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We describe how a quasibound state that is in Feshbach resonance with an incoming atom wave and is
coupled to a nondecaying bound state by an electromagnetic field will exhibit a quantum interference that
controls the collision dynamics. By varying the frequency of a coupling field, the elastic cross section may be
modulated. By varying the amplitude of a coupling field, the bound diatomic population may be increased by
several orders of magnitude.
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It is known from the work of Fano that quasiboufel- There has been considerable previous work, both theoret-
toionizing states whose energies lie above the first ionizaical and experimental, which demonstrates control of colli-
tion potential of an atom may exhibit a quantum interferencesions of both hof11,12 and cold atom$13,14 by quantum
with the continuum or with other discrete states, which will interference and laser coupling. There are also connections
preclude absorption of radiation at certain frequencies in th&etween this work and the field of photoassociation spectros-
vacuum ultraviolef1]. A general technique for creating an €oPYy [15,16. In photoassociation spectroscopy a laser is
interference where one does not exist is to apply an electrdiSed to cause transitions of unbound atoms to bound molecu-
magnetic field that couples the quasibound state to a bourl@" States of an upper electronic manif¢lr]. These states
nondecaying state. The equivalédtesseisystem then con- could be used as intermediate states to Raman couple states

sists of two closely spaced states that decay to the same’) and[2) of Fig. 1. Of particular pertinence, Courteille

continuum and interfere. An incident optical beam tuned et al. [9] have found a strong increase in photoassociation

what was previously the line center will have near-zero abyvh_en tuned to Feshbac_h resonance, and Heieteh de-
sorption[2—6] scribe the Raman coupling of a quasibound and bound state
IE) i the aih of this paper to apply similar ideas to the and its use to affect the dynamics of coupled condensates

trol of th lisi i ¢ cold at Af [18]. In other work, Fedicheet al. discuss laser manipula-
control of the Collision cross Sections of cold aloms. A €€, of seattering lengthisl 9], Fatemiet al. have observed an

atom whose asymptotic total energy is the same as the efyica|ly induced Feshbach resonance in cold sodium vapor
ergy of a quasibound diatomic molecular state is said to be IM20], and Kokkelmanst al. have shown how by sweeping
Feshbach resonance and its collision cross section may Qﬁrough a Feshbach resonance, one may enhance the Raman
orders of magnitude larger than the size of the al@ml10.  transition probability for conversion of an atomic condensate
The essential idea for obtaining a quantum interference is t& a molecular condensafe1]. A recently submitted paper
apply an electromagnetic field that couples the quasiboungescribes the use of stimulated Raman adiabatic passage
molecular state to a nondecaying molecular state. In theSTIRAP) to attain the same objecti@2].
spirit of the preceding paragraph, but with the optical probe We analyze the problem by a method that keeps track of
replaced by an incoming atom wave, it is expected that théhe molecular population, gives tf®&matrix elements, and
cross section for elastic collision will have an interferenceallows numerical simulation of the temporal dynamics. We
profile with a zero at thgprevious Feshbach maximum.
Interesting dynamic effects become possible: by varying the J
frequency of the coupling laser the cross section may be —0 5
modulated; by varying its amplitude the bound molecular | >
population may be increased, as compared to its equilibrium |1> —3 H,
value, by several orders of magnitude.

A schematic of the system to be studied is shown in Fig. Q
1. A quasibound statdl) of a diatomic molecule is magneti-
cally tuned to near Feshbach resonance with an incoming
plane wave of particled,. State|1) dissociates at a rate, |2>
to a continuum of unbound statgg,). An electromagnetic

field couples s_tat¢1_) to state|2)_ of the molecule. If state FIG. 1. (a) A quasibound staté1) of a diatomic molecule is

|2) does not dissociate there will be a complete interferencg,ne 1o near Feshbach resonance with an incoming plane wave of
in the cross section for elastic scattering. If Stm? does  particlesJ,. State|1) dissociates at a ratg; to a continuum of
dissociate(for example, if it lies above sta{d)) the incom-  npound statefuq). An electromagnetic field with Rabi frequency
ing particle beam will have a cross section for inelastic col-( couples this state to stal@) which, in general, decays to a
lision where it gains kinetic energy equal to f9-|2) tran- different continuunu,). In the ideal case when sta) does not
sition energy. This inelastic cross section maximizes at thelecay, there will be a perfect quantum interference in the elastic
point of destructive interference of the elastic cross sectioncross section of the incoming wave.

