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Coupled singlet-triplet analysis of two-color cold-atom photoassociation spectra
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We describe a method that is well suited to analysis of the bound states of the alkali-metal dimers near their
dissociation limit. The method combines inverse perturbation theory, coupled-channel bound-state theory, and
the accumulated phase method to treat the short-range part of the molecular potentials. We apply this method
to analyze the bound-state energies measured in a two-color photoassociation experiment in an hcold
gas. This analysis yields information on the interactions between ultrd8Rllatoms that is important to the
understanding of ultracold Rb collisions and Bose-Einstein condensation.

PACS numbgs): 32.80.Pj, 34.50.Rk, 33.70.Ca

[. INTRODUCTION functions up to a radiusy, which is chosen between 4§
and 2@, depending on the alkali-metal atom considered. It

The techniques of laser cooling and evaporative coolings well known that both cold collision properties and the
have opened the field of ultracold-atom physics for alkali-precise positions of the highest molecular bound states are
metal atoms, with spectacular research subjects such a&xtremely sensitive to very small changes of ther, po-
Bose-Einstein condensation, laser-cooled atomic clocks, angntials. Except for the lighest alkali-metal species, potentials
atom lasers. It is generally realized that atom interaction proin this range are not known with sufficient accuracy to allow
cesses play a key role in many of these experiments. It ifor reliable application to cold collisions. Fortunately, it is
therefore important to obtain a complete, consistent pictur@ossible to avoid this difficulty by using boundary conditions
of these interactions. In this paper we describe and apply at r, in the form of accumulated singlet and triplet phases
theoretical method to obtain information on the interactionghat summarize the short-range collisional information. In
between cold atoms, making use of measured energies olr approach we search for optimal values of the interaction
bound diatomic states. The method has much in commoparameters in the range>r, and of the accumulated phases.
with inverse perturbation analysiPA) [1], previously used The main feature of our approach is that it can cope with
to obtain a single adiabatic Born-Oppenheimer interactiorbound states near dissociation, which often show strong
potential curve from bound-state energies of that potential. Isinglet-triplet mixing by the hyperfine interaction. Clearly,
contrast to the IPA it is applicable to cases where differenthe higher mixed states can be expected to bear a greater
electronic states are strongly coupled, so that the Bornresemblance to the nearby states in the continuum and can
Oppenheimer approximation breaks down. Although the fortherefore more profitably be used for obtaining information
malism can be considered as a generalized, coupled versi@m cold collisions by extrapolation through the dissociation
of the IPA, we apply it only in a restricted form: the extrac- threshold. We also emphasize that we carry out a simulta-
tion of information on collisions of ultracold atoms from the neous analysis for the singlet and triplet parts of spin space.
bound-state spectrum close to the dissociation threshold. Mhis is important in view of the fact that the singlet and
particular, we apply our method to the highest bound stategiplet potentials have certain parameters in common, such as
of #Rb,, which have recently been measured with two-colorthe position of the dissociation threshold and the dispersion
photoassociation spectroscof@. In this case the molecular coefficients. A separate analysis may therefore lead to incon-
singlet and triplet states are strongly coupled by the hypersistencies, such as a crossing of the singlet and triplet poten-
fine interaction. A brief report of this work has been giventials at long rangé5]. A further feature of our method, con-
previously[2]; in this paper we give a more extensive de-nected with its restricted application to the highest bound
scription of the experimental and theoretical method and oftates, is that the potential variations searched for extend
the results. over longer radial intervals. This applies both to the interac-

