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PHYSICAL REVIEW A VOLUME 54, NUMBER 5 NOVEMBER 1996
Influence of radiative interatomic collisions on dark-state cooling

T. W. Hijmans}! G. V. Shlyapnikov}? and A. L. Burir?
lvan der WaalsZeeman Institute, University of Amsterdam, Valckenierstraat 65-67, 1018 XE Amsterdam, The Netherlands
2Russian Research Center Kurchatov Institute, Kurchatov Square, 123182 Moscow, Russia
(Received 13 May 1996

We discuss the role of light absorption by pairs of atdnasliative collisiongin the context of a model for
velocity selective coherent population trapping with emphasis on its application to metastable triplet helium.
Our main interest is the application of such dark-state cooling schemes to the regime where individual quantum
states get multiply occupied, a regime which is sometimes referred to with the term atom laser. We show that,
because of radiative collisions, for positive detuning of the driving light fields from an atomic resonance the
conditions for proliferation of the occupation numbers of the lowest lying states can only be marginally met.
Multiple occupation of these states only occurs if a very efficient sub-Doppler precooling mechanism is
operative. In the case of negative frequency detuning the requirements on this sub-Doppler mechanism are less
restricting, provided one avoids molecular resonan®$050-294{@6)07211-3

PACS numbses): 32.80.Pj, 33.86:b

[. INTRODUCTION wheren is the gas density and2X the wavelength of light.
In the opposite limiting case the evolution of excited atomic
The investigation of macroscopic quantum phenomena istates is mainly governed by interatomic collisions induced
one of the prime motivations for the study of ultracold by resonance dipole interactigdl]. These collisions pro-
atomic gases. Recent successful experiments on Boseeed at a rate much larger than the rate of spontaneous emis-
Einstein condensationBEC) in trapped rubidium[1],  sjon and destroy cooling. In view of E¢l), to achieve oc-
lithium [2], and sodiun{3] gave a tremendous boost to this cupation numbers of the order of unity or larger the atoms
field of research. The breakthrough leading to the achieveshoyid gather in @ momentum range smaller than the single
ment of BEC was the implementation of evaporative coolingsnoton recoil. Cooling schemes based on dark states, such as
schemes, where cooling and thermal quasiequilibrium arGelocity selective coherent population trappifgSCPT)
provided by interatomic elastic collisions. It is important that 12-14) or schemes involving Raman pumping between dif-
?nteraction between atoms also governs the formation kinete, o hyperfine stateL5] can be used for this purpose.
ics of a Bose condensalé]. Whatever the scheme chosen, it will necessarily involve laser

A principal question with regard to quantum statistical .. . : i
- fields which drive the pumping, and hence spontaneous
effects concerns the possibility to reach large or even mac-

roscopic occupation numbers for a single-particle state in gmission which, und.er certain conditions, can lead to_com—
collisionless Bose gas, where cooling and phase-space corfression of atom; In momentum space. Reabsorption of
pression proceed through interaction of atoms with lightSPontaneously emitted photons, destroying the momentum-
rather than through interatomic collisions. The central idea i$PaC€ compression, can be, hopefully, circumvented by se-
to exploit the bosonic nature of the particles: once the occul€cting a high-frequency detuning of driving ligf] or by
pation number of a single-particle state becomes larger tha¢00sing at least one of the sample dimensions smaller than
unity, this enhances the rate at which the state is filled anéhe mean free path of a photon. Such geometrical means of
strongly influences the population dynamics6]. This is  reducing the effect of multiple reabsorption were success-
equivalent to the gain mechanism in lasers. Accordingly, thdully exploited in the optical cooling of atomic hydrogéh6]

term “atom laser”’[7—-10] has been coined to describe a gasand have been discussed in the context of atom 143&is

far from thermal equilibrium, with atoms accumulating in a  Exchange of longitudinal virtual photons between excited
single quantum state or at least in a very small region ofind ground-state atoms leads to resonance dipole interaction.
phase space. In this paper we will use the term atom laser ifihe influence of the mean field of this interaction on VSCPT
this sense, namely, to indicate the fact that low-lying atomiacooling was found small under the condition Eq) [18].
states acquire potentially large occupation numbers througWe will consider the case where the frequency detudinng
radiative processes rather than elastic interatomic collisionshe laser fields from resonance with an excited state is large
We will refer to such a gas as being in the collisionlesscompared to the natural line widihof this state. In this case
regime, meaning that ordinary elastic collisions are esserresonance dipole interaction manifests itself in interatomic
tially absent and the states are not necessarily occupied apair collisions (see, e.g.[19]). At interparticle distances