—>
—>
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assume that the energy of the atom beam is sufficiently lovdoes not appear in Eq&). To vary this frequency byw,

that only s waves are pertinent and take the colliding par-take Q(t)=Q, exp(—idwt)

in Eq. (28 and Q*(t)

ticles to be nonidentical. Noting Fig. 1, we begin by expand-=Q} exp(dwt) in Eq. (2b). If state|2) does not decay via a

ing the wave function as

lgp(r,t))=cy exp(—iwit)|u1)+Cp expl—iwst)|uy)

+ f Cq eXP( —iwgt)|pug)dwg

+ J c, expl—iwt) |y )dw, . (1)

In Eq. (1) the quantitiesu,) and|u,) are bound eigenstates
of the diatomic molecule with probability amplitudes(t)

Feshbach resonance, the quantityon the left-hand side of
Eg. (2b) may be retained to account for other losses.

The time-varying populations of the molecular stgtes
and|2) are determined by Eq$2a) and(2b). These popula-
tions, in turn, generate scattered waves, as per @gsand
(2d). To obtain the energy spectrum of the scattered waves
we extend the upper limit of the integrals in Eq2c) and
(2d) to infinity. For a coupling pulse of finite duration, the
spectrum is the Fourier transform of the coupling field. For a
monochromatic coupling field, and a monochromatic incom-
ing plane wave, then in steady state, the probability ampli-

and c,(t). For example, the number of molecules per unittudescy(t) andc,(t) are also monochromatic and vary as

volume in state|2) is |c,|2 multiplied by the number of
atoms per unit volume. Thig.,) are dense-wave unbound
states that have energies near stdjeand have asymptotic
form cq(t)ng sinfkyr+61). The quantitys; is the background

exp(—iAwt). We change to time-independent variables
and b, by cq(t)=b; exp(iAwt) and c,(t)=b, exp
(—iAwt). Solving for b; and b,, the monochromatic scat-
tered waves arecy =Jc4(w)do=—iy27Ilb; and

phase shift and, is the normalization constant. The con- ¢,'=fc,(w)dw=—i\27T,b,. Because we do not keep
tinuum eigenstates are energy normalized with energy iRaci”of the depletion of the incident atom beam the treat-

units of #w. With the particle velocity denoted by, , the
normalization constant is,= y2/mv, the density of states

p(w)=1, andcy(t) is the probability amplitude per square

ment is perturbative, and it is required tligt andc,” must
be small as compared .
We use Eqgs(2) to obtain the scattering matrix elements

root of angular frequency space. Similar definitions apply tonat in turn determine the collision cross sections and scat-

stategr) that are near stat®) and have phase shitt,.

tering length. Equating the asymptotic forms of the con-

We work in the interaction picture and write the coupledtinyum functions and the-wave portion of the incident and
equations for the p_robablllty amplltudes. The matrlx elemenbutgoing waves, we obtain the relation betweenSheatrix
between the continuum and bound states is expressed Hlements and the quantitie’, c,’, and &. With back-

terms of the decay rat€ and resonant shiféw of these
states. For statd1l), T';=2m|(us|H |ugl? and o,
=Pf[|<,ul|H’|,uq>|2/(w1—a)q)]dwq, with similar defini-

tions for statd2). We eliminate the resonant shifts by setting

ground phase shift§; and &, for stateg1) and|2), respec-
tively, and Q real, the necessary relations a8;=(1

