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We develop the idea of manipulating optically the scattering lergth low-temperature atomic
gases. If the incident light is close to resonance with one of the boutevels of electronically
excited molecules, virtual radiative transitions of a pair of interacting atoms to this level can significantly
change the value and even reverse the sign.ofThe decay of the gas due to photon recoil and due
to photoassociation can be minimized by selecting the frequency detuning and the Rabi frequency.
Our calculations show the feasibility of optical manipulations of trapped Bose condensates through a
light-induced change in the mean field interaction between atoms, which is illustratedLfor
[S0031-9007(96)01316-6]
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The recent successful experiments on Bose-Einsteiatoms in the excited state is much stronger than in the
condensation (BEC) in magnetically trapped gases of Riground state, at moderate light intensities the scattering
[1], Li [2], and Na [3] have generated a lot of interest amplitude can already be significantly changed. Aside
in macroscopic quantum behavior of atomic gases atrom the collective effects, as discussed here, optical con-
ultralow temperatures. These experiments were enablddl of the rates of intrinsic inelastic collisions [6,12] and
by efficient evaporative [4] and optical cooling [5,6] elastic collisional rates [13] has attracted a lot of interest.
methods combined to reach the necessary temperaturesThe presence of the light field also induces inelastic
(T =1 uK) and densitied0'> < n < 10'* cm 3. processes, such as photon recoil and light absorption

A principal question for BEC in atomic gases concernsin pair collisions (with regard to cold collisions, see
the sign of the scattering lengthfor the pair elastic in- Refs. [14] and [15] for review). Photon recoil is the result
teraction. Fowm > 0, elastic interaction between atoms is of the scattering of light by single atoms. At subrecoil
repulsive, and the Bose condensate is stable with respecttemperatures, typical for achieving BEC, recoiling atoms
this interaction. Ifa < 0, elastic interaction is attractive, are lost as they overcome the confining barrier and escape
and this is the origin of a collapse of the condensate in #rom the trap. The probability of light scattering by single
homogeneous gas [7]. For trapped gases with 0 the  atoms is proportional t¢()/5)?, where Q is the Rabi
situation is likely to be the same, provided the interactiorfrequency ands is the frequency detuning of the light
between particles exceeds the level spacing in the trappingith respect to a single atom at rest. To suppress the
field [8,9]. If this interaction is much smaller than the level recoil losses the rati6) /6 needs to be sufficiently small.
spacing, there is a gap for one-particle excitations, and iThen, for positives, where the light is at resonance with
is possible to form a metastable Bose-condensed state [3jontinuum states of excited quasimolecules, the change
Among the alkalis, there are atomic gases with positive asf a will also be proportional ta(2/8)* and thus very
well as with negative: [10]. Also, the magnetic field de- small. To have small recoil losses in combination with
pendence ofi was predicted [11]. a significant change af, the detuningé should be large

In this Letter we develop the idea of manipulating theand negative and not too far from a vibrational resonance
value and the sign of the scattering length by using nearlyvith one of the boundp states of the electronically
resonant light. Since changimgdirectly affects the mean excited molecule. However, the vicinity of the resonance
field interaction between the atoms, this offers a poswill also lead to photoassociation in pair collisions,
sibility to investigate macroscopic quantum phenomendollowed by spontaneous emission and loss from the trap.
associated with BEC by observing the evolution of aHence, the frequency detuning, with respect to the
Bose-condensed gas in response to light. The physicaith (nearest) vibrational resonance should greatly exceed
picture of the influence of the light field on the elasticthe linewidth of the resonance. We established that it
interaction between atoms is the following: A pair of is possible to change the scattering length substantially
atoms absorbs a photon and undergoes a virtual transitiand even switch its sign without excessive recoil or
to an electronically excited quasimolecular state. Then iphotoassociation losses. This will be illustrated fhii.
reemits the photon and returns to the initial electronic state We consider low gas densities satisfying the condition
at the same kinetic energy. As the interaction between nk <1, @
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where 277 A is the optical wavelength. Then collective whereé(r) = e,e,(r), U(r) is the interaction potential in
optical effects [16] are absent, and at sufficiently lowthe ground electronic state, aeg the polarization vector
temperatures the line broadening of optical transition®f light. The Rabi frequency is defined & = dE/+/2,

is determined by the natural linewidth = 44d%/3hiA%, where E is the amplitude of the electric field of light.
where d is the transition dipole moment. We analyze In Egs. (2) and (3) we neglect the light shifts at infinite
the influence of incident light with largd|s| > I')  separation between atoms and omit the recoil. These
and negative frequency detuning on the interaction in &quations lead to the following integral equation §ifr):

pair of atoms, with vanishing wave vector of relative _ 2 0ot (ol NG (! v
motion, k — 0. The light frequency is assumed to be $@I) = dolr) + O [dr dr'Glr’, NEENCETr)
nearly resonant with a highly excited vibrationallevel X £ (r'). 4)

