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It is possible to tune the scattering length for the collision of uItra&SJ)cground-state alkaline-earth-metal
atoms using an optical Feshbach resonance. This is achieved with a laser far detuned from an excited molecular
level near the frequency of the atomic intercombinal’iag}?’P1 transition. Simple resonant-scattering theory,
illustrated by the example df°Ca, allows an estimate of the magnitude of the effect. Unlike alkali metal
species, large changes of the scattering length are possible while atom loss remains small, because of the very
narrow linewidth of the molecular photoassociation transition. This raises prospects for control of atomic
interactions for a system without magnetically tunable Feshbach resonance levels.
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In recent years the ability to change the interaction be—ls0 alkaline-earth-metal atoms with zero nuclear spin. Sev-
tween ultracold colliding atoms has opened the way foreral alkaline-earth-metal atoms also have isotopes with non-
unique and exciting experiments with ultracold atomic gaseszero half-integer nuclear spin. Optical methods could be used
The observation of a Bose-Einstein condens@EC) in  to tune their scattering lengths, although we will not consider
atomic cesiun{1] would have been impossible without the these specifically in this paper. Optical Feshbach control can
ability to change the interaction from being attractive to be-he also applied to other atomic systems having a similar
ing repulsive. More impressively, time-varying interactions gjectronic structure. The recent Bose-Einstein condensation
have allowed the creation of condensates of two-atom moly¢ yterhium[21] makes this system especially interesting.
ecules starting from an atomic Bose conden$afg|. Most The theoretical description of optical Feshbach reso-
recently, the observation of the condensation of pairs of fer, < and the closely related photoassocidf) process
mionic [4] atoms has started investigations into the so-calle(?S well established[14—16. The elastic- and inelastic-

BEC-BCS crossovel5], where BCS is the abbreviation for : i L
.scattering rates due to a single photoassociation resonance

ghneiCZz;rg[%(]en—Cooper-Schrleffer phase transition in a fermi_ depends onl) the natural linewidtH' o=~ 21" of the

The key to these developments has been the ability t§XCited molecular leves, (2) the stimulated widteg(e, 1)
change the interaction between atoms by a magneticallfiat couples the excited level to tsevave collision of the
tuned Feshbach resonar{@d. Theoretical discussion of the ground statey at relative kinetic energy,, and(3) the de-
properties of these resonances can be found in R@fd1.  tuning A-A, from optical resonance. Here, following the
The interaction between the atoms at ultracold temperatur@otation of Ref[20] for PA near the'S,-P; intercombina-
can be characterized by a single parameter, the scatteriripn line of a group Il atomic specieb, is the natural decay
length[12,13], which can be controlled in sign and magni- width of the atomic transitionA=fw—-Es, Ag=E.—Ep,
tude using these resonances. where E, is the energy of an isolated excited molecular

Another way to change the scattering length of two col-bound level,E, is the energy of théP, atom, andw is the
liding atoms is to optically couple the ground scattering statdrequency of the light driving the transition. The stimulated
with an excited bound statgl4]. These optical Feshbach width is
resonances are theoretically analyzed in REf$,16 and 3 13
implemented experimentally in Refd.7,18. The recent ex- Tegenl) = 27/(elVindo)|? = Ca——2f o f e, (1)
periment of Theiet al. [18] with ’Rb atoms showed, how- 4m C

ever, that a significant change of the scattering length is aGyhere\, _ is the optical coupling proportional to the laser
companied with substantial I(_)ss of atoms. The same is true |f1tensity|, A4 is the wavelength of the atomic transitianis
a two-color Raman process is usld]. the speed of lightf,y is a dimensionless rotational line

In this paper we discuss the optical tuning of scatteringgength factor of order unity, arfic is the Franck-Condon
lengths in ultracold aIkallne—earth_—metaI atom vapors. To_ d%4ctor per unit energy for the free-bound PA transition
so we will assume that the laser is far detuned from excited )

molecular states near the intercombination transition, foo=
'5-3P,, as recently analyzed in Ref20]. We show that Fe—
significant changes of the scattering strength can be achieved

without the excessive atom loss that plagues experimentdere,F.is the unit normalized excited-state wave vibrational
with alkali-metal gasefl8)]. Prospects for an optically tuned function andFg(e,,R) is the energy normalized ground-state
scattering length in ultracold alkaline-earth vapors seem tscattering wave function. The low-energiywave form of the
be particularly attractive, since magnetically tuned Feshbachatter is(2u/ 7h2k,)/? sink.(R-apg)] at largeR, wherep is
resonances do not occur between the isotopes of ground-statduced mass of the atom pdiris Planck’s constant divided

