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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.
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The recent achievement of Bose-Einstein condensationostic of atomic interactions in the condensate. The ex-
(BEC) in alkali gases using the combination of laser andremely low temperature of the evaporatively cooled gases
evaporative cooling have given a new urgency to the studglso permits us to give an accurate analytical expression
of ultracold atomic and molecular processes [1—-3]. Lasewhich is much simpler than that for the thermally broad-
cooling alone is not sufficient to reach condensation, duened line shapes [17] in laser cooled and trapped gases.
to the atomic recoil heating and collision-induced loss The first issue we have to address is when one can treat
processes that occur in the presence of a laser field. Ahe interactions within a condensate induced by the light
present the only way to achieve the necessary conditiorfield as binary events. Although the condensed atoms
for BEC (temperatures below 2K and densities above form a single quantum system, it is still proper to deal
10! atomg'cn?’) is to use evaporative cooling on a gaswith the strong dipole-dipole interactions involving ex-
precooled using laser techniques. Once a condensate déed atoms in the gas using the binary collision approach
formed, however, one would like to know if light can be in certain limits. This does not mean that the propaga-
used to study its properties. In addition, laser fields mayion of light in the medium is a pure binary process. The
be used for controlling the condensed atoms and for doingropagation can be handled using a polarization or a mul-
atom optics [4]. This will most likely be a major theme tiple scattering technique. The formalism for doing this
in the years ahead as one attempts to use condensed galkas been set up in Ref. [8].
for interferometry, probes of the properties of matter, and In the dilute gas limit the many-bod§ matrix approach
lithography. One important application has been the uskandles the onset of multiple particle effects by including
of a far-detuned laser to remove the zero magnetic fielthe occupation of intermediate states in the perturbation
hole in a quadrupole trap in the MIT BEC experimentexpansion [18]. We have to ask, therefore, what is the
[3], but there also are proposals for achieving BEC usingccupation of the relevant states in a collision in which
laser-driven schemes [5]. There is, of course, the closeldipole-dipole interactions are dominant. The only state
related issue of producing an atom laser: This is thehat can play an appreciable role is, of course, the macro-
equivalent of a laser for atoms and is a source of cohererscopically occupied condensate. Strong dipole-dipole in-
matter waves. Again, some schemes for making one relieractions, however, give the colliding pair momenta that
on the presence of a laser field [6,7]. are very large compared to the small amount that con-

For these reasons it is important to look at how the presedensed particles have (they do have some because of the
ence of a laser field influences the atomic interactions itrap). This means that the effect of the condensate in the
a condensate. The theory of light interaction with con-middle of the dipole interactions can be quite safely ig-
densates has been discussed by several authors [8—10hred. This is distinct from the case of the weak elastic
and we shall use part of their work in our treatment. Theground state interactions where, particularly for the case
theories given so far do not address in detail the issue aif attractive interactions, the many-body changes tarthe
how strong binary interactions will affect the evolution matrix produce profound effects [19]. Ignoring these ef-
of the condensed gas, and this is what we shall do heréects in the binary interactions is only valid, however, if
In particular, the condensate will have a photoassociatiothe detunings are sufficiently large, an issue that has been
spectrum [11-16], which we suggest will be a good diag-addressed in Ref. [9].
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There are many-body effects that we have to include
explicitly, i.e., for cases where we excite close to reso- blue A
detuning |

nance we have to allow for the fact that for long range in-

- i, V(R)
teractions the atoms may be able to make transitions back | |
to the condensate. This possibility has in effect two con- |
sequences. The first is a collective effect, i.e., the super- | atomic
radiant enhancement of the excited atom decay yalg | transition
which may be shown to have the following form [9]: |
[
_ oL |
Ycon = (n/‘A) /‘_A YA (1) Y
where! is a typical linear dimension of the trap,is the R, R
particle density in the condensat®, = A,/27, where - o

f);g lié?]i Wave;ﬁr&gth igft:]heenaatfun:é? ;?OS;?? ggi ;ra:\ astlélon ag—‘IG. 1. The typical ground and excited state configuration for
g yoa, YA y : cold collisions in light fields in the detuning regime where