In the case of ground-state alkali-metal atoms there aréions in the range <r, since they are effectively described
two short-range adiabatic Born-Oppenheimer potentials, colvia accumulated phases, and to ther, interactions, which
responding to total electronic sp8« 0 (singlet potentiglor  are described by analytic expressions for dispersion and ex-
S=1 (triplet potentia). Along the lines of our previous change contributions. In this way we do not run into the
work, at small interatomic distances we do not describe theitfalls associated with applications of the IPA to the highest
singlet and triplet potentials in detail, but summarize thatbound levels where nonphysical fluctuations in the local po-
information in the form of the phases accumulaf8d] by  tentials over short distances, of the order of the distance be-
the associated rapidly oscillati®=0 andS=1 radial wave tween outer turning points of successive ro-vibrational lev-

els, are difficult to avoid in the search for improved

potentials.
*Present address: National Chung-Kung University, Tai-Nan, Tai- One-color cold-atom photoassociation experiments have
wan. yielded a great deal of information on the interactions be-
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state has the advantage that the two 1/2 angular momenta of
the S;;, and P4, atomic states are coupled to give a vanish-
ing two-atom electronic angular momentyrs 0. The total

molecular angular momentuthin the excited statéexclud-

ing the nuclear spinghus equals the orbital angular momen-
tum [ of the collision. The resulting=1 selection rule has
been of considerable help in the past to simplify the analysis
of our previous one-color photoassociation experiments
[8—10. We note that this is not a general property @f
=0 states. For example, for thg O‘'pure long-range state”
connecting to the 8S;,,+5 2P, limit [17,19, the atomic

T a, f-2 angular momenta 1/2 and 3/2 do not couple t00. Even

L o=anvw I

'
Ny

'
o

2r 1 for the lower Q; state theJ=| selection rule is valid only for
? levels with binding energies small compared to the,
3 -——————2 — P, fine-structure splitting (238 cnt), since otherwise
0 200 400 600 800 1000 the S+ P4, and S+ P3, electronic states are too strongly
B (G) mixed by the resonant electric dipole interaction. The excited

levels that are involved in the photoassociation process stud-
ied in this paper fulfill this requirement. Selecting thg(®

tween alkali-metal atomgs,7]. In these experiments, a tun- +P1p) state., we deflng nqt only the partial wave chadnel
=J from which the excitation occurs, but also the rotational

able laser excites transitions between the initially free state )
of a pair of colliding, laser-cooled ground-state atoms and Value of the final Rp bound states formed.

excited bound molecular levels of those atoms. These experi- Even with this simplification the observed bound-state
ments directly yield the level structure of the electronicallySPectrum is expected to be rather complex. In particular, the
excited states. The line shapes and strengths of one-col§Pmplexity arises from the fact that the total spfasandf,
photoassociation spectra have also provided information of= 2 or 3, see Fig. Jlof the separated atoms are not con-
the properties of the collisional ground state for ultracold Rbserved during a collision. These quantum numbers are only
[8-12], Na [13], and Li[14]. More direct information on good at long range. At smaller distances the exchange inter-
ground-state cold collision properties can be obtainedction mixes the f;,f;) quantum numbers. At short range
through direct measurement and analysis of the higheg¥here it dominates, the molecular quantum numbe&;s)(
bound levels of the electronic ground state. This can be aawith S=s, + s, the total electron spin anid=i,+ i » the total
complished through two-color photoassociation spectrosauclear spin, are good quantum numbers. For not too strong