cording to a thermal distribution. where resonance dipole interaction compensates the fre-
Optical cooling of a gas in the collisionless regime re-quency detuning a colliding pair is resonant with the light.
quires the condition This is the origin of the well known process of light absorp-

tion in pair collisions, which we will refer to as radiative
collisions. Of particular interest is the limit of ultracold col-
nx3<1, (1) lisions, reviewed in, e.g., Ref20].

1050-2947/96/54)/43327)/$10.00 54 4332 © 1996 The American Physical Society
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At ultralow temperatures corresponding to teevave e
scattering limit, under the condition of Eql) the rate of - 5
radiative collisions is normally much smaller than the rate of $

absorption of light by single atoms. The situation changes
drastically for atoms in so-called dark states which are de-
coupled from the driving light field. In this case the coupling
of the dark-state atoms with the driving light is induced by
their radiative collisions with the atoms in coupled states. T

This process, unlike reabsorption of spontaneously emitted b
photons, can not be eliminated by arranging the sample ge-

ometry. In this paper we argue that fbf|>T" at any gas

density the phase-space compression to occupation humbers

larger than unity can be frustrated by this type of radiative b
collisions. The physical reason that these collisions can be

important even in a very dilute gas is the following: If we S

consider a small sphere of radipsaroundp=0 in momen- T
tum space, the filling rate of this momentum region from the

gas cloud of spatial densitp is roughly proportional to ) o
FIG. 1. Schematic depiction of the atom laser model. The bath

[1+n(p)]p°n, wheren(p) is the characteristic occupation :
number of momentum states in the small sphere. The colli@"d the system states are dendteands, respectively. The pump-

: . . . ing rate from the bath states IS, and the repumping from the
Slgunilgloss of atpms ffo.m this sphere is proportlonal tosystem back into the bath is denoted By. We assume thalf g
n(p)p°n. The ratio of filling to loss rate, being large for . . .

It fi b d ith i o vanishes for zero momentum. The wiggly line represents a sponta-
j:; te?l(éicsufoa el\ogorr]]gtne]m(te'% I(b';ag(]a.as'l'ehsevlley Ip?giftaiz(rgﬁat neously emitted photon. The excited state involved in the process is
- : o L denoted a® and its inverse lifetime i$".
both the filling rate and the rate of radiative collisions de-

pend on the degree of excitation of the atoms in a similagegyt of the random direction of the emitted photon. As the
way. However, the phase space available for the filling isocys of this paper is the role of radiative collisions with bath

ultimately set by the momentum change in the last spontanesoms, we omit all other potential loss mechaniginscon-

ous emission event, i.e., the pho_ton momentum, whereas thg,st to, e.g., Ref.7]) such as decay of the system states due
phase space available for collisions can be much larger. Ig, absorption of spontaneously emitted photons. Then the

view of this the question whether radiative collisions can g equation for the occupation numbegép) of the system
prevent the occupation numbers from reaching unity is pringiates with momenturp takes the form:

cipal.
We will analyze a simple general model for an atom laser ne(p)=—T«(p)Ng(p)+[1+ns(p)]
which includes radiative collisions and apply the results to
VSCPT cooling on al=1 to J=1 transition, successfully dqg
used to cool helium atoms in the metastabRS? state to X J 83D T(@P(p.q)
below the recoil energf12—14. For this scheme we discuss g
both the case of large positive and large negative detuning q
and show that the latter case is more promising for realizing —ns(p)f 3,3C(P.ANL(9). 2
an atom laser.

