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Pumping two dilute-gas Bose-Einstein condensates with Raman light scattering
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We propose an optical method for increasing the number of atoms in a pair of dilute-gas Bose-Einstein
condensates. The method uses laser-driven Raman transitions which scatter atoms between the condensate and
noncondensate atom fractions. For a range of condensate phase differences there is destructive quantum
interference of the amplitudes for scattering atoms out of the condensates. Because the total atom scattering
rate into the condensates is unaffected, the condensates grow.@S1050-2947~98!09104-5#

PACS number~s!: 03.75.Fi, 05.30.Jp, 32.80.Pj, 42.50.Vk
te
o
e
s
ro
lin
re
bl

be
te
-

o

fin
o

o-

at
n-

s.
ra
ap
c

ry
e

e

-
ri

de
ou

an
ct
p

no

that

b-
ion
re

, the
the
is

ran-
x-
the
tes
can
n de-

wo

at-
be-
aks,

the
e dif-
ctive
his
ort
uce

lete
ce
dif-

for a
t be

oss
man
e-
tter-

a-

tro-

ited
an-
In the recent experiments demonstrating Bose-Eins
condensation of alkali-metal vapors the first stages of co
ing are optical@1#. The final stage utilizes evaporation of th
hottest atoms out of the trap. Despite the great succes
evaporation it has the disadvantage of removing atoms f
the system. Consequently alternative final stage coo
methods are being investigated. Velocity selective cohe
population trapping is one optical method potentially capa
of cooling to the Bose-Einstein transition point@2#.

We propose an optical method for increasing the num
of atoms in a pair of overlapping Bose-Einstein condensa
~BEC’s!. This may provide not only a new means for grow
ing condensates, but also a possible pumping mechanism
atom lasers@3#. From a fundamental perspective the meth
is interesting because it is based on destructive quantum
terference between two scattering channels to the same
state. This interference is a consequence of the macrosc
quantum coherence of BEC’s.

Two overlapping condensates ofuF51, m521& and
uF52, m52& states of87Rb have been produced in the lab
ratory using sympathetic cooling@4#. The stability of this
pair is due to an unexpectedly small inelastic collision r
between these states@5#. Recently, an even more interpe
etrating condensate pair ofu1,21& and u2,1& states of87Rb
has been realized at JILA@6#. In general, inelastic collisions
will make it difficult to magnetically trap two condensate
However, BEC’s have been confined in an optical dipole t
@7# which uses optical forces to trap atoms. The dipole tr
have a major advantage over magnetic traps since they
stably trap atoms in arbitrary hyperfine states.

According to conventional spontaneous symmet
breaking arguments BEC’s are in coherent states with a d
nite global phase@8#. A pair of BEC’s therefore has a definit
phase difference, which can be measured by a variety
techniques@9–13#. We utilize this phase difference to sup
press transitions of atoms out of the condensates while d
ing transitions into the condensates, producing a net con
sate growth. The transitions are driven by spontane
Raman scattering of laser light by an atomicL level scheme.
For a certain range of condensate phase differences tr
tions out of the condensates are suppressed by destru
quantum interference. The interference is between the am
tudes for transitions from each condensate into the same
condensate state.
571050-2947/98/57~5!/3805~4!/$15.00
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This is analogous to the suppression of absorption
occurs in optical lasing without inversion~LWI ! @14#. In the
L atomic level scheme of LWI the photon absorption pro
ability is the squared sum of the amplitudes for absorpt
from the two lower levels. These amplitudes can interfe
destructively, suppressing absorption. On the other hand
photon emission probability is the sum of the squares of
amplitudes for emission into each lower level. Interference
impossible because of the different final states for each t
sition. LWI may occur when the emission probability e
ceeds the suppressed absorption probability. Similarly
final states for transitions into each of the two condensa
are different, whereas transitions out of the condensates
have the same noncondensate final state, and hence ca
structively interfere.

Spontaneous Raman scattering of laser light from t
BEC’s has been analyzed by Ruostekoski and Walls@11#,
whose analysis we shall follow. They showed that the sc
tered light spectrum depends on the phase difference
tween the two condensates. The spectrum has two pe
corresponding to transitions of atoms into and out of
condensates. For certain values of the condensate phas
ference the second peak disappears due to the destru
quantum interference previously described. Although t
suggests the possibility of condensate growth, only sh
time behavior was considered. In fact, Raman lasers ind
Josephson oscillations between the condensates@15#. We
show that growth occurs and can persist over a comp
period of this dynamics. However, destructive interferen
only occurs for a particular range of condensate phase
ferences. Consequently, condensate growth only occurs
subensemble of condensate pairs. Suitable pairs migh
chosen after a measurement of the phase difference@9–12#.
This measurement can be performed without significant l
of condensate atoms using coherent, spontaneous Ra
scattering@13#. With this method atoms are scattered b
tween the two condensates and the dominant photon sca
ing is in the forward direction; so photon collection is fe
sible.