copy, as shown in Fig. 1 of Ref2]. A laser at a fixed B fields the total angular momentuf=f, + f, is conserved
frequencyr; excites transitions from the collisional ground gzt gl distances. Figure 2 of Ré®] shows adiabatic molecu-
state to a particular excited level. A second tunable laser ofy potentials for®Rb, with the pure triplet-=6 potential
frequencyv, couples this excited level back to the vibra- syptracted off. The change between molecular and atomic
tional levels of the electronic ground state. This yields &hyperfind coupling occurs between &9 and 26y, for the
spectrum of these high-lying bound levels. Experiments ofé5Rp+ 85Rp system. The above-mentioned radigss cho-
this kind have been completed for RB], Na[15], and Li  gen at the left-hand boundary of this range, because we want
[16]. o _ Sto be a good quantum number up to this point. Starting
In our Rb two-color photoassociation experiments, we Sefrom r,, the radial motion on the potentials is not perfectly
lect a specific initial two-atom spin state by carrying out theagiabatic, so that curves with the safanust be treated as
experiment on a doubly polarized gas sample, i.e., withy coupled-channel problem. Often, mindependent diabatic
maximum projections qf ele_ctror_uc and nuclear spins of anyggis of pure §,1) or pure (f,,f,) states is the most conve-
atom along a quantization directianThe atoms occupy the pient choice for coupled-channel calculations. By selecting
highest hyperfine state of th#Rb atomic Breit-Rabi dia- gz initial |F,mg)=|6,+6) two-atom state with the two elec-
gram (see Fig. 1 As the excited electronic state we selectyonic and the two nuclear spins fully oriented, ofly-4, 5,
the Q; state asymptotically connected to the’®,  or 6 bound levels should appear in the spectrum, the change
+5 2Py, dissociation limit[17]. (We use the notatiof);,  in F being at most 1 in each of the optical transitions. To-
where() is the absolute value of the projection of the total gether, the above choices for the initial and intermediate
electronic angular momentum along the molecular axis, states lead to a considerable reduction of the complexity of
=g or uis the electronic parity, and denotes the reflection the observed bound-state spectrum.
symmetry for(2=0.) In this way we avoid a complex hy- This paper is organized as follows. In Sec. Il we describe
perfine “spaghetti” of excited statd4 8], since the nuclear our method of analysis, starting from IPA and including
spins in thisQ}=0 state are decoupled to a very good ap-singlet-triplet mixing and accumulated phases. Section Il
proximation from the remaining molecular degrees of free-describes the two-color photoassociation experiment. Section
dom. Moreover, it turns out that the;0S+ Py,) electronic 1V is devoted to the application of our method of analysis to

FIG. 1. Breit-Rabi diagram of°Rb atomic ground state.
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this experiment. In Section V we formulate some conclu-puter code. This by itself produces a coupled generalization

sions. of the IPA, which to our knowledge has not been proposed
or applied as an iterative method in the literature. In view of

Il. COUPLED SINGLET-TRIPLET METHOD OF the cold-atom applications we have in mind, however, we are
ANALYSIS not interested in a coupled IPA, applicable to both the un-

) . ] mixed lower and mixed higher states. Instead we go on with
We introduce our method starting from the inverse pertur, second modification. As pointed out in Séca further
bation analysis[1] and first taking into account coupled ingredient of our approach is the replacement of the short-
channels. The IPA is a method_ to improve a pot_entlal, iNrange parts <r, of the potentialsVs(r) and V(r) by a
such a way that the corresponding Safinger equation re-  poundary condition at,, the largest interatomic distance
produces as well as possible a set of experimental boundyheres can still be considered a good quantum number due

state energieg, : to the fact that the singlet-triplet energy splitting is large
52 relative to the hyperfine constaaj; (see also Sec,).| The
— —A+V() |y =Enihy, (1) boundary condition takes the form of an accumulated phase
2p ¢yt of the corresponding rapidly oscillating radial wave

with u the reduced mass, equal to half the atomic mass in th%mctlonsl,/;s”(r) In egch of the decoupled channels, defined
y the WKB expression

present application. One makes a comparison with theoreti-

cal eigenvalue&? associated with an approximate potential [ (ro
VO(r) and its eigenfunctiong? : Slf{f k(r)dr} sine(r o)
2 ¥(ro)= 172 =ATTs ’ 6)
h 0 0_ 0,0 k™4(ro) k(o)
_ﬂA—*—V (r) wn:Enwn' (2)
k(r) being the local radial wave number:

Using first-order perturbation theory and an expansion of the 5
difference potentialV=V—V? in a set of suitable basis kz(r)zz—ﬂ E—V(r)—h Id+1) @)
functionsg;(r) [1,20], the energy differences are expressed 2 2ur? |
as

