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Laser-Driven Collisions between Atoms in a Bose-Einstein Condensed Gas
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We have determined the rate of loss of atoms from a Bose-Einstein condensed gas due to binary
processes in the presence of a far-detuned laser field. In this limit, the binary loss rate spectrum is
markedly different from, and can greatly exceed, the basic atomic loss rate. We suggest that measure-
ments of the loss rate spectrum can be used to determine the nature of atom interactions in a condensate.
[S0031-9007(96)00919-2]
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The recent achievement of Bose-Einstein condensa
(BEC) in alkali gases using the combination of laser a
evaporative cooling have given a new urgency to the st
of ultracold atomic and molecular processes [1–3]. La
cooling alone is not sufficient to reach condensation,
to the atomic recoil heating and collision-induced lo
processes that occur in the presence of a laser field.
present the only way to achieve the necessary condit
for BEC (temperatures below 1mK and densities abov
1013 atomsycm3) is to use evaporative cooling on a g
precooled using laser techniques. Once a condensa
formed, however, one would like to know if light can b
used to study its properties. In addition, laser fields m
be used for controlling the condensed atoms and for do
atom optics [4]. This will most likely be a major them
in the years ahead as one attempts to use condensed
for interferometry, probes of the properties of matter, a
lithography. One important application has been the
of a far-detuned laser to remove the zero magnetic fi
hole in a quadrupole trap in the MIT BEC experime
[3], but there also are proposals for achieving BEC us
laser-driven schemes [5]. There is, of course, the clo
related issue of producing an atom laser: This is
equivalent of a laser for atoms and is a source of cohe
matter waves. Again, some schemes for making one
on the presence of a laser field [6,7].

For these reasons it is important to look at how the p
ence of a laser field influences the atomic interaction
a condensate. The theory of light interaction with co
densates has been discussed by several authors [8
and we shall use part of their work in our treatment. T
theories given so far do not address in detail the issu
how strong binary interactions will affect the evolutio
of the condensed gas, and this is what we shall do h
In particular, the condensate will have a photoassocia
spectrum [11–16], which we suggest will be a good di
16 0031-9007y96y77(8)y1416(4)$10.00
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nostic of atomic interactions in the condensate. The
tremely low temperature of the evaporatively cooled ga
also permits us to give an accurate analytical expres
which is much simpler than that for the thermally broa
ened line shapes [17] in laser cooled and trapped gase

The first issue we have to address is when one can
the interactions within a condensate induced by the li
field as binary events. Although the condensed ato
form a single quantum system, it is still proper to de
with the strong dipole-dipole interactions involving e
cited atoms in the gas using the binary collision appro
in certain limits. This does not mean that the propa
tion of light in the medium is a pure binary process. T
propagation can be handled using a polarization or a m
tiple scattering technique. The formalism for doing th
has been set up in Ref. [8].

In the dilute gas limit the many-bodyT matrix approach
handles the onset of multiple particle effects by includi
the occupation of intermediate states in the perturba
expansion [18]. We have to ask, therefore, what is
occupation of the relevant states in a collision in whi
dipole-dipole interactions are dominant. The only st
that can play an appreciable role is, of course, the ma
scopically occupied condensate. Strong dipole-dipole
teractions, however, give the colliding pair momenta t
are very large compared to the small amount that c
densed particles have (they do have some because o
trap). This means that the effect of the condensate in
middle of the dipole interactions can be quite safely
nored. This is distinct from the case of the weak elas
ground state interactions where, particularly for the c
of attractive interactions, the many-body changes to thT
matrix produce profound effects [19]. Ignoring these
fects in the binary interactions is only valid, however,
the detunings are sufficiently large, an issue that has b
addressed in Ref. [9].
© 1996 The American Physical Society
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There are many-body effects that we have to inclu
explicitly, i.e., for cases where we excite close to re
nance we have to allow for the fact that for long range
teractions the atoms may be able to make transitions b
to the condensate. This possibility has in effect two co
sequences. The first is a collective effect, i.e., the su
radiant enhancement of the excited atom decay rategcon,
which may be shown to have the following form [9]:

gcon  snl-3
Ad

√
l

l-A

!
gA , (1)

wherel is a typical linear dimension of the trap,n is the
particle density in the condensate,l-A  lAy2p, where
lA is the wavelength of the atomic resonance transition
frequencyvA, andgA is the natural atomic decay rate.

We should emphasize that this enhancement of the de
rate and hence the width of the line does not necessa
lead to extra loss from the condensate due to light sca
ing. This is because the transitions contributing togcon

end up back in the condensate. The second effect tha
have to consider, in principle, is the change in the bin
interaction due to this enhanced decay. To avoid both
these complications we shall suppose we are detuned m
than the collective width of the line. This means that w
can treat the interaction as being dominantly binary.
can conclude, therefore, that for detunings that are m
larger thangcon we can treat the light-induced collision
as binary events. In particular, we shall compare the
nary rateGbinary for photoinduced loss of atoms from th
condensate (and probably from the trap as well) with
loss rateGatomic, due to single atom recoil:

Gatomic  gA

√
VA

DA

!2

, (2)

where h̄VA is the atomic optical coupling matrix ele
ment andDA  v 2 vA ¿ gcon is the detuning from the
atomic resonance frequency. We now turn to the deta
calculation ofGbinary  nKloss, wheren is the condensate
density andKloss is the binary rate coefficient. Althoug
our results are expressed in analytic form for a simple
cited state model, they are obtained from a fully quant
mechanical model for ultracold collisions in a weak rad
tion field [20], justified by quantum scattering calculation
and can be generalized to apply to real alkali atoms w
hyperfine structure [21,22].