For definiteness we consider a particular setup first in
duced by Javanainen@9#: a quantum degenerate gas with aL
level scheme of two ground states and a common exc
state. We only consider the case in which the magnetic qu
3805 © 1998 The American Physical Society
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tum numbers of the ground states differ by two units. Ho
ever, all that is fundamentally important for the destruct
interference is that both ground states have transitions to
same final state. In principle the common excited state co
even be a coherent superposition of different atomic sta
with the coherence induced by extra optical or rf fields.

All the ground state atoms are confined in the same t
We consider a spatially overlapping pair of condensate
two different Zeeman sublevelsub&5ug,m& and uc&
5ug,m22&. The stateuc& is optically coupled to the elec
tronically excited stateue&5ue,m21& by the fieldE2 having
a polarizations1 and frequencyV2. Similarly, the stateub&
is coupled toue& by the fieldE1 with a polarizations2 and
frequencyV1. Following Ref.@16# the Hamiltonian density
for the system is

H5cb
†Hcb1cc

†~H1\vcb!cc1ce
†~H1\veb!ce1HF

2~db•E1cb
†ce1dc•E2cc

†ce1H.c.!. ~1!

The first three terms reflect the center-of-mass energy,H,
and the internal energies of the atoms in the absence of e
tromagnetic fields. The frequencies for the optical transitio
e↔b ande↔c areveb andvec (vcb5veb2vec), respec-
tively.HF is the Hamiltonian density for the free electroma
netic field. The final, bracketed, terms are for the atom–lig
dipole interaction. The dipole matrix element for the atom
transitione↔b (e↔c) is given bydb (dc).

We assume that the BEC’s are optically thin and that
driving light fieldsEdi

1 are in coherent states and detuned
from single photon resonance so that multiple scattering
be ignored@16#. Various mechanisms may produce signi
cant reabsorption of the scattered light in dense atomic ga
These include resonant dipole-dipole interactions@17# and
Raman resonant reabsorption@18#. It has been shown tha
even moderate size condensates may in practice turn o
be optically thick. Nonetheless, there are still quite basic
settled issues in the theory of the optical response of de
atomic gases. Indeed a fully quantum field-theoretical an
sis of light matter interactions is a pathological problem@19#.
However, the optical thickness should not be a problem p
vided at least one condensate dimension is smaller tha
optical wavelength. This is the case in a magneto-opt
surface trap, for example. This combines a magneto-op
trap with an evanescent wave mirror, resulting in an eff
tively two-dimensional atomic gas@20#. An emitted photon
can then easily escape from the thin dimension.

We describe the driving light fields as plane waves pro
gating in the positivez direction with wave vectorski ,

Ẽdi
1~r !5

1

2
Ei êiexp~ i ki•r !, ~2!

where i 51,2 and theêi are the unit circular polarization
vectors. We have defined slowly varying fields byẼi

1

5eiV i tEi
1 . We also definec̃c5ei (V12V2)tcc .

In the limit of large detuning the excited state field ope
tor ce may be eliminated adiabatically. Following Ref.@16#
the scattered electric fields may then be expressed in term
the driving fields asẼs

15Ẽs1
1 1Ẽs2

1 whereẼs1
1 is radiated by
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Ẽs1
1 ~r ,t !5E d3r 8K ~db!cb

†ce5
1

\D1
E d3r 8K ~db!

3$db•Ẽd1
1 cb

†cb1dc•Ẽd2
1 cb

†c̃c%. ~3!

The driving fields and atom fields are all functions ofr 8 and
t. D15V12veb is the atom-field detuning of field 1. Th
first line represents the radiation from the atomic dipole d
sity, and the second follows after adiabatic elimination of t
excited state.Ẽs2

1 , which is radiated by decays into stateuc&,
is found by swapping subscriptsb and c and swapping the
driving fields Ẽd1

1 and Ẽd2
1 . We have used the first Born

approximation based on the assumption that the incom
fields dominate inside the sample, as multiple scattering
negligible. The kernelK (d) is the familiar expression@21#
for the positive-frequency component of the electric field ar
from a monochromatic dipole with the complex amplituded,
located atr 8.

After adiabatic elimination of the excited state from th
Hamiltonian density, Eq.~1!, and approximation of the elec
tric fields by the driving fields, the following Hamiltonian
density is found to first order in the inverse atom-field detu
ing @11#:

HM5cb
†~H2\d1!cb1c̃c

†~H2\dcb2\d2!c̃c

1\k@cb
†c̃cexp~2 i k12•r !1c̃c

†cbexp~ i k12•r !#,

~4!

wherek125k12k2 is the wave vector difference of the driv
ing light fields. We have introduced the light-induced lev
shifts d i , the detuning from two-photon resonancedcb
5V12V22vcb , and the Raman coupling coefficientk,

d15
uE1u2db

2

4\2D1

, d25
uE2u2dc

2

4\2D1

, k5
E1* E2dbdc

4\2D1

. ~5!