In these equations we have omitted the subs@&ipt T for
= =0_,,0 o\ _ 0 0 simplicity. This accumulated phase method has been intro-
AEn=Eq E“_<¢”|Av|w”>_2i Ci{nlGi(1)4). (3) duced in Ref[3,4]. Differentiating Eq.(6) we find thate is
related to the local logarithmic derivative by
This set of linear equations for the unknown expansion co-
efficientsc; is solved generally as a least-squares problem to
construct a new theoretical potentha?(r) + AV(r) and the
whole procedure is restarted until one reaches convergence.
The IPA can only be applied to singlet and triplet poten- The validity of the WKB approximation is not a prereg-
tials separately, since it assumes the absence of coupling. utsite for this approach: we could have specified the bound-
therefore needs unmixed experimental singlet and tripleary condition by means of a logarithmic derivative of the
states as input. To introduce coupling, both Ed$.and (2) radial wave function. We come back to this point later in this
are considered as coupled equations in the singlet-triplet ®ection. The accumulated phase may be considered as a con-
hyperfine basis, or any other basis. The IPA equai®mran venient parametrization of the logarithmic derivative. Its
be carried over to the multichannel case essentially withoutonvenience stems from its approximate linearity,

change,° now standing for a coupled state:
98 ’ P b= +ESE+I(1+1) 4, 9

! kl

kCOtd):?-F ﬂ (8)

AE,=(4°|AV|yP
=Wl AVIYR over the relatively smalE and| ranges neaE=I1=0, rel-
evant for cold collisions, making it possible to fit experimen-
:Z [cis(¥nlPsGis() ¥ + Cir( il Prgir (N ¢ ], tal data with three parametersgio,gE,w. In contran)t, the
logarithmic derivative shows the typical tangent-shaped ex-
(4) cursions through infinity each time a radial node passes the
pointr=r,. As an example we consider tféRb case for
which an analysis is presented here, based on accumulated
AV=PAV(r)+P7AV(r), (5)  Phases at the radiug=19,. Figure 2 showsps and ¢ as
a function ofE for =0 (a) and as a function df(l +1) for
andPg and P projection operators on the singlet and triplet E=0 (b), in both cases over ranges much larger than needed
spin subspaces, respectively. for the analysis in Sec. IV. The andl (I +1) ranges covered
The modification of the IPA to include coupling requires by the actual measurement are indicated by the double-sided
the tedious task of introducing a coupled-channel matrixarrows in the graphs. Over this range tBedependence is
structure into the previous equations and the associated corfirear to within A¢s=+6Xx10"° and A¢pr=*+11x10 >,

with AV an operator in spin space,
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iz T T - L e R mental eigenvalues. To include potential corrections in the
J P interior regionr <r via changes of the accumulated phases,
3 we have to find a solution for the following complications.
& (1) The normalization of the stai,eﬂ is tacitly assumed in
o= the perturbation theory expressi@4), although the phase
description for the <r, dynamics implies that the part o;nﬂ
in the interior region is not explicitly dealt with. Rewriting
251
Eq. (4) as
£
]
8 AE(Ynl i) = (sl AVIyr), (1D
24r

. . . . . ; 0,0 ;
200 200 00 200 0100200 300 400 we need to deal with the pafty,| ¢n>r<r0 of the normaliza-

E (GHz) 1(1+1) tion integral. This difficulty plays a role independent of
whether a potential correction extends ovetr,, overr
>rq, or over both.

(2) V4(r) andV+(r) are continuous functions of When
a potential correction in the exterior region extends upgto
this has consequences for the inner potentials, i.e., for the
phase parameters.