We should emphasize that this enhancement of the decalye excited state structure is dominated by the dipole-dipole
rate and hence the width of the line does not necessarilyiteraction. The attractive excited state will become strongly
lead to extra loss from the condensate due to light scatterepulsive at smallR (not shown), and has thus bound state
ing. This is because the transitions contributingytg, structure, whereas the repulsive state leads to dissociation.
end up back in the condensate. The second effect that weince most of the fluorescence is to the untrapped states.
have to consider, in principle, is the change in the binarywe shall assume that the light intensity is low enough
interaction due to this enhanced decay. To avoid both ofhat the photoinduced collision rates can be calculated
these complications we shall suppose we are detuned moperturbatively in the strength of the light field.
than the collective width of the line. This means that we At very low T, only s waves contribute to collisions
can treat the interaction as being dominantly binary. Wexnd
can conclude, therefore, that for detunings that are much 2 — x
larger thany.,, we can treat the light-induced collisions Kioss = 2( >
as binary events. In particular, we shall compare the bi- .
nary ratelyin.y for photoinduced loss of atoms from the where pht_e first factor2 _oxf 2 resu_lts from two atoms lost
condensate (and probably from the trap as well) with ther collision, and the=~ factor is due to the presence

)Z—,’f (SeE AP, @)

loss ratel',iomic, due to single atom recoil: of a condensate with fraction [23]. Here |S,.|* is
2 the s-wave S-matrix element for the photoinduced loss
Caromic = ')’A<&> i (2) process,u is the reduced mass for the colliding pair,
Ay ik = 2uE)'/? is the asymptotic momentum for their

relative motion, and the brackets imply an average over
the distribution ofk.
For blue detuning and weak optical coupling

where /i{), is the atomic optical coupling matrix ele-
mentanddy, = w — w4 >> Ycon IS the detuning from the
atomic resonance frequency. We now turn to the detailed
calculation ofl'vinary = 1Kjoss, Wheren is the condensate > 2 2
density andk o, isythe binary rate coefficient. Although [Sge (B, A" = 4m | (W (E)Vie Ve (E + RANI"
our results are expressed in analytic form for a simple ex- 4)
cited state model, they are obtained from a fully quantum
mechanical model for ultracold collisions in a weak radia-Here ¥, and ¥, are the energy-normalized ground and
tion field [20], justified by quantum scattering calculations,excited state wave functions, respectively, avig =
and can be generalized to apply to real alkali atoms withQQ(R) = hib(R)Q, is the optical coupling matrix ele-
hyperfine structure [21,22]. ment. The functionb(R) relates the molecular optical

The effect of binary collisions depends strongly oncoupling to the atomic. For red detunings, the collision
whether the laser detuning, is to the red or blue of matrix element depends sensitively on the positions of the
the atomic resonanae,. The resonant dipole interaction molecular bound states [17]:
gives rise to attractive and repulsive states, as shown in 5 Yo ¥s(E,v)
Fig. 1. Blue detuning, therefore, excites to a repulsive |Sge (B, Aa)I” = Z _ 2 2°

. . . . . . ) (E/ﬁ + Ay Ay)? + (')/v/z)

state, which dissociates and releasesA, in kinetic

energy shared between the atoms. Red detuning, on th ®)
other hand, excites bound levels of the attractive potentialV""¢"®

The subsequent decay of such vibrational levels, at 27 )
molecular ratey,, results in the loss of trapped atoms, vs(E,v) = = (W g (E) Ve W1 (6)
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Here WV, is the wave function corresponding to the vibra-where
tional level v of the bound excited state, ard, is its R4 5 R\
position (detuned from the atomic resonance). In conven-4(R) =1 — <_B> , p(R) =R — A, — = <_B> R.
tional photoassociation spectroscopy [11-16], the spread R 3
of E is comparable toy, /2, and the variation withE (10)
of both the numerator and denominator in Eq. (5) af-
fects the photoassociation probability, requiring numeriHere A; is the scattering length for the ground state
cal evaluation of the thermal line shapes. The spread diotential, andRs = (uC,/104%)'/* has the values 42
E is so small for evaporatively cooled gases thatan for Na and 774, for Rb. If the correction due to the long
be set to zero in the denominator of Eq. (5). In addi-range potential is neglected, the wave function takes on
tion, y,(E, v) = k so that|S,,|*/k is independent of as  the simpler formz = 1, p(R) = R — A [14].
k — 0. Thus the brackets in Eq. (3) are unnecessary for At the Condon point we write)(Rc) = bcQ4 and
this case. The same is true for blue detuning, Eq. (4). Use the fact thaC; = f3fiyaX1, where the molecular