+cq4'/€0)exp(26,) and Sy=(c, '/ &) exdi(6+8)]. Sip and
S,; are then

the frequency of the coupling field equal to the difference of

the shifted resonances. With the rotating wave approxima-

tion, the coupled equations are then

gey Ty [Tg\"? N Q)
W+?cl——| pye &g expl—i wt)+'TC2’
(2a)
dgc, TI'p Q*(t)
W_l—?Cz_ITCl’ (Zb)

Fl 12~y
=il 2] [ exmenticog-woridn @0

1‘*2 12
C,=—i(z> f_wCZ(T)eXF[i(wr—wz)T]dT. (2d)

The probability amplitude of statel) is driven by a mono-
chromatic plane wave of particlek, with an energyAw

above statdl). &, is the swave portion of this driving
wave. The value of¢, is obtained by matching the

S :ei251 1_ ZFI(FZ—ZIA(;))

H (T,—2iAw)(Ty—2iAw)+02)

1ot —2i\T,T,0 5
(T1—2iAw)(T,—2iAw)+ Q2]

The matrix elemens,, is obtained fromS;; by replacing
'y, I'p, and s, by I',, T'4, and &, respectively.S;,=S,;
and theS matrix is unitary. We note that the scattering matrix
elements of Eq(3) may alternatively be obtained by using
the coupled-channel formalism of Bohn and Juliefha].
[Noting Bohn and Julienne Eq$4.8) through (4.11), the
necessary variable changes to obtain the scattering matrix
elements of Eq(3) are the replacement of the Feshbach de-
cay rate of this work with the stimulated rate of their first
laser, and the interchange of ogrchannel with their artifi-
cial channel]

Cross sections for nonidentical particles are related to the
Smatrix elements byreasic= (7/k?)|1—S11|? and oinelastic

asymptotic form of the normalized continuum wave function = (7/k?)|S,,|2. Figure 2 shows the cross section for elastic
with phase shifiy; with the asymptotic form of the incoming collision vs detuning from resonance for the normal Breit-
plane wave and ifoz\/(77/2k2)|‘]0|exp@51). Because it is  Wigner profile (2=0) and for the ideal I{,=0) interfer-

chosen on line center, the frequency of the coupling fieldence profile of this work. The elastic collision cross section
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Relative Detuning (Aw/T) FIG. 3. Cross section for elastic and inelastic collisions vs de-

FIG. 2. Elastic collision cross section vs detuning for a Fesh_tunlng. The interference is destructive in the elastic profile and con-

bach resonance; Breit-Wigner profildashed curveand quantum ls:trlicilv? 'f Oﬂlm mde(;aitl(;: _p(r)oflle. The parameters =05,
interference profilegsolid curve caused by a coupling field with ~ 17 = " 27 ¥ ando; = 0;=0.
0 =0.5 andI',=0. For both curves the Feshbach decay date

=1 and the background cross sectias= 5,=0. cay from statd1), to this order, is absent from the scattering

length and does not cause depletion of an incidemave.

is double peaked and is zero at its Breit-Wigner maximum. AN S wave of atoms, which is incident on stgt§) may
By choosing(), the interference profile may be either nar- either be elastically scattered or inelastically translated in
rower or wider than the Breit-Wigner profile. The latter case®"€ray by the frequency of the coupling field and scattered as

may be useful to reduce the sensitivity to variation of the@ S Wave from statg2). Neglecting the background phase
magnetic field. shift the cross sections at the point of interference are