(with vibrational quantum number, rotational quantum o G(r,r') and G(r,r') are the Green functions of

numbgr] = 1, and binding gnergyy) in the intera_\ction Egs. (2) and (3) withQ) = 0. The wave functiong,
potential V(r) of the attractive excited electronic state yoscribes the relative motion of atoms with zero energy
of the quasimolecule, i.e., the frequency detuning withe,, he potential U(r) in the absence of light. This

respect to this levely, = 6 — e,, is much smaller than ¢ nction is a solution of Eq. (2) witf) = 0. The Green
the local vibrational level spacind\e, = &, — &,41 function G(r, r') has the form

(hereatter, all frequencies are given in energy units). Then .
radiative transitions of the pair from the ground electronic . 1) _ do(r)do(r),  r<r’
state to the excited level are most important. These ’ 4mh? do(reo(r), r>r’

where ¢o(r) is a solution of the same Schrédinger

transitions occur predominantly at interparticle distances

in the vicinity of the outer turning point, for the relative i : ,
equation as that foi(r), but contains only an outgoing

spherical wave at large: ¢o(r) — 1/r for r — . As

motion of atoms in the bound state i.e., V(r,) = —¢,.
the frequency detuning of light was chosen such that

Unless e, is very large,r, is determined by the long-
range part ofV(r), represented by the resonance d|p0|e|6 | < Ae,. the bound state should give the dominant
gontribution toG(r,r’), and we may use

(5)

term. If e, and|8| are still much larger than the Zeeman
and fine structure splitting, then, at interparticle distance
relevant for radiative transitions, the polarization vector of G@,v') = =y, () (x)/(5, + il), (6)
the attractive excited quasimolecular statg, is parallel

to the internuclear axis, arid(r) = —2d?/r3. Hence, as
g, ~ |8 > T, we haver, < A.

For sufficiently largee, and 6, spontaneous emission

of excited molecules predominantly produces nontrappe

atoms with kinetic energies of order,. These atoms through the overlap integrdh = [ dr’ do(r') &))" (x").

practically do not interact with the driving light and : ; : :
escape from the trap. Therefore, the problem of findingThen the exact solution of Eq. (4) Is straightforward:

the scattering length in the presence of light is equivalent ;) — 4 ) — Oy [dr'y, () éE(X)G(r, 1) @
to a scattering problem which can be described in terms 6, + (Q2/Ae,)B + il

of wave functions of the ground and excited electronice quantity(Q2/Ae,) 8 describes the light-induced shift

quasimolecular states. These states are coupled by lighf the ,th vibrational resonance, and the numerical fac-
and spontaneous emission from the excited state can hg, B = Ae, [drdr'G(r,v)é@)y:@)EX) Y, ). As

taken into account by adding the “absorptive pafil" iy the limit of zero energies only the-wave contribu-
(the spontaneous emission rate for mo!ecules Is twice & to #(r) and ¢ (r) is important, the scattering length
large as that for single atoms) to the interaction poteny, the presence of light can be found from the asymp-
tial V(r). _ o totic form of ¢(r) at large distancesp(r) — 1 — a/r

In the Born-Oppenheimer approximation the total wavesg, , — o At large r, the Green functiorG(r,r') =
function of the quasimolecule in the presence of light can,, 4 vy /477527, and Eq. (7) yields

be written as¢(r)lg) + ¢ (r)le), where|g) and |e) are 5 -
the electron wave functions of the ground and excited a=7a-+ (Q°/Ae,)B r (8)
electronic states. The wave functions of the relative 8, + (Q%/Ag,)B + il'
motion of atoms in these state$(r) and (r), can be with @ the scattering length in the absence of light, and the
found from the system of coupled Schrodinger equationsnumerical facto3 = (mAe, /47 h%r)|Io|*. It should be
h? emphasized that Eq. (8) is valid for any ratio betwé®y
- Arg(r) + U(r) + Q&my(r) = 0. () zn4(02/A8,)8.

The main contribution to the integrals in the equations

where y, (r) is the wave function of this state in the ab-
sence of light. Accordingly, the dependence of the rhs of
Eq. (4) ong(r) will be contained only in the integrdl =

dr' ¢ (x") (') (x). Multiplying both sides of Eq. (4)

y &(r)y;(r) and integrating overdr, we express/

2 ~
_R Avip(r) + [V(r) — il — 8J(r) for B, Iy, and B originates from distancesin the vicinity
m of the turning point-,. Unlesse, and|5| are huge and,
+Qé&r)p(r) =0, (3) issmall,¢y and ¢, are smooth functions of at distances
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r ~ r;, and one may pubo(r) = ¢o(r), o(r) = ¢o(r;)  proportional to Q2. The former can be treated as a
in the integrands. The excited-state wave funciigrir)  “light shift” of the mean field interaction, and the latter
can be found within the WKB approach, with a standardwill be nothing more than the ordinary photoassociation
modification using a linear approximation for the potentialrate at a low light power. FofQ?/Ag,)B > |5,| the
V(r) = —2d?/r® atr close tor,;. This givesy,(r) atr  driving light shifts the interacting pair of atoms out of
nearr, in the form of an Airy function, and we obtain resonance. As the corresponding shift is proportional to
= 2,2 . 2 2, the light-induced change of the mean field interaction
B =087 ¢y(ry), 3 B =08 folrddolr). (9)  pacomes independent @. It will be determined by
The function fo(r) = réo(r) is tending tol for r = Eq. (12) withRea — @ = (B/B)r;. On the other hand,
«. Direct calculations for’Li show that Eq. (9) is the photoassociation ratéma) decreases as/Q2.
accurate within a few percent for transitions to vibrational The amplitude of binary interaction, affected by light,
states withr = 60. For the level spacing, the WKB undergoes damped oscillations and, in any case, reaches
approximation gives its stationary value (8) on a time scale of order'.
Ag, = 1.9778,,(r,/r0)1/2 <e,. (10)  This is much shorter than the characteristic response time
of a dilute trapped gas, which cannot be faster than
To have an appreciable modification of the mean field
interaction without excessive photoassociatignshould
be short compared to,,, i.e., the condition