(2)

f ’ Fo(RF4(s,,RAR
0
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by 27, k. =\2ue,/h, anday, is the ground-state-wave scat- r gg )

tering length in the absence of light. It should be noted that Segl) = zekarb : (10

the details of the molecule structure are hiddejge,, 1), e

Ae, andayy, Since the threshold properties of low-energy scattering en-

The rate constant for inelastic collisions that lead to atonsure thalle((e;, 1) xk; ase; — 0, we see thadey(l), ap(A, 1),
loss is typically large when the detuning from molecularandb,{(A,I) are independent of collision energy fer— 0.
resonance is small. Consequently, we will only consider théequation(8) shows that the change in scattering length for
case of unsaturated transitions at large detuning, defined n optically induced Feshbach resonance has the same form
the condition as that for a magnetically tunable Feshbach resonance when
the width 5e((1) is used. With our definitions\—A.>0 cor-
|A=Ag > Lo part Pederl). ©) responds to blue detuning and a positive change in scattering

We also require thatA—Ag be much larger than other con- length.

tributions to the width of the photoassociation line such as FOF Optical Feshbach resonances it is also convenient to
the thermal width, Doppler widtti20], light-induced shift ~€XPress the detuning dependence in terms of the natural line-

[16,22, and the mean-field shift in the case of BEZ3]. width, namely
The theoretical description can be framed using the defi- AD =11 Tenat 11
- . . aopt( ' ) opt( ) ’ ( )
nition of a complex scattering length based on the elastic- A-A,
scatteringS-matrix element ag, — 0 [15], 1 r 2
: Bopt( A, 1) = =lgn ﬂ) : 12
Syg= exp(— 2iAK,). (4) ol A1) = Slopt )( A=A, (12

The lengthA is complex and in the presence of light can bewhere the “optical length” is defined as
written as

I‘eg({';ral) - é\eg(l)
2krFe,nat 9 Fe,nat

Iopt(l) = (13

A(A,1) = apg+ agp(A,1) —ibgpd A1), (5)
where the dependence dnand| are made explicit. The This length depends on the molecular physics parameters of
optically inducedap(A, 1) andb,p(A, 1) vanish forl=0 and  the ground and excited states but is independent of collision
are linear inl for the limit in Eq. (3). The lengthas.,(A,1) ~ €nergy in the low-energy threshold regime and is propor-
=apg*+agp(A, 1) is interpreted as the usual scattering length tional to the laser intensity, given our large detuning as-
and by, is related to the atom loss rate coefficieffA, 1) sumption. The optical length is the same as the radius intro-

determined from thé matrix, duced in Eq(12) of Ref.[15]. _ .
In order to make useful changes in the scattering length,

) . mh o _ 4mh the change has to be large while the losses remain small. The
k"TO K(4,1) = k"inw_k(l ~[Sy®) = Tbopt(A-”- (6)  former criterion requires thaa,| > |a,, Whereas the latter
' ' ' requires thata,,|> b,y Equation(7) shows that the first

The real and imaginary parts of are directly related to the criterion is satisfied as long 84— A| < &, Whereas Eq(9)
mean-field energy and the lifetime of a Bose-Einstein conshows that the second is satisfiedif-Ag>TI'¢ no The con-
densate. For the case of a condensate at densitige re-  dition in Eq. (3) requires a more stringent condition on the
quirementas.,| > by, €nsures that the mean-field energy perdetuning, which we can state in termsIgf; by combining
atom pair 4rhi%ag.,n/ w is large compared to the decay width Egs.(3) and(13): |A—Ae|>l“e,na{1+2<rlopt), where we may
hKn=4ni?byn/ w. The time scale for decay {&n)™ fora  takek, typical of a collision energy in the system. Combining
condensate and2Kn)™! for a noncondensed thermal gas these criteria, they may be stated either in terms of the de-
[24]. In the noncondensed thermal gas—2Kn? if other loss  tuning,
processes are neglected. Beg> |A = A > (1 + 2l op) e nat (14)