Complication(1) is easily solved starting from the WKB
expression(6) for the accumulated phase in one particular

FIG. 2. (a) Accumulated phasesg(E,|=0) and¢(E,1=0) vs
E for IPA singlet andab initio triplet potentials.(b) Accumulated
phasespg(E=0,) and ¢r(E=0)) vsI(l+1) for the same poten-
tials.

and thel(l+1) dependence even to withidpg=+1
X 10" ® andA ¢r=+3%x10 8. The graph forpg was calcu-
lated using Amiot's IPA singlet potentigR1], that for ¢+ . . :

using the Krauss and Stevens triplet poterted]. In some ﬁg\c;gupled channet. Differentiating with respect t@& we
of our previous analyses we also included higher-order de-

rivative terms to extend thE and| ranges. Note that

dd, ZMJTO 1
q Rl
=2 gg=2n4" 10 A
2/ [ToSiMPe,(r) 20, o o
is the classical time interval needed for the atoms to move = 52 K, (1) dr= 722 <l/’n|¢n>a,r<r0-
from rq inward and back ta,. Indeed, for the shallower “«
triplet potential the phase is seen to be a steeper function of (12

energy. Furthermore, the second derivativepaf;(E) with

respect toE is seen to be negative, in agreement with theThe approximation involved in this equation is valid when
decreasing sojourn time left of, for increasing energy. sirf¢,, oscillates rapidly over a radial range whéagis ap-

A refinement that we introduce to increase the accuracy oroximately constant, which corresponds to the condition of
our approach is to subtract not on)(r) and the angular ygjidity of the WKB approximation. Writing nearr o in the
kinetic GHGVQYﬁ2|(| +1)/mr? from the total energyE to  form (6), we find A, . Equation(12) then allows us to ex-
obtain thg radial wave numbér) in the ranger <r,, but press the par{y2|4°), ., of the normalization integral in
also a spin-energy term. The latter results from the total tWOEerms of the derivative@izs /9E. In connection with com-
atom Zeemftnjnte[acfiowz and hyperfine interactioW plication (2) we also anee.d to express the part
:(ah_f/ﬁz)(s;' I1FS;-05). At the interatomic distanceo (9 Av|y9), _. in changes of the phase parameters. We use
the singlet-triplet energy separation is assumed to be so lar 0

that the singlet-triplet mixing, induced by the pavi; Hhe wka expression

=L(ani/h?)(s,—S,) - (i1—1,) of Vs antisymmetric in the

electronic spins, is negligible. Therefore the eigenvectors and Ad = — 2—'ufriAV d
eigenvalues of the su,;+V,, diagonal inS determine Pa= £2J)o2k,” ¢ '
the spin states and spin energies of the decoupled channels.
Here,V; ;= %an;/#%S- 1 is the remaining, symmetric, part of _ 2p (rsig,(r)
Vi ¢. The decoupled channels in the regiorr, will be T2 Kk, AV, dr
denoted by the abbreviated notatianin the following («
includes in particular the quantum numisgr. 2u 0
The fact that we generally include a search for the above =- (Yl AV ) <, (13

272
phase parameters in our approach implies that(#dhas to R Aq
be modified, since we want to derive a different set of pa-
rameters characterizing the modifications of the potentials With these relations, the main equation of our method is

from the discrepancieAE,, between theoretical and experi- found to be
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o1 0 h? , Ibq 4P (r) are chosen to be real. In E(L.6) we have expanded
AE, <wn|¢n>r>ro+m % AaZE I¢§> and|,) in the above orthonormal basis of spin states
a@):

= [Cis{¥AP<is()| 4=
| i 9=2 WD), ¥ =2 na(Dla). (17)
hz o [e3
+cir( ¢ P1g; 0 —-— 2, AlA¢,,
Cir(nlPrOir(N) )= ] 2u Ea: oB According to Eqs(4) and (5), the corresponding matrix el-
(14) ementsAV,,, of AV are given by

whereA is written in the form / ,
a Ava’a:Ei (Cis(a'|Pgla)gistcir(a’|Prla)gir),

Ap,=APo+EPAGE+I(1+1)AS,, (15) (18)