The dipole matrix elementsdb and dc contain the reduced
dipole matrix elements and the corresponding nonvanish
Clebsch-Gordan coefficients. To simplify the algebra, we
sumek to be real.

The intensity of the scattered light at positionr is given
by

I ~r !52cLe0^Ẽs
2
•Ẽs

1&, ~6!

wherecL is the speed of light. Substituting in the expressio
for the scattered fields in terms of the atom fields, Eq.~3!,
generates a sum of terms for the intensity of the form

2cLe0S 1

\D1
D 2E d3r 8d3r 9@K ~db!8#* •K ~db!9~db* •Ẽd1

2 !

3~db•Ẽd1
1 !^cb

†8cb8cb
†9cb9&. ~7!

The primes and double primes, respectively, denote fu
tional dependence onr 8 and r 9. We now assume that th
driving fields have the same wave vectors, so thatk1250.
This simplifies the analysis, and may in principle be exac
true, provided the effective two-photon detuning is suf
ciently small, as discussed later.
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The dynamics of the ground state fieldsc̃c andcb follows
from the Hamiltonian, Eq.~4!. We assume a translationall
invariant and noninteracting Bose gas. The matter-field
erators are given by the familiar plane wave representat
cb(r t)5V21/2(k ~ik•r )bk(t) and c̃c(r t)5V21/2(kexp(ik
•r ) c̃ k(t), whereV is the mode volume. In the absence
light, the center-of-mass motion in both ground states sa
fies the dispersion relationek5\uku2/2m, with m the atomic
mass. Defining the effective two-photon detuning 2d̄5dcb
2d11d2 and the condensate oscillation frequencyVR

5( d̄21k2)1/2, the mode operators at timet are given in
terms of the operators at timet50 by

c̃ k~ t !5eiat$A c̃k~0!2Bbk~0!%, ~8a!

bk~ t !5eiat$A* bk~0!2B c̃k~0!%, ~8b!

a5 d̄1d12ek , ~8c!

A5cosVRt1
i d̄

VR
sinVRt, B5 i

k

VR
sinVRt. ~8d!

Before the light is switched on, the atoms in the statesub&
and uc& are assumed to be uncorrelated. The Raman fi
induce Josephson oscillations between the condens
@9,15#. The expectation values of products of four atom-fie
operators, such as occurs in Eq.~7!, may be evaluated afte
substituting in expressions~8!. For example,

^cb
†8cb8cb

†9cb9&u t5^@Acb
†81Bcc

†8#@A* cb82Bcc8#

3@Acb
†91Bcc

†9#@A* cb92Bcc9#&,

~9!

where all the field operators on the right-hand side are ev
ated at time zero.

The field operators are sums over the condensate and
condensate modes. Since we areonly interested in the chang
in the number of condensate atoms due to light scattering
needonly evaluate terms corresponding to scattering of
oms into or out of the condensate. We ignore scattering
atoms between noncondensate modes. Together with
mentum conservation this leads to a considerable simplifi
tion of the terms like Eq.~9!. Once a particular plane wav
mode is chosen for the first factor in Eq.~9!, the requirement
for a nonzero expectation value determines the modes oc
ring in all the remaining factors. For example, the part of E
~9! relevant to condensate depletion and growth is

^D0
†D2D2

† D01D1
† D0D0

†D1&, ~10!

whereDi5A* (t)bi(0)2B(t)ci(0) and the subscripts 0 an
6, respectively, refer to the condensate mode and the n
condensate modes having momenta6\Dk. Here Dk

5Vn̂/cL2k is the wave vector change of the scattered p
ton, and n̂5r /ur u is the unit vector in the light-scatterin
direction under consideration. The two noncondensate mo
1/2, respectively, arise from scattering of atoms into/out
the condensate. Note that the particular atomic mode den
depends on the light-scattering directionn̂, as does the po
-
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larization of the scattered light. In general, the polarizatio
of the emitted photons from the two different atomic tran
tions are not orthogonal. However, although the result
interference termŝẼs1

2
•Ẽs2

1 & and ^Ẽs2
2
•Ẽs1

1 & are nonvanish-
ing in a particular direction@11#, their contribution to the
total intensity of the scattered light vanishes after integrat
over the polar scattering anglef about the laser direction
This is because these terms are proportional to exp(62if),
whose integral from 0 to 2p vanishes.