In both cases, for a slowly varyin§(R), we can structure factorsd < be < 2/4/3 and 0 < | f3| < 1/2
rewrite the squares of the coupling matrix elements aglepend on the particular molecular states involved. For
Q(Rc)%fc, whereRc is the Condon point, i.e., the reso- blue detuning the binary loss rate per atoRbis, =
nance point for the quasimolecule (as illustrated in Fig. 1)Kioss”, IS
for which iA, = V,(R¢) — V,(Rc) = C3/R¢ (Cy is the
dipole-dipole potential coefficient arid, andV, are the ~ Tpte. = Ff)li,)my = (2 — x) (nX3)gc T atomic
ground and excited state potentials, respectively), and (11)
is the Franck-Condon factor between the ground state
wave function¥,(R, E) and the excited state wave func- when gc =[1 — (Rg/Rc)*1[1 — Ay/Rc — 2(Rp/

tion; a free state with energff + /iA, for blue detun-  R.)*/3]? and I'yiomic, defined by Eq. (1), is the rate for

ing: fc = (W, (E)|W.(E + hA4))*, and a bound state the recoil heating for the atomic case. For red detuning
v with binding energyZA, = A, for the case of

red detuning:fc = (W,(E)|¥,))?*. Since the ground pred O Vy Yo (12)
state wave function varies so much more slowly with binary PNy L (A — A2 + (v,/2)?°

R than the excited state wave function, a simple reflec-

tion approximation provides an accurate expression for Figure 2 shows the ratig for x = 1, defined as

872be.f
3

the Franck-Condon factors [20] reoler 7, 03
| color __ binary nAp (13)
blue: fc = D_ |‘I’g(RC,E)|2, @) Catomic
Cl where color stands for red or blue, depending on which
red: fc = huvD— I‘Ifg(Rc,E)IZ. (8) detuning case we consider. This factor shows how the
C

binary loss and pure atomic loss compare when we have

Here D¢ = |d(V, — V,)/dR] is the slope of the differ- ©One particle in a volumeﬁ. Th_is density scale can be
ence potentia| aR = Rc, and vy is the vibration fre- regarded as more or less typlcal for condensates. We
quency for the excited bound level. The derivation should emphasize that the pure rafigory/Tatomic iS
of the above expressions in Ref. [20] follows the Appen-Proportional to the particle density in the condensate, as
dix of Ref. [24], generalized to low collision energies; the €xpected for binary processes. Figure 2 shows clearly the
I/DC factor results from the familiar stationary phase ap_differences between the blue and red detuning cases. The
proximation for Franck-Condon factors [24]. detuning region displayed is one where the reflection prin-

The Franck-Condon factof is proportional to the ciple approach can be applied, and where the condition
square of the ground state wave functionRat. The  |Aal > vyeon is fulfilled. We have used a model Nays-
spectrum, therefore, serves as a probe of the ground std@m, with A; = 84.3a¢, y, = 20.0 MHz, Rz = 42.0ay,
pair correlation function. This shows that measurementgnd C3 = =10.0 atomic units. We have also sét =
of the optical spectra due to strongly interacting pairs in2/~/3 andfs = 1/2, yielding
a condensate might be used to study such correlations, as 2

: blue 167

suggested in Ref. [25]. ( )gc,

A simple analytic expression for the ground state wave 9
function at long rangekR > Rp, corrected for the effect of pred = yblue Z Vy Yo . (15)
the long range-Cs/R® van der Waals potential, is given 7 (A — A2 + (7,/2)?

by [20] Our results show several important features which will
2 \? . show up in optical probing of a condensate. First, the bi-
<wh2k> a(R)sinkp(R)], (©) nary rate at typical condensate densities can easily exceed

(14)
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R, (a) strengths [22], and the expression in Eq. (11) is readily
generalized to include the hyperfine structure.

In this Letter we have shown that, for reasonable de-
- 3 tunings from the atomic resonance, excitation in binary
b ] collisions will produce marked and characteristic modifi-
cations to the lifetime of the condensate. The frequency
dependence of the photodestruction rate of the condensate
depends sensitively on the ground state wave function.
We have given simple analytic formulas for estimating
the condensate spectrum in the extreme quantum limit of

very low temperature evaporatively cooled gases.
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FIG. 2. The ratio of the light-induced loss rates for atoms
in the condensate as a function of the detuning (here 1).
The horizontal dashed line stands for the case whigh., =

Taomic (nA3), i.e., 7 = 1. The red-detuned case shows strong
modulation of the loss rate due to the bound state resonances,
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