predicts an enhancement of light scattering in a wea
interacting Bose-Einstein condensate contrary to our fi
ings.
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A. GÖRLITZ, A. P. CHIKKATUR, AND W. KETTERLE PHYSICAL REVIEW A 63 041601~R!
@1# Cavity Quantum Electrodynamics, edited by P. Berman~Aca-
demic Press, San Diego, 1994!.

@2# M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wiem
and E. A. Cornell, Science269, 198 ~1995!.

@3# K. B. Davis, M.-O. Mewes, M. R. Andrews, N. J. van Drute
D. S. Durfee, D. M. Kurn, and W. Ketterle, Phys. Rev. Le
75, 3969~1995!.

@4# C. C. Bradley, C. A. Sackett, and R. G. Hulet, Phys. Rev. L
78, 985 ~1997!.

@5# D. G. Fried, T. C. Killian, L. Willmann, D. Landhuis, S. C
Moss, D. Kleppner, and T. J. Greytak, Phys. Rev. Lett.81,
3811 ~1998!.

@6# B. DeMarco and D. S. Jin, Science285, 1703~1999!.
@7# D. M. Stamper-Kurn, A. P. Chikkatur, A. Go¨rlitz, S. Inouye, S.

Gupta, D. E. Pritchard, and W. Ketterle, Phys. Rev. Lett.83,
2876 ~1999!.

@8# J. Ruostekoski and J. Javanainen, Phys. Rev. Lett.82, 4741
~1999!.

@9# B. DeMarco and D. S. Jin, Phys. Rev. A58, R4267~1998!.
@10# T. Busch, J. R. Anglin, J. I. Cirac, and P. Zoller, Europhy

Lett. 44, 1 ~1998!.
04160
,

t.

.

@11# K. Helmerson, M. Xiao, and D. E. Pritchard, inInternational
Quantum Electronics Conference 1990, Book of Abstra
~IEEE, New York, 1990!, abstract QTHH4.

@12# K. Huang,Statistical Mechanics~Wiley, New York, 1987!.
@13# R. H. Dicke, Phys. Rev.93, 99 ~1954!.
@14# N. N. Bogoliubov, J. Phys.~Moscow! 11, 23 ~1947!.
@15# D. Pines and P. Nozie`res, The Theory of Quantum Liquid

~Addison-Wesley, Reading, MA, 1988!, Vol. 1.
@16# E. Timmermans and R. Cote´, Phys. Rev. Lett.80, 3419~1998!.
@17# G. Ferrari, Phys. Rev. A59, R4125~1999!.
@18# M. J. Holland, B. DeMarco, and D. S. Jin, Phys. Rev. A61,

053610~2000!.
@19# A. P. Chikkatur, A. Go¨rlitz, D. M. Stamper-Kurn, S. Inouye, S

Gupta, and W. Ketterle, Phys. Rev. Lett.85, 483 ~2000!.
@20# D. M. Stamper-Kurn, M. R. Andrews, A. P. Chikkatur, S. In

ouye, H.-J. Miesner, J. Stenger, and W. Ketterle, Phys. R
Lett. 80, 2027~1998!.

@21# D. M. Stamper-Kurn and W. Ketterle, inProceedings of the
Les Houches Summer School, Session LXXII~Springer, New
York, 2001!; e-print arXiv:cond-mat/0005001.

@22# I. E. Mazets, e-print arXiv:quant-ph/0003126.
1-4