The effect of binary collisions depends strongly
whether the laser detuningDA is to the red or blue of
the atomic resonancevA. The resonant dipole interactio
gives rise to attractive and repulsive states, as show
Fig. 1. Blue detuning, therefore, excites to a repuls
state, which dissociates and releases,h̄DA in kinetic
energy shared between the atoms. Red detuning, on
other hand, excites bound levels of the attractive poten
The subsequent decay of such vibrational levels,
molecular rategy , results in the loss of trapped atom
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FIG. 1. The typical ground and excited state configuration
cold collisions in light fields in the detuning regime whe
the excited state structure is dominated by the dipole-dip
interaction. The attractive excited state will become stron
repulsive at smallR (not shown), and has thus bound sta
structure, whereas the repulsive state leads to dissociation.

since most of the fluorescence is to the untrapped sta
We shall assume that the light intensity is low enou
that the photoinduced collision rates can be calcula
perturbatively in the strength of the light field.

At very low T , only s waves contribute to collisions
and

Kloss  2

µ
2 2 x

2

∂
p h̄
mk

kjSgesE, DAdj2l , (3)

where the first factor of 2 results from two atoms lo
per collision, and the22x

2 factor is due to the presenc
of a condensate with fractionx [23]. Here jSgej2 is
the s-wave S-matrix element for the photoinduced los
process,m is the reduced mass for the colliding pa
h̄k  s2mEd1y2 is the asymptotic momentum for the
relative motion, and the brackets imply an average o
the distribution ofk.

For blue detuning and weak optical coupling

jSgesE, DAdj2  4p2j kCgsEdjVgejCesE 1 h̄DAdlj2.

(4)

Here Cg and Ce are the energy-normalized ground a
excited state wave functions, respectively, andVge 
h̄VsRd  h̄bsRdVA is the optical coupling matrix ele
ment. The functionbsRd relates the molecular optica
coupling to the atomic. For red detunings, the collisi
matrix element depends sensitively on the positions of
molecular bound states [17]:

jSgesE, DAdj2 
X
y

gygssE, yd
sEyh̄ 1 DA 2 Dyd2 1 sgyy2d2

,

(5)
where

gssE, yd 
2p

h̄
jkCgsEdjVgejCylj2. (6)
1417
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HereCy is the wave function corresponding to the vibr
tional level y of the bound excited state, andDy is its
position (detuned from the atomic resonance). In conv
tional photoassociation spectroscopy [11–16], the spr
of E is comparable togyy2, and the variation withE
of both the numerator and denominator in Eq. (5)
fects the photoassociation probability, requiring nume
cal evaluation of the thermal line shapes. The spread
E is so small for evaporatively cooled gases thatE can
be set to zero in the denominator of Eq. (5). In ad
tion, gssE, yd ~ k so thatjSgej

2yk is independent ofE as
k ! 0. Thus the brackets in Eq. (3) are unnecessary
this case. The same is true for blue detuning, Eq. (4).

In both cases, for a slowly varyingVsRd, we can
rewrite the squares of the coupling matrix elements
VsRCd2fC , whereRC is the Condon point, i.e., the reso
nance point for the quasimolecule (as illustrated in Fig.
for which h̄DA  VesRCd 2 VgsRCd ø C3yR3

C (C3 is the
dipole-dipole potential coefficient andVg and Ve are the
ground and excited state potentials, respectively), andfC

is the Franck-Condon factor between the ground s
wave functionCgsR, Ed and the excited state wave fun
tion; a free state with energyE 1 h̄DA for blue detun-
ing: fC  jkCgsEdjCesE 1 h̄DAdlj2, and a bound state
y with binding energy h̄Dy  h̄DA for the case of
red detuning:fC  skCgsEdjCyld2. Since the ground
state wave function varies so much more slowly w
R than the excited state wave function, a simple refl
tion approximation provides an accurate expression
the Franck-Condon factors [20]

blue:fC 
1

DC
jCgsRC , Edj2, (7)

red:fC  hny

1
DC

jCgsRC , Edj2. (8)

Here DC  jdsVe 2 VgdydRj is the slope of the differ-
ence potential atR  RC , and ny is the vibration fre-
quency for the excited bound levely. The derivation
of the above expressions in Ref. [20] follows the Appe
dix of Ref. [24], generalized to low collision energies; th
1yDC factor results from the familiar stationary phase a
proximation for Franck-Condon factors [24].

The Franck-Condon factorfC is proportional to the
square of the ground state wave function atRC . The
spectrum, therefore, serves as a probe of the ground
pair correlation function. This shows that measureme
of the optical spectra due to strongly interacting pairs
a condensate might be used to study such correlation
suggested in Ref. [25].