For brevity we assume that the numbers of atoms in
ground noncondensate states are the same,n65^b6

† b6&
5^c6

† c6&, and thatn15n25n due to isotropy. Further sim
plification occurs if we assume that there are equal numb
of atomsN in each condensate and that the laser intensi
are chosen so that the level shifts are equald5d15d2.
Evaluating all the relevant terms in Eq.~6! we find the fol-
lowing expressions for the intensity due to scattering of
oms into and out of the condensates:

I in52Cndds
2$N12Re@A* B^c0

†b0&#dd
2%, ~11!

I out52C~n11!dds
2$N1Re@~A* 22B2!^c0

†b0&#%, ~12!

C5
cLuku4

8p2e0D1

1

ur u2S 12
1

2
sin2u D , ~13!

whereds
25db

21dc
2 anddd

25(db
22dc

2)/ds
2 . We next integrate

these intensities over the Josephson oscillation periodP
52p/VR . We find the time-averaged intensities

1

PE0

P

I indt5C8nH 11
d̄k

VR
2

dd
2cosQJ , ~14!

1

PE0

P

I outdt5C8~n11!H 11
k2

VR
2
cosQJ , ~15!

whereC852Cdds
2N and Q is the condensate phase diffe

ence. The noncondensate populationsn are functions ofDk

and hence of the scattering angleu betweenn̂ and the laser
propagation direction. Our final step is integration over
scattering directions. This yields the total scattered light
tensity and hence the total atom transition rates. The ang
integration has the effect of replacingn by

8p

3
ñ[2pE

0

pS 12
1

2
sin2u Dn~u!sin udu, ~16!

andn11 by 8p( ñ11)/3. This integral may be interprete
as the number of noncondensate atoms available for sca
ing into the condensates. In an infinite homogeneous sys
the integral is divergent at the low-energy end. However,
a finite, trapped system a low-energy cutoff is provided
the first excited state. We assume a Bose-Einstein distr
tion at T5400 nK and a trap frequency of 100 Hz, corr
sponding to a low-energy cutoff of\(2p3100 s21). With
these parameters a numerical integration of Eq.~16! gives
(8p/3) ñ'65 for rubidium. However, this is a crude est
mate since realistic systems are not expected to be in the
equilibrium.

Assuming, for simplicity, equal dipole momentsdd50
the net rate of scattering of atoms into the condensates~at-
oms per second! is then, from Eqs. ~14!–~16!,
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R526pS g

D1
D 2S I d

\cLuku3
D NH 11

k2

VR
2
cosQ@11 ñ#J ,

~17!

where g5db
2uku3/(3pe0\) is the free space spontaneo

emission rate andI d is the intensity of the lasers. Condensa
growth corresponds to a positive rateR. Assuming that
ñ@1 this is equivalent to the following requirement on t
condensate phase difference:

cosQ,2
1

ñ

VR
2

k2
. ~18!

This inequality is fulfilled by particular negative values
cosQ provided thatñ is sufficiently large and that the effec
tive two-photon detuning 2d̄ is sufficiently small. The latter
may be chosen small by manipulating the light-induced le
shifts or the relative frequency of the driving light beam
The prior assumption of equal wave numbers for the driv
light fields is not very restrictive for the relative frequenc
because an atom trap introduces an uncertainty for the
mentum conservation. In the limit of small two-photon d
tuning the effective linewidth of the transitionc→b may
have an effect. However, it may be shown to be proportio
to D1

22 or smaller.
With a 1mm wavelength, 1mW cm22 laser intensity, and

(k2/VR
2)cosQ521/2, the growth rate Eq.~17! is

R'N ñS g

D1
D 2

~107 s21!. ~19!
n

ar

.

l
.
g

o-
-

l

A laser detuning ofD1/g5103, condensates withN5103,
and ~8p/3!ñ565 give a condensate growth rate ofR'73
104 atoms per second. This rate is large enough to be us
for both atom laser pumping and for condensate grow
However, sustained growth will require repopulation of t
relevant noncondensate atom modes by atom-scattering
cesses. Other limitations on growth include diffusion of t
condensate phase difference due to atom-atom interac
@22,23# and heating of the noncondensate atom fraction
Raman transitions.

Our conventional argument that BEC’s are in coher
states is by no means necessary. In fact the relative p
between the two condensates has been established in sto
tic simulations of the measurements of spontaneously s
tered photons, even though the condensates are initiall
pure number states@13#. Without any measurements of th
condensate phase difference the macroscopic quantum c
ence is expected to undergo collapses and revivals@23#. Be-
cause the detections of spontaneously scattered photon
tablish the relative phase, they could also stabilize the ph
against the collapse of the macroscopic wave function.

We have shown that destructive quantum interference
ables the growth of two Raman-driven Bose condensa
The mechanism is analogous to that for gain in the la
without inversion. Although we have considered a particu
configuration, the interference mechanism might be gene
ized to other atomic level schemes.
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