Given the large detuning condition of E@), the expres-

sions in Refs[15,16 reduce to or the length parameters,

L N
Bop( A1) = 1 Peglel) = 8y Oedl) ' ) 1+ 2l > Aol A, 1) > ap,. (15
2k, A-A, A-A,
In general it will be difficult to satisfy these criteria for
Sadll) the case of strongly allowed molecular transitions with large
Ascaf A1) = abg<1 + f?) (8)  Tena since they typically have a relatively sméjf, at the
e

large detunings that are necessary. However, using the ex-
ample of Ca atoms, we now will show that these criteria can
1 Ie nat be satisfied by an intercombination line transition, for which
Bop A1) = ﬁaopt(A'l)A_Ae’ ©)  the needed large detuning can be achieved close enough to
atomic resonance that the Franck-Condon factor is large
whereay, is the background scattering length defined previ-enough that, is not too small.
ously, and Experimental demonstration of the optical tuning of the
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FIG. 1. (Color onling The optical length, calculated for rovi-
brational states of the;Oband of Ca as a function of their line
position (binding energy A and background scattering lengihy,
of the ground-state potential. The laser intensity is 1 WA.chine
short range of the Ppotential is varied to chang&.. The arrows 0.001
show the position of the last two unperturbegldvels, which are
held fixed in the calculation. The vertical dotted lines mark the 0.000}00 : 3(')0 E— '1'0'00 : 30'00 :
edges of the energy rangébins”) within which one and only one (A-A )/h [kHz]
level of O, symmetry will lie, given some Ppotential curve(the e
first “bin” starts atA,=0). The actual {) and }, line positions are
not known and will need to be determined experimentally.
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FIG. 2. (a) The optically induced scattering lengig(A, 1), (b)
the optically induced trap loss rat&A, 1), and(c) the time scale
87Rb scattering length was presented by Thefisal. [18].  7(A,)=[K(A,)n]™ are shown as a function of the detunify
Measurements were done with a moderate laser intensity ofAe)/7i. The figure also applies if the sign 6k~ A¢) /7 is reversed,
about 500 W/crh The authors observed a tuning range ofin which casea,(A,1) also changes sign. Results were obtained for
the scattering length of about 2&paccompanied by a trap a,=389.8, Ae/h=-150 MHz, 1=500 W/cnf, T'na=0.663 kHz,
loss coefficient as large as >0 cm®/s (a, lop=0.9X 102y, and n=10"atom/cni. For collision energy
=0.052 917 72 nm The optical length for this strongly al- &/kg=1nK the stimulated widthI'e((e;)/h=18.3 kHz andk;
lowed ¥'Rb, transition is |o,~1008y, which is relatively ~=1.52<10ag "
small and comparable t@,,=103,. Therefore, a significant . o _
change of the scattering length, i.@ey~ ayg can only be of 0j and 3, bound states. The third minimum is due to
induced close to resonance and is accompanied by a larg@nishing overlap between excitefl @d ground-state wave
trap loss. functions. The nature and properties of these features are
We have calculated properties of optical Feshbach resddiscussed in detail in Ref20].
nances for calcium near the intercombination line. The mo- The figure also shows that the envelopégf(i.e., ignor-
lecular structure and transition dipole moments are evaluateiig oscillation$ increases whenA| decreases ogyg in-
as in Ref.[20]. The molecular structure is insufficiently creases. In fact, for a laser intensity of 1 W fcamd binding
known to quantitatively predict the absolute positions of theenergies on the order of 1 GHz the optical length can be
excited bound vibrational levels. It is necessary to measurbigger than 18, while it is 0.5x 10Pay for A~-1 MHz
these positions experimentally. Moreover, the backgrounénda,,~ 1000Ca,.
scattering length of the ground state is not precisely known In order to provide a specific example af(A,l) and
but is believed to be positive and on the order of a fewb,(A,l), we assume a bound state witihgh=150 MHz
hundreda, [25]. Nevertheless, we can map out the values ofanda,=389.8,. (This optical resonance corresponds to line
lopt @pe @nd other Feshbach properties as a function of theumber 1 of the ) band as defined in Ref20].) For this
background scattering length, binding energy, and laser deeasel ,p=0.9% 10°a, at a laser intensity of 500 W/cmThis
tuning and intensity. is the same laser intensity as that used in RE8], butly is