We useS;; to obtain the expression for the zero-energy 2
scattering length. For near-zero energies we require the de- o _m 2l I
pendence of ; on the collision energy. Following Moerdijk elastic™ 2 |Q2+T,T,
et al. [23], we takel'; to vary as the square root of energy
and write T'3(k) = (k/ko)T'{”’, whereT'{”) is the measured [ T.r,07

value of I'; at wavelengthk,. With a, as the background Tinelastic™ . (6)
scattering length an8,,=exp(—2ika), the complex zero en- k

ergy scattering length is

(|Q]P+T T )2

Figure 3 shows the frequency dependence of these cross sec-
tions. The inelastic collision profile peaks at the frequency

re i(I,—2iAw) : . S F .
a=ag+|— . (4  where the elastic profile is zero; the interference is therefore
Ko (TZ—ZiAa))(Fa—ZiAw)-FQZ destructive for elastic collision and constructive for inelastic
collision.
In Eq. (4), we have allowed for an additional dechy from We next consider the populations of the diatomic mol-

state|1). This artificial decay is used to represent any addi-ecule. Returning to Eq$2), with the atom density denoted

tional loss for atoms in statel) and causes the scattering by N, so that the incident plane-wave particle current is

matrix to be no longer unitary. voNp, and again noting the relation between the driving cur-
With the coupling field off, Eq(4) reduces to the complex  rentJ, and itss wave portionéo, i.e., | &|?= m/(2k)2Jo, the

Breit-Wigner scattering lengtf23]. With the coupling field magnitudes of the molecular populations are

on and withQ>T1,,I',,Aw, the lowest-order terms in the

series expansion of the scattering length are Vo Fng ,
Ny=[c1*No=| == | 5= = N5
21“(10) 1 T, 2k (|Q| +1'4I7)
a=ag+ T oz Aw+l7 +oe (5) ,
2 Uo F]_Q 2
. . . . _ Nao=[Co|*No=| == | —5———-—5No- )
In the ideal case witi',=0, as in electromagnetically in- 2k?) (|Q*+T1I,)

duced transparency with optical waves, the scattering length

is real and has a steep dispersive profile. This variation of thivith the coupling field off, Ny=v,N3/(2k?T';). For ex-
scattering length might be used to control either the groummple, forN,= 10 atoms of®’Rb per cubic centimeter with
velocity or the nonlinearity of a Bose condensate. Also, as ira velocity of 1 cm/s and a dissociation rate Bf=2m
electromagnetically induced transparency, the additional dex 10°, the ratio of state|1) molecules to atoms is 4.2
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121 ‘ ‘ ] There are several possibilities for coupling stgtesand

|2). At low temperatures microwave magnetic fields with
power densities of about 1W/énmight be used. First ex-
Nole, [ —> periments are more likely to use a Raman sydte8), where
coupling is attained through an intermediate electronic state
|3). We have numerically simulated such a system by adia-
batically eliminating staté3) to obtain expressions for ef-
fective values of the prototype quantitiésl, I'2, and ().

-
o] o
T T
I I

Molecular Population (arb. units)
[}

(9.6)) . L . .
al ,,___i _______ Taking the radiative lifetime of stat@) equal to the disso-
e ciative time of statél), with both equal to one unit, detun-
2L ,/ ] ing from statg 3) by ten units, and choosing the Raman-Rabi
] ’ " frequencies() 3= ,3 equal to two units, we obtain near-
_ <—N0|cl(t)| . . . . . .
0 = ‘ perfect contrast in the interference profile with an increase in

0 100 200 300 400 500 600

) the molecular population of a factor of 20. Detuning further,
Time (arb. Units)

the effective Rabi frequency and contrast are reduced, but the

FIG. 4. Molecular population as a function of time. As the cou- Population increase may exceed a factor of several hundreds.
pling field (dashed curveis applied, the populations of statEk) Based on the power broadening measurements of Courteille
and|2) move toward their new equilibrium values. The parameterset al.[9], near resonant Raman coupling should require laser
areT;=1, T',=0.01, &,=/#/2, and 5,=5,=0. The Rabi fre- power densities of about 1 W/émFor heteronuclear mol-
quency of the coupling field if)(t)=0.02§1+1tanfj0.015¢  ecules direct dipole coupling of statés) and |2) by an
—200)]}. incident microwave field will be possible.