S

The first term denotes the loss rate of isolated atoms in the
system due to the presence of the light fields. It involves
optical pumping from the system states back into the bath.
We consider a general scheme for an atom laser, such &gearly it is advantageous if the lifetime of systems states
presented in Ref.7]. This scheme is depicted in Fig. 1. All increases with decreasing momentum. We will assume that
atoms are confined to a volume much larger than the opticdhis repumping rate vanishes quadratically with momentum
wavelength and such that the eigenstates of the translationfgr smallp: I's(p) =T'(p/p, ). Such a quadratic dependence
motion of the atoms aréapproximatg momentum eigen- is naturally encountered in schemes based on VSCPT or on
states. We have two sets of atomic states called the systewelocity selective Raman pumping. The regjp#p, can be
(labeleds) and bath(labeledb). The systens comprises just called a trap in momentum space. The second term inZq.
the atoms in the compressed momentum space describégithe pumping rate from bath states into the system. Here
above. The laser fields are tuned close to a resonance involV+(q) is the probability per unit time that an atom leaves the
ing an excited atomic state, which optically pumps the bath state having momentum, ny(q) is the occupation
atoms from the bath into the system. In Fig. 1 the pumpinghumber of the corresponding bath state, &1{g,q) is the
scheme is schematically represented as a single transitigrrobability density for a bath atom with momentunio end
connecting the bath states to the excited state followed byp in a system state with momentymafter a spontaneous
spontaneous emission into the system states, although emission event. The prefactor-Ing(p) in the second term is
practice the pumping scheme can be more complicatedhe Bose enhancement factor which is responsible for the
Spontaneous emission makes the atom end up in a systettasing” process. The third term in Eq2) is the focus of
state with momenturp, chosen so to say “by chance” as a this paper. It describes the absorption and subsequent reemis-

Il. GENERAL SCHEME
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sion of a photon from the laser fields in a collision between ) . D, ®,
the system atom and the bath atom. As the photon absorption _
strongly changes the relative motion of colliding atoms, such
radiative collisions will be a loss mechanism for system at-
oms trapped in the space of low momeptap, . For large 1
frequency detuning the rate constant of radiative collisions Bl 4 4
G(p,q) becomes momentum independent and can be written B 2
asG=,81“)(i. The cubic dependence on and the propor- 1 1
tionality to I" are a consequence of the resonant dipole inter- V2 2
action. The coefficienB depends ord, the Rabi frequency e
and details of the level structure. X_4 Xo X4

In view of Eq.(1) it is natural to assume that the momen-
tum trap sizep, <k, wherek is the photon momentum. In - £1G. 2. Level scheme involved in VSCPT cooling of HeThe
order to simplify the picture we describe the bath by intro-jower manifold is 2S,, the upper is 2P,. The numbers are the
ducing a sphereyay in momentum space, with the bath nonzero Clebsch-Gordan coefficients.
occupation numbers independentpfor p<ppax and zero

otherwise. Alsd’, is momentum independent. Accordingly, radiative collisions should be much smaller tharand the

np(4)=npA5, wheren, is the real space density of bath path temperature should be kept as clos& tas possible.
atoms, and their De Broglie wavelength,=(62)%
Pmax- IN @ nonthermal gas, the kinetic energy of bath atoms
is maintained by a dissipative optical cooling mechanism and
thus higher than the recoil energy, i.@mac>K. Since the We will apply the general scheme for the atom laser de-
momentum change during spontaneous emission is of ordecribed above to the case of VSCPT cooling of He in the
k andp, <k, the integral in the second term of E@) can  metastable 3S state(He*). In Fig. 2 we show the relevant
be written aSannbAg, wherea is a numerical coefficient levels involved in VSCPT cooling of He For simplicity we
which depends on the cooling scheme and the level structunill first consider a one-dimensional picture and later gener-
of the atoms. Witﬂ*b%f, the rate equatiof?) now reduces alize it to 3D. The model in the previous section relates only
to: to the 3D case. The 1D calculation presented here is not
meant as a 1D variant of this model but serves only to obtain
2 numerical results which we will show to be independent of
hs(p):f[_(ﬂ) ng(p) + an,AS[1+ng(p)] the dimension and which we will subsequently use in the
Ps generalization to 3D.
In the 1D VSCPT case the sample is irradiated with a
. (€)) o, and ao_ polarized beam propagating in the positive and
negativez direction, respectively. The Hamiltonian of inter-
action of an isolated atom with the light field has six eigen-
We introduce the parametey=(aA3)/(Bx%). Apart from  states. Optical pumping ensures that after a comparatively
the ratioa/B, the parameter; essentially denotes the ratio short time only three of the states in Fig. 2 remain populated
of the recoil energyE,=k?2m (% is set equal to unity [12]. In the absence of light the wave functions of two of
throughout to the bath “temperature’Tb~27r/mA§. As  these states can be written in the form:
we necessarily have>E, (A,<A) we may expect; to be