following from Eq. (9). Like the IPA equations(4) we  ith the functionsy;s(r),gi7(r) restricted tor>r.
started from, Eq(14) is a set of linear equations for the Integrating over from rq to , we find to first order in
unknown parameterén this casecis, Cir, Ad,, A¢%, and  the modifications\V and AE, :
Ad)'a) in terms of the energy differenceSE,. Again, we
solve it as a least-squares problem. Clearly, in case some of 0 5
the parameters are already known with sufficient accuracy > [¥0.(ro)1PAA,
from other sources, the corresponding terms in Et®.and “
(15) are replaced by 0. 21 ® 5 0
Note that Eq(14) no longer contains the functiomgss(r) =77 Z f o (AV 1o = AE[S4r o) 0T,
andg;t(r) in the interior regiorr <r,, but only long-range a'a 2o
dispersion and exchange terms represented by analytic ex- (19
pressiongy;s(r),git(r) for r>rq, containing unknown dis-
persion and exchange parameters. This point is illustrated iwith A, the logarithmic derivative of the radial wave func-
more detail in Sec. IV. At this point we emphasize again thation in channekr atr,. This equation enables us to formulate
our method avoids the intricate instability and convergencéhe approach in terms of logarithmic derivatives. As pointed
problems of the IPA by replacing the nonunique “math-out above, however, the convenient properties of accumu-
ematical” basis functiong;(r) with accumulated phases and lated phases lead us to reformulate the approach by param-
“physical” long-range interactions. Such problems playedetrizing the logarithmic derivative for each of the channels
an important role in previous work of Moerdijk and co- via
workers, in which the IPA was applied to,land Na bound
states very close to the continudigl. Three further remarks k(ro) k'(ro)
are in place. The first relates to the channelsThe labela - tang  2k(ro)
distinguishes the various spin eigenstatesVof+ V;, so
that the dynamical problem is diagonaldnfor r<r,. Fora  This definition of the accumulated phase has been used in all
vanishing or weak magnetic field, corresponds to the com- our previous wor3,8—10,2. It corresponds to the integral
bination of quantum numbe&1,F,m¢. For a strongB field  [Tok(r)dr when the WKB approximation applies. Starting
eacha contains a combinatio®,|,mg, but a mixture ofF from Eq. (19, Eq. (14) with Ai replaced by
values. 140 (o) 1%k, /sirP¢, can be derived by expressing the differ-
The second remark relates to the use of the WKB approxiantialsA A , in the variationsA ¢, and AE,, using Eq.(20).
mation in the foregoing formulation. Our approach is mostyye emphasize that in this general form of a boundary con-
easily explained using the WKB approximation. We note,dition the accumulated phase method is based only on the
however, that the WKB approximation is not essential forassumption of negligible singlet-triplet coupling in the range
the validity of the approach. To see this we start from an <y | practice, this condition is fulfilled by the choice of
equation for the Wronskian of the unperturbed and perturbeg 4t an interatomic separation where the molecular singlet

(20

states| ) and |y): and triplet potential curves have an energy separation large
compared to the strength of the hyperfine interaction.
i 2 wo il// —y idlo As a third remark, we point out that the formalism pre-
ar Nagy The 7he gp Tha sented abovéand our computer code based onist flexible

5 enough to contain a full coupled IPA as a special case. It can
_cH 0 be realized by selecting any value close to the origin and
=— (AV 4 = AE S, ) Une, (16 _ ; .
h? C% Ve " Jna (16) choosing the differentialA A , to be zero. In Sec. IV, how-
_ ever, we describe the application of our method to the mea-
following from the time-independent Schiimger equations sured ®Rb, bound states near dissociation, making use of
for |¢2> and|#,). Here, the channel components,(r) and  the formalism in the restricted accumulated phase form.
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. TWO-COLOR PHOTOASSOCIATION EXPERIMENT =
We have measured the energies of the highest bound '% 085}k
states off®Rb, with two-color photoassociation spectroscopy E.E,
[2]. The experiment is very similar to our previous one-color % 0.90
photoassociation experimenf8—10,19. About 1¢¢ %Rb E
atoms are transferred from a magneto-optic (@ T) to a < 095}
far off-resonance optical dipole force trépORT) [23]. The k=)
atomic density is about & cm™23 and the temperature is a S 1.00 |
few hundred microkelvin. The FORT is created from a 1.7 ‘g
W, linearly polarized laser detuned 35 nm to the red from the o

rubidium D, line, focused to a 10um Gaussian waist. This Photoass%c(i)gti'\c;ﬁl_'La/lsgr Frequency
creates a trap with 12 mK depth. The atoms are doubly spin ( z/Div.)