The characteristic distance, = md?/h>. For alkali
atoms, ry greatly exceeds the optical wavelengtly &
10° A) and, hencery > A > r,.

The presence of other bound levels and continuum
states of the excited quasimolecule changes Eq. (6) for |[Rea| > |Imal (14)

the Gregn functio;. Our ana!y5|s, relying on the exact should hold. As follows from Eq. (11), this is the case for
expression forG, shows that, in order to omit the con- 1, > T'. The change of the scattering lengitea —

tribution of virtual transitions to these states and, hence”_ " 5 % .
retain the validity of Eq. (8), it is sufficient to hayé,| a ~ (Q°f/Ae, ) can exceedr;, and the scattering

and Q much smaller than the level spacirgs,. The length can be changed in both directions simply by

condition ) < As, leads to important physical con- Chﬁngggiégﬁ Stlﬁg (t)lfr;eq- should be much smaller than
sequences. The radiative transitions occur in a narrov,[\f1e decay tim’e- due o tahe ohoton recoil of single atoms
range of distances neaf, characterized by the width caused by htrscatterin Sines! — (Q/8)°1/2, this ,
Ar ~ ri(ri/ro)'/*. Accordingly, the characteristic sepa- " y fg 5 = 9- 2 :

ration between the unperturbed potential curt&s) and is the case fof|5] ~ &)

V(r) in this region ise, (Ar/r,) ~ Ag,(ro/r)/¢ > Q. i > 14,1/40e, (15)

This inequality ensures the gbsence of effects analogo%{sS follows from Egs. (9)—(11), assumidgl > T to
to power broadening in the single atom case.

simultaneously satisfy condition (14). Ag,| < As,,

Th_e light change_s thg real part of the scattering Iengtl?he inequality (15) is not in contradiction with our starting
and introduces an imaginary part. The frequency depen-

. assumption (1) and can be fulfilled in alkali atom gases
dence ofRea andIma has a resonance structure: " 13 “ 3 .
at densitiesn ~ 10> — 10'* cm ™ by an appropriate

Rea =7+ —YBL choice of(, the levelr, ands,.
Ae, (L2 +T12) 77 All the above results remain valid for finite momenta of
Q23T colliding atoms < min{r; !, la|™!, |a|'}.

Ima = The 2 AT (11) We performed calculations fofLi by using I' =

) 3.7 X 107 s~ and spectroscopic information on the loca-
where{, = 8, + (Q*/Ae,)B. The real part determines tion of houndp levels in the excited electronic stats ;
Fhe mean field mtergc_tlon be_twgen 'atoms. The I|ght-[17]. The functionséo(r) and f(r) were calculated by
induced change of this interaction is given by using the potential of interaction in the ground stie"
n(U — U) = hr,' = 4wh*(Rea — a)n/m. (12) from [18], the scattering length in the absence of light

The imaginary part of: is a consequence of spontaneousP€inga ~ —14 A. Equation (11) was used to calculate

emission from the excited molecular state formed the scattering I'engt.h under the influenéze of light ne'arly
in the process of light absorption in pair collisions f€sonant for vibrationap levels of the’X ;" state, with
(photoassociation). The inverse decay time due to thi§uantum numbers ranging from= 77 (s, = 2.8 K) to
process is v = 66 (¢, = 28.7 K). We find that, forQ) in the range

4 5-40 mK (light power from 10 to 1000 W/cm?), it is
Tpa = 8hillmaln/m. (13) possible to significantly change the scattering length and
Exactly at resonancg’, = 0) the mean field interaction even make it positive while maintainingma| < |Rea|
is the same as in the absence of light, and the photoass(see Fig. 1). The recoil loss time, varies from 100
ciation rate is the largest. to 1 ms.

For small Rabi frequency, Eq. (11) goes over into the Our results show the feasibility to optically manipulate

result of perturbation theory, and botty! and rpal are the mean field interaction between atoms and open
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FIG. 1. The scattering length féiLi as a function of the frequency detuning of light,/T", from the excited boung level v:
(@) Q = 10mK, ¢, = 9.1 K; (b) Q@ = 40 mK, ¢, = 20.1 K. The solid curve represents the real parupaind the dashed curve
the imaginary part. The dotted line corresponds to the scattering length in the absence of light.
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