Ill. APPLICATION TO He *

— Bns(p)npa®

less than unity. For<<1 we find a steady state solution for 1 . .
the occupation numbers in the trap: Xe,u(P)= ﬁ[)(lexp[|(p+ k)-R}=x_expli(p—k)-R}].
_ 2/ 3 x3 (5)
Ns(P)= 7/[(P/P4 ) BpA®+ (1= 7)]. (4)

Here the labelc and u stand for coupled and uncoupled

The maximum occupation number is achieveddes 0. Itis  states, the plus sign relating j(p) (using the phase con-
smaller than unity unless is very close to 1. The fraction of vention of Ref.[12]). The atom coordinate and momentum
particles accumulated in the momentum-space trap is of thareR andp, andyy, is the wave function of the 2S atomic
order of (o, /Pmay) <1, hence forp<1 the atoms predomi- state with spin projectioM on the direction of light propa-
nantly remain in bath states. gation, which we select as quantization axis. The stgten

In the casen>1 there is no steady state solution. The Fig. 2 is depopulated by optical pumping. The statgsnd
occupation numbers of states witp/, )2<(7—1)BnyA®>  y_; are coupled by ther_ and o, beams, respectively, to
grow exponentially, with a characteristic inverse growth timethe excited 2P, state,, with zero projection of the total
I'(p—1)Bn,x3—T'(p/p,)2. We have an atom laser. There is electron angular momentum. The wave function of this state
no threshold due to the fact that we omitted all loss mechacan be written agho(p) = ¢oexplp- R).
nisms except radiative collisions. Ultimately the bath will be  The statey,(p) is called uncoupled because in the limit
depleted and the above approximations break down. Clearlpf p—O0 it is completely decoupled from the driving light
two criteria have to be met in order to make the atom lasefields. The rate$'; andI’,, at which x.(p) andx,(p) scatter
work: in order to havep>1 the prefactod which governs  photons are given bj12]:
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r IV. RADIATIVE COLLISIONS: POSITIVE DETUNING
I=(Q%2) 5777 (6) o L .
o~+TI<l4 Let us now consider light absorption in pair collisions of
atoms in the uncoupled statg,(p) with atoms in the
coupled statey.(p'). We will first discuss the case of posi-
Kn/m)?2 r _ tive frequency detuning, where the light is at resonance
Ty(p)= (kp/m)*5q2: P=P«, (7)  With continuum states of the excited quasimolecule. The
) - Hamiltonian of resonance dipole interaction for a pair of at-
Tel P=ps, oms labeled by (1) and (2) is given by
where p, =Q?m/ks. The Rabi frequency is defined as V= (dd®)r2—-3(d®r)(d®r) 9)
Q=dE, whered is the dipole moment of the 35—2°%P; r° '

atomic transition andt the electric field amplitude for each . .
beam. The scattering rate for atoms in the stgtép) is  whered® andd® are the dipole moment operators of the
proportional top? for small momenta. Hence we can identify colliding atoms, and the vector of interparticle separation.
the statesy,(p) for p<p, as our system states. The statesUnder the conditions>I"=4d?/3x° radiative transitions
x<(p), as well as the stateg,(p) with p>p, , can be con- predominantly occur at interparticle distancesx where
sidered as comprising the bath. To complete the corresporthe resonance dipole interactidfd?/r® compensates the
dence with Egqs(2) and (3) we note that the excited state frequency detuning. At such distances we can omit the fac-
decays intoy; and y_; (and hence intgy. and x,) with  tors expi(p+Kk)-R] and expi(p—k)-R] in the expressions
equal probability. Accordingly, the coefficient=1/2 (see  for x.,(p), and the initial-state wave function of a colliding
also Ref[12)]). pair takes the form

Light absorption in pair interatomic collisions requires at .
least one of the colliding atoms to be in a coupled state, since V=PyxVx?, (10
for a pair of atoms both in uncoupled states the resonance

d_ipole interaction is practically absent. Therefore,_the colli-yyhere |Sg is the symmetrization operator with respect to in-
sional loss term for the system atoms in @) will be  orchange of electrons and their inversion. The index
proportional to the occupation numbeg(k) of the coupled  ghoys that the initial electronic state of the quasimolecule is

states with momenta arounid We defined our bath as con- gerade The two atoms forming the pair are labeled by the
taining both coupled and uncoupled states, but only th%uperscripts{l) and (2).