polarized in thef =3,m; =3 state by a repumper beam tuned |5 3 one-color photoassociation spectrunf®th,. A single

to the 85Rb 5.281,2(f =2) to 52P4,(f=3) trezmsition and an yiprational level near 12573.1 cih is shown, withJ=0, 2, and 4
optical pumping beam tuned to tH8Rb 5%Sy(f=3) to  yotational levels visible.

52P,,(f=3) transition. The optical pumping beam is circu-
larly polarized with an intensity of 10QuW/cn?. A 3 G
magnetic field is applied parallel to the FORT and optical
pumping beam propagation direction.

Once the FORT has been loaded, the FORT laser beam {Fo
alternated with two photoassociation laser beams and the ORio different vibrational levels at 12563.1 crh and

tical pumping and repumper beams in.s cycles for a total 12573.1 cm?, respectively. Asv, becomes resonant with

of 200 ms. This is done to avoid the effe_ct of the ac Starka bound-bound transition between the excited state and a
shift of the trap laser on the photoassociation spectra and t

. ; nd molecular he trap | r .Th ition
optical pumping process. At the start of each cycle, only th ound molecular state, the trap loss decreases. The positions

. . . of the ground-state vibrational levels are thus visible as
FORT .beam is applied for 2.jus. Aftgr this, th'e FORT downward going peaks in the two-color spectra. This occurs
beam is turned off, and only the optical pumping and re

. ) ‘because the excited state is power broadened by photoasso-
pumper beams irradiate the atoms for Q5. For the last P yp

I ciation laser 2. This reduces the efficiency of excitation of
stage of each cycle, only the p_ho_toassomatlon beams are e colliding atoms by photoassociation laser 1, and therefore
plied for 2.0 us. Photoassociation laser beam 1, at fre-
quency v4, is ordinarily kept at a constant frequency that
excites transitions to eiog‘ (v,J)) state near the 5S,,

(
+52P,,, dissociation limit. Photoassociation laser beam 2, 52,3;5)

(

(

stant loss of atom$10-30% depending on experimental
conditions in the absence of the second laser.

Figures 4a) and 4b) show the two-color photoassocia-
n spectra withy, tuned to theJ=2 rotational levels of

at frequencyv,, is tuned to the blue of, (see Fig. 1 of Ref.

[2]). Both photoassociation laser beams are collinear with the
FORT beam, and are focused to a waist of 2tn. Photo-
association beam 1 is supplied by a temperature and current
tuned SDL-5401-G1 diode laser with an intensity of
1.6 kWi/cnf and a linewidth of less than 20 MHz. Photoas-
sociation beam 2 is supplied by a Ti:sapphire ring laser with
an intensity of 30-200 W/cfand linewidth less than 2
MHz. After the 200 ms cycling process is complete, the
number of atoms in the trap is measured with laser-induced
fluorescence. This process is repeated for a succession of
laser frequencies,.

As in the one-color experiments, the photoassociation
beam 1 promotes trap loss when resonant with a free-bound
transition. A pair of free atoms absorbs a photon from beam
1 to create a short-lived excited molecular state, which then 10 L ) ) .
usually spontaneously decays to a pair of free atoms with a T 5 10 15 20
kinetic energy high enough to escape from the trap. Figure 3 Laser Frequency Difference
shows the one-color photoassociation spectrum obtained by (v,-v.) (GHz)
scanning only one of the photoassociation beams across a 2t

single vibrational level at 12573.1 crh. The upward going FIG. 4. Two-color photoassociation spectra with tuned to
peaks are associated with the trap loss induced by this lasghtermediate vibrational levels states near 12 563.1 ‘cif@) and
TheJ=0, 2, and 4 rotational levels are visible in this spec-12573.1 cm? (b). The two-color spectrum is obtained by setting
trum. For the two-color spectra, photoassociation beam 1 is; to the intermediate staté=2 rotational level, and scanning,
tuned to the maximum of thé=2 peak, and induces a con- to the blue ofy;. (c) Assignments of the observed levels.