Figure 1 shows, as a function of both background scat- four orders of magnitude larger than that for Réf8].
tering lengtha,y andA, (the positive binding energy relative Figures 2a) and 2b) show the optically induced scatter-
to 3P, +'S, atoms is A,). Details of the calculation of the ing length aypdA,1) and loss rate coefficieriK(A,l) as a
stimulated widthl'¢(e,), necessary for the evaluationlgf,  function of blue detuning\-A, for the parameters defined
are described in the figure caption and in R&0]. Figure 1  above. The laser detunings shown in the figure are orders of
shows several maxima and minimalj. The optical length  magnitude larger than the natural linewidth of 0.663 kHz.
at the maxima ranges betweenag@nd 10a,. The interfer-  For these parameters the stimulated linewidth is 18.2 kHz at
ence minima to the right of the arrows are due to the mixinga collision energy of 1 nK, for which Rl,,=27. The re-
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quirement that|A—Ag[/h> (1+2k|o,)enadh=19 kHz is  Condon factor(ignoring an oscillating phase facjoin-
easily satisfied. However, for collision energies on the ordecreases as the binding energy of the excited level decreases.
of 1 uK, Tgnafl+2XKlog is of the same order as the fre- To operate at sufficiently large detuning to satisfy Ed<)
quency range in Fig. 2 and our assumptions are broken. Comand (15) requires a quite large binding energy for strongly
sequently, for these collision energies we need a detuningllowed transitions, i.e, many GHz to more than a THz. On
A-Ag that is larger than 5 MHz. the other hand, binding energies in the MHz range can be
In the figure botha,y, andK(A,1) decrease with increas- ysed in the case of weak intercombination line transitions.
ing detuning. The optically induced scattering length isconsequently, we find that optical lengths can be orders of
~12008, for (A=A¢)/h=500 kHz, while simultaneously the magnitude larger for weak intercombination lines than al-
trap loss rate is relatively small withK(A,1)=1.7  |owed transitions, since the Franck-Condon factors can be
X 1072 cm/s. This loss rate coefficient is two orders of jntrinsically much larger once the necessary conditions are
magnitude less than in the case of rubidium. The time-scalgagisfied for changing scattering length without major losses.
paramfter(Kn) ~6 ms, assuming an initial atom density |5 summary, we have shown that molecular energy levels
n=10" atom/cn¥. close to the's,+3P; dissociation limit of alkaline-earth-
Equations(11) and (12) apply to red as well as blue de- metal atoms provide optical Feshbach resonance states that
tunings so that negativa-A, gives a negatived,,(A,1).  gliow for a significant change of scattering length even for
Using the parameters in Fig. 2, it should be possible tqnoderate laser intensities and laser frequencies far detuned
tune the scattering lengthg, from ~-800g, to zero to  from optical resonance, with a relatively small trap loss rate
~+4008, while the loss rate remains below 1.7 coefficient. A small loss rate coefficient leads to longer ob-
X107 cm/s. _ _ servation times. Although we have used calcium as an ex-
The essential molecular physics that sets the magnitude @fmpje system, we expect our conclusions to remain valid for
lopt depends on the molecular Franck-Condon factor in EQspther alkaline-earth-metal atoms as well as atoms with simi-
(1) and(2). The transition dipole moment cancels in the defi-|ar electronic structure, such as ytterbiuf1]. Optical
nition of Iy in Eq. (13) due to the relat'o'Fge,nat” 2I'p. HOW-  Feshbach resonances seem to be a promising tool that will
ever, the small natural linewidth of t&,~°P, transition for  ajiow a tunable interaction strength in atomic systems which

alkaline-earth-metal atoms has an important role to playgo not have magnetic Feshbach resonances.
since much smaller detuning from atomic resonance can be

used than in the case of alkali-metal atoms. Both numerical This work has been partially supported by the U.S. Office
and analytic calculations, similar to those used in the Appenef Naval Research. The research is part of the program of the
dix of Ref. [16], show that the magnitude of the Franck- National Laboratory FAMO in Tonf Poland.
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