coupled part contributes to the radiative collisions. Except gycited quasimolecular states to which radiative transi-
for very small momenta, the time scale on which the popusions ocecur areungerade For 8>0 the quasimolecule

lations change is long compared to the optical pumping timesomeq in the light absorption process corresponds to repul-
therefore detailed balance ensures that the ratio of the 0CCWjye potential of interaction. Diagonalizing the Hamiltonian

pation numbers of coupled and uncoupled states satisfies thg esonance dipole interaction E¢9) we find five such
condition

states:
_ -~ 1
Ne(P)Tc(p)=nu(P)Ty(P). 8 By = puﬁ(x<11>¢52>+)(<01>¢<12>),
Hence, asl“c=l“u=f for p>p, , we can express the decay _ 1 _ _
of ng(p) in terms of the bath occupation numbers by substi- D,_1=P,—=(M P +x 2,
tuting n.(p) = ny(p)/2. V2

The effect of radiative collisions can not be reduced by
relaxing the above assumptign, <k. Let us demonstrate I | _ -
this for the extreme case, whepg =pax. We still assume &= PUT(}'?)%Z)—%D ¢,
Q< 4. In this case it is more natural to define the system 2
states as uncoupled states in a small momentum range
p<p near zero Pp<Kk). Then, for bath states we have ~ S S
I'y(a)~T'c(a/p,)? and, hence, most of the atoms will be ‘Dl—l:PuE(X(—li & =Xo" 62D,
pumped into the uncoupled stdigee Eq.(8)]. As only the
population of the coupled states contributes to the collisional
loss of system atoms, the rate of radiative collisions involv- - 1 ~ ~
ing coupled-state atoms with momentuyis reduced by a B=————[ 20,5+ (V3—1)Dy]
factor ~(q/p, )? compared to the cage, <k. On the other 6-2V3
hand, the optical pumping rate is reduced by the same factor. 1
This is again clear from Ed8) which shows that the optical _z ~1)3(2) =()T2) =12
pumping rate from coupled states should be exactly half the Py m[h ¢*1+(\/§ Dxo"do” +x=1¢17],
total pumping rate from coupled and uncoupled states, just as
we found above fop, <k. (11



4336 T. W. HIUMANS, G. V. SHLYAPNIKOV, AND A. L. BURIN 54

where ®,,, is the electron wave function of the excited 0)\2 3

(2%P;—23s,) quasimolecular state, with total electron an- V:7-A( 3) I'ng(neA®). (18)
gular momentumJ and projectionM, and ¢, is the wave

function of the 2P, atom, with projectionm of the total If we replaceng in Eq. (18) by ny(p) we obtain the decay

angular momentum. The tilde is used to denote that the quamate of the occupation number of system atoms with momen-

tization axis is here the internuclear axis. The first four statetum p due to pair radiative collisions with bath atoms in

are characterized by the potential uncoupled states. As those represent only a part of the bath,
the above defined effective rate constant of radiative colli-

d? sions G (and parameteB) are proportional to the ratio
V(r)=ﬁ, (12) n./ny. As we already mentioned fop, <k this ratio is
equal to 1/2. Then, comparing Eq4.8), (6), and (7) with
and the fifth one by Eq. (3) we find 8=7.4 and(with o= 1/2) obtain
J3+1) d? 7=0.068 A3/ x%)=4.06%p3 ., ~3(E, /Tp)%% (19
V*(r)= T r—3 (13)