This paper has shown how one may produce a quantum

X 10~ *. With the coupling field on, for small,, this ratio is  interference in a system of coupled Feshbach resonances. In
increased by 2/Q2. If we assume that the Rabi frequency of the ideal case, at resonance, both the inelastic and elastic
the coupling field may be reduced to the atom beam energyross sections are zero and the molecular population is non-
of 1uK, then an increase of almost three orders of magnidecaying and stable. Because the interference width may be
tude may be possible. less than the natural Feshbach width, applications to subnatu-

_ Figure 4 shows the populations of stafgsand|2) of the  ra| enhancement of nonlinear matter wave interactions are
diatomic molecule when the coupling field increases fromgypected.

zero to a constant value. Equatiof@ and (2b) are solved

numerically with the initial conditionc,(0)=c,(0)=0. This work was supported by the US Air Force Office of
With the magnitude of)(t) still near zero, the population of Scientific Research, the US Army Research Office, the US
state|1) rises rapidly from zero to its equilibrium value of Office of Naval Research, and the OSD Multidisciplinary
one unit. As the coupling field increases, the population oUniversity Research Initiative Program. Especially helpful
state|1) falls. The population of stat) first rises and then discussions with D. Yavuz, A. J. Kerman, V. Vuletic, C.
approaches its new equilibrium value of 8.27 units, in agreeChin, D. Heinzen, and H. Sadeghpour are gratefully ac-
ment with Eqs(7). knowledged.

[1] U. Fano, Phys. Rewl24, 1866(196J. (1994.
[2] K.-J. Boller, A. Imamoglu, and S.E. Harris, Phys. Rev. Lett. [12] A. Shnitmanet al, Phys. Rev. Lett76, 2886(1996.
66, 2593 (199)); S.E. Harris,ibid. 62, 1033(1989; A. Ima- [13] J.L. Bohn and P.S. Julienne, Phys. Rew6@\ 414 (1999.

moglu and S.E. Harris, Opt. Lett4, 1344(1989. [14] A.J. Moerdijk, B.J. Vehaar, and T.M. Nagtegaal, Phys. Rev. A
[3] E. Arimondo, in Progress in Optics,edited by E. Wolf 53, 4343(1996.

(Elsevier Science, Amsterdam, 1996. 257. [15] J. Weineret al, Rev. Mod. Phys71, 1 (1999.
[4] M.O. Scully and M.S. ZubairyQuantum Optic§¥Cambridge  [16] H.R. Sadeghpouet al, J. Phys. B33, R93(2000.

University Press, Cambridge, England, 1897 [17] R. Cae et al, Phys. Rev. Lett74, 3581(1995.
[5] O. Kocharovskaya and P. Mandel, Quantum O@t.217  [18] D.J. Heinzeret al, Phys. Rev. Lett84, 5029(2000.

(19949. [19] P.O. Fedicheet al, Phys. Rev. Lett77, 2913(1996.
[6] P.L. Knightet al, Phys. Rep190, 1 (1990. [20] F.K. Fatemi, K.M. Jones, and P.D. Lett, Phys. Rev. L8§.
[7] S. Inouyeet al, Nature(London 392, 151(1998. 4462 (2000.
[8] J.L. Robertset al, Phys. Rev. Lett81, 5109(1998. [21] S.J.J.M.F. Kokkelmanst al, Phys. Rev. A3, 031601(2001).
[9] Ph. Courteilleet al,, Phys. Rev. Lett81, 69 (1998. [22] P.D. Drummond, K.V. Kheruntsyan, D.J. Heinzen, and R.H.
[10] V. Vuletic et al, Phys. Rev. Lett82, 1406 (1999; C. Chin Wynar (unpublishegl

et al, ibid. 85, 2717(2000. [23] A.J. Moerdijk, B.J. Verhaar, and A. Axelsson, Phys. ReG1A
[11] M. Shapiro and P. Brumer, Int. Rev. Phys. Cheh3, 187 4852 (1995.

010701-4