A simple analytic expression for the ground state wa
function at long range,R . RB, corrected for the effect o
the long range2C6yR6 van der Waals potential, is give
by [20] µ

2m

p h̄2k

∂1y2

asRd sinfkrsRdg , (9)
1418
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asRd  1 2

µ
RB

R

∂4

, rsRd  R 2 As 2
2
3

µ
RB

R

∂4

R .

(10)

Here As is the scattering length for the ground sta
potential, andRB  smC6y10h̄2d1y4 has the values 42a0

for Na and 77a0 for Rb. If the correction due to the lon
range potential is neglected, the wave function takes
the simpler form:a  1, rsRd  R 2 AS [14].

At the Condon point we writeVsRCd  bCVA and
use the fact thatC3  f3h̄gAl-3

A, where the molecular
structure factors0 , bC , 2y

p
3 and 0 , j f3j , 1y2

depend on the particular molecular states involved.
blue detuning the binary loss rate per atom,G

blue
binary 

Klossn, is

Gblue
binary  G

s1d
binary  s2 2 xd

8p2b2
Cf3

3
snl-3

AdgCGatomic

(11)

when gC  f1 2 sRByRCd4g2f1 2 AsyRC 2 2sRBy
RCd4y3g2 and Gatomic, defined by Eq. (1), is the rate fo
the recoil heating for the atomic case. For red detunin

Gred
binary  G

s1d
binary

X
y

nygy

sDA 2 Dyd2 1 sgyy2d2
. (12)

Figure 2 shows the ratioh for x  1, defined as

hcolor 
G

color
binaryynl-3

A

Gatomic
, (13)

where color stands for red or blue, depending on wh
detuning case we consider. This factor shows how
binary loss and pure atomic loss compare when we h
one particle in a volumel-3

A. This density scale can b
regarded as more or less typical for condensates.
should emphasize that the pure ratioG

color
binaryyGatomic is

proportional to the particle density in the condensate
expected for binary processes. Figure 2 shows clearly
differences between the blue and red detuning cases.
detuning region displayed is one where the reflection p
ciple approach can be applied, and where the condi
jDAj ¿ gcon is fulfilled. We have used a model Na2 sys-
tem, with As  84.3a0, gy  20.0 MHz, RB  42.0a0,
and C3  610.0 atomic units. We have also setbC 
2y

p
3 andf3  1y2, yielding

hblue 

√
16p2

9

!
gC , (14)

hred  hblue
X
y

nygy

sDA 2 Dyd2 1 sgyy2d2
. (15)

Our results show several important features which w
show up in optical probing of a condensate. First, the
nary rate at typical condensate densities can easily ex
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FIG. 2. The ratio of the light-induced loss rates for atom
in the condensate as a function of the detuning (herex  1).
The horizontal dashed line stands for the case whenGbinary 
Gatomicsnl-3

Ad, i.e., h  1. The red-detuned case shows stro
modulation of the loss rate due to the bound state resonan
but both the red- and blue-detuning cases feature clearly
suppression of the binary loss when the Condon point hits
node of the ground state wave function atjDAj , 100 GHz.

the atomic rate, depending on detuning. The rate for b
detuning varies smoothly with frequency and is compa
ble to the atomic one. Second, the rate for red detun
exhibits sharp features, just like the well-known photo
sociation spectra of cold alkali gases [11–16], and
exceed the atomic rate by orders of magnitude. Th
spectra can be expected to provide a sensitive prob
atomic interactions in the condensate. They are very s
sitive to the ground state wave function of the pair, th
is, the pair correlation function, and can be used to loc
the position of the node inCg near R ø As (for posi-
tive As). Spectra in a condensate will be simpler th
for the ,500 mK traps where photoassociation spec
have heretofore been measured, since onlys waves con-
tribute and there is no thermal broadening. Thus th
provide the opportunity for a more precise determinat
of As, and for probing possible modifications in the pa
correlation function due to the presence of the cond
sate. In addition, the detailed line shapes of the spe
[17] will likely be broadened and shifted by three-bod
or higher order interactions. Therefore, a careful study
line shapes versus condensate fractionx is likely to pro-
vide a much needed experimental tool for investigat
such interactions. Real alkali molecules also have s
eral excited molecular states that have photoassocia
spectra, so a wide range of Condon points can be
veyed, and provide consistency checks for probingCg.
The hyperfine structure in such spectra can now be a
rately calculated [21], as well as hyperfine radiative li
es,
e
e

e
-
g
-
n
e
of
n-
t
te

y
n

-
ra

f

v-
on
r-

u-

strengths [22], and the expression in Eq. (11) is read
generalized to include the hyperfine structure.

In this Letter we have shown that, for reasonable
tunings from the atomic resonance, excitation in bin
collisions will produce marked and characteristic mod
cations to the lifetime of the condensate. The freque
dependence of the photodestruction rate of the conden
depends sensitively on the ground state wave funct
We have given simple analytic formulas for estimati
the condensate spectrum in the extreme quantum lim
very low temperature evaporatively cooled gases.
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