Unlessppax is within a factor 1.5 ofk, the parameter; is
less than unity. In other words the atom laser can only be
realized in the case of positivé if the bath is essentially
cooled down to the recoil energy. As noted above @§)
remains unchanged fgo, >k since in this case the ratio
n./n, becomes smaller than 1/2, but the filling rate reduces
Dy = (_1)M’*M¢JMD{M, (6,00, (14 by the same factor.
M ' The above results are easily generalized to 3D and per-
haps surprisingly the result does not change. The key point is
whereDM,M(e ¢, ) is a finite rotation matrix. The angles that the final states of the colliding pair given in E41)
0,¢ determine the orientation of the internuclear axis withremain unchanged and we need only to reconsider the initial
respect to the axis of quantization. state. In a 3D VSCPT cooling scheme different configura-
Radiative transitions couple the initial state with the stategions of laser fields are possible. It has been shpin (see
®y, P, 1,P,,P,_,. The dipole moment of the corre- also Ref[13)]) that for aJ=1 toJ=1 transition there always
sponding transitions is equal /2. Accordingly, the di- €xists an uncoupled state wigh=0. This uncoupled state is
pole moment,,, of transitions from the initial statél0) to a vector Y{R) which satisfies the condition that the local
the first four state$l11) is spin vector is everywhere proportional and parallel to the
polarization vector of the applied light field:

One can transform the states of Hd1) on the original
guantization axigdirection of light propagationby using
the transformation

=i(DJ_M’_1+DJ_M11). (15) #R)=cE(R), (20)

dJM \/E
_ wherec is a normalization coefficient, ari€ R) is the laser
The dipole moment of the transition to the stdtds electric field at positiorR. Commonly the geometry of the
light fields is selected such that it consists of three, mutually

d orthogonal, pairs of light fields each consisting of counter-
d,=— —(D _,+Dj 1) (16) propa.gatin_ga+ and o beams, just_as in the_ _1D case. The
\/6—2\/5 resulting fieldE(R) is rather complicated, giving rise to a

light field potential and a pumping rate which are modulated
In our limit of large detuning the light absorption is domi- in real space. As in the 1D case, one can generaliz¢Zy.
nated by distances in a narrow vicinity of the resonance sep&nd obtain the expression for the “uncoupled state” with
ration r; determined by the conditionV(r)=6 [or  #0. Then the loss rate from such “uncoupled” states is
V, (r)=45], and the number of absorption events per unitagain proportional t@® [21,13. When considering radiative
time and unit volume is given bgsee, e.g.[19)): collisions we can again omit all momentum labels, since for
|8|>T the dominant contribution to the rate of light absorp-
d, (6,¢) 2 tion comes from interatomic distances\, while the opti-
VZZWQZ”cnsf d3r| | === 8(V,(r)—9) cal potential(and the functiory) vary on a length scale of

Vad order\. At each pointR we can define a local quantization
d 2 axis perpendicular to the vectgiR) and find two orthogo-
+Z m(0.¢) S(V(r)=8)/, 17) nal coupled stateg.; and x., which form the complement
N J2d of Y(R). The uncoupled state plays the role of the state

Xu, introduced above for the 1D capsee Eq(5)], and the
whereny is the density of atoms in system stafaacoupled two coupled states correspond to superpositiongotind
states withp<<p, ), n. is the density of coupled states, and xo.
the summation should be performed over the first four states One difference from the true 1D case is that due to the
(11). Using Egs.(15), (16), (12), and (13) we obtain from nonlocal nature of the pumping process neither of the states
Eq. (17): Xc1 and x., is depopulated. However, ag., and x., are
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related by a simple unitary transformation, one immediatelyd;y to the first three states of ER1) are again given by Eq.
finds that the probability that the atom is optically pumped(15) and the dipole moment of the transition to the state
into the statey{R) from either of the coupled states is ex- & _ is

actly 1/2, just as in the 1D case described above. Similarly,

the result of the calculation presented above for the rate of

radiative collisions carries over without change: We should d, ,=—(D§',1+ D3)). (22
only replacen, in Eq. (18) by the total density of atoms in V6+ 2\/5

the statesy.; and xco.

The results of this section rely on perturbation theory andl'he exact location of discrete vibrational levels in these po-
do not take into account the influence of light on the wavetentials can only be found if one knows the short-range form
function of the relative motion of atoms in the initial state. In of the interaction potentials. Nevertheless, the spadiag
fact this wave function was implicitly put equal to unity at between adjacent levels with binding energigande , . ; is
r close to the resonance separatign which assumes that determined by the above given resonance dipole potentials
the ratioQ/ is sufficiently small. The situation is different V- and V,_: Ag,~g(r /ro)"*~(e,/T)¥(xlr)*?,
if (Q/8)krs>1, wherek=ms is the momentum of the Wherer is the outer turning point for the relative motion of
relative motion acquired by a colliding pair in the light ab- atoms in the bound state with vibrational quantum number
sorption process. Then the light will provide a repulsion be-», andro=md*>r. Hence, we can find the photoassocia-
tween the potential curveé(r) [or V, (r)] and the potential tion rate as a function of the frequency detuning from the
curve of the ground electronic statshifted by the photon nearest vibrational resonance. If the light is nearly resonant
energy. This decreases the probability for two atoms to ap-With the vibrational level, the rate of photoassociation will
proach each other to distanaesr s where the light absorp- be
tion is most efficient. Hence, in principle, there is a possibil-
ity to reduce the rate of radiative collisions by increasing r f”w () (r)r2dr
Q/ 6. In the case of Hg for realistic frequency detuning this (6—&,)°+T?| Jo 77 9
requires the Rabi frequency to be significantly larger than (23
8, as the quantitkr s will not be much greater than unity.

2
vpa=4ma;0? NcNs.

Here ,(r) and y4(r) are the radial wave functions of the
relative motion of atoms in the initial and final electronic
states of the quasimolecule. The coefficiegt=1/(2J+1)

For negative values of the situation is completely dif- for the statesb,y given in Eq.(21) anda,=0.042 for the
ferent from the case described above, as the light can only tetate®_ . The main contribution to the integral in E(4)
at resonance with discrete vibrational levétsving orbital comes from the vicinity of the tuning poimt. Unlessé and
angular momentum equal to 1 and high vibrational quantunz, are very large, the wave functiaf, can be put equal to
numbeyj of the electronically excited molecule. This meansunity at distances~r,. Calculating the integral by using a
that radiative collisions will be nothing else than photoassoiinear approximation for the potentials (r) andV, _(r) in
ciation, a process well investigated in ultra-cold alkali atomthe vicinity of r, we find
gases(for a review se€22,23). In analogy to Eq.(11),
diagonalizing the Hamiltonian of resonance dipole interac-
tion Eq. (9) we find four attractive excited electronic states: Vpa™ WbJ(E

V. NEGATIVE DETUNING

Q 2 FZ

) mAgpﬁncns. (24)
D=P VP, For transitions to the stat®,y we haveb,=a,, and for

transitions to the stat® _ the coefficiento;=0.015.

®,_,=P X Y3, At resonance the rate of photoassociation E2zf) is
larger by a factor~Ae,/T" than the rate of radiative colli-
sions given by Eq(18) for similar but positive detuning.
However, for large detuning the level spacing becomes very
much larger thad™ and for most values of one will miss
the vibrational resonances. The photoassociation rate is the
smallest when the frequency detuning is just in between two
resonances, i.e., is of ordar . In this case the two nearest
resonances will give the dominant contribution and, assum-
ing 6—e,~Ag,, we have

O R
o= P (12T

_ 1 _ -
O =——[( \/5"‘ 1)Ppo— \/Eq)zo]

V6+24/3

_ ﬁu;[}?&l@@i—(\@+ DXL BD + 7Y 2. vpa~ (Q/8)*I'?/Ae, )Nk, (25)
'6+2\/§ which is smaller by factor of orde/Ae, than the rate of
(21) radiative collisions for similar but positive detuning. Accord-
ingly, we havenp~(A,/X)3(Ae,/T"). Hence, for the nega-
The first three states are characterized by the interaction paive § cases can in principle be increased to a value above
tential V_(r)=—d?r® and the fourth one by unity for higher bath “temperatures” than in the case of
V, _(r)=(1-+3)d%2r3. The transition dipole moments positive &.
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In practice, however, negative detuning does not lead teoealize the operating conditions for an atom laser using
sub-Doppler cooling in a VSCPT scheme onJal to VSCPT but in practice it may be rather difficult. Clearly all
J=1 transition. Therefore if we only rely on Doppler cool- other loss mechanisms should be carefully eliminated.
ing to cool the bath, the increase i resulting from the Although we did not analyze in detail other atom laser
reduced rate of radiative collisions is counteracted by thechemes, we believe that in general it is crucial to take the
decrease of\,,. It is not clear whether this problem can be effect of radiative collisions into account when considering
easily dealt with. these models.

VI. CONCLUSIONS
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