(b)

Fraction of Atoms Remaining

09 F
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=2 level observed in this experiment.

€ 060 J=0 J=1 J=2 We investigated the first 20 GHz below the?S(f

g =3)+52S,,,(f=3) dissociation limit. The intermediate

g:’ ook state at 12563.1 cit resulted in a spectrum showing more
o ground molecular states than the state at 12 573.1 'ciwe

g also observed a few of these same levels with an intermedi-
< ate state at 12561.8 crh. From these photoassociation
5 080T spectra, the binding energies of 12 ground-state levels were
S measured, as shown in Table I. We searched for but did not
"é 0.90 . , . . . find molecular states with binding energies greater than 20
IC  -600 -400 -200 O 200 400 600 GHz, presumably due to small Franck-Condon factors.

The frequency scan of photoassociation laser 2 was cali-
brated to an accuracy of 20 MHz with a scanning Mich-
elson interferometer wavemeter and a 300 MHz free spectral

FIG. 5. High-resolution two-color photoassociation spectra forrang(ij daalon: TZebzerr? of t_he frequJ](_anhcyhdlfferen@g—l Va2
very small laser frequency difference,(— »;). v, is tuned to the was determined by the point at which the second laser In-

J=2 intermediate state near 12 563.1 ¢mThe data show three duced one-color trap loss on thg @=2) line, as in Fig. 5.
upward going peaks indicating further one-color trap loss aSPhotoassocif':ltion laser 1 was passively stabilized and dem-
|04 (v,J=0,1,2)) states are excited. The downward going peakonstrated_drlft below 20 MHz over the course of a scan.
shows the most weakly bound ground molecular state observed in The widths of the observed lines varied from about 60
this experiment, with a binding energy of 160 MHz. MHz to about 300 MHz. The widths of the broadest lines
were probably dominated by power broadening, whereas for
reduces the trap loss. A theory of these two-color trap losshe narrowest lines the thermal width of the initial continuum
line shapes has been given by Bohn and Juli¢@dg Figure  state plays a significant role. To our knowledge there are no
5 shows a magnified view of the two-color photoassociatiorexplicit calculations for thermally averaged two-color photo-
spectrum for very small positive and negative frequency dif-association line shapes in the literature. However, one-color
ferencesv,—v,. For zero and negative frequency differ- thermally averaged photoassociation line shapes have been
ences, upward going peaks are observed which are due talculated previously{8—10,29. These calculations show
one-color trap loss induced by photoassociation laser 2 bthat the photoassociation peaks can easily be shifted by
transitions toJ=0, 1, and 2.(For this spectruml=1 is (1-2)kgT relative to the peak position in the absence of
visible because the atoms were not polariz&@r a positive  thermal broadening effects, wheras the temperature of the
frequency difference of about 160 MHz, the spectrum showgas andkg is Boltzmann’s constant. For our conditions this
a downward going peak associated with the highest boundhift would be in the range from about 6 to 20 MHz. Similar

Laser Frequency Difference
(vy,-v,) (MHZ)

TABLE |. Spectrum of®Rb, |=2F=4,5,6 levels observed experimentally, including assignments of
(f1,f,) progressions and integer parts of theuantum number relative to the dissociation limit for the
progression involved. Theoretically predicted levels withdgy, ) and with E;, ;) Feshbach resonance data
taken into account. The=4,F=6 g-wave shape resonance state observed by one-color spectroscopy is also

included.
F | Eexp (GH2) Ein1 (GHz) Ein 2 (GH2) v—Up (f1.f2)
6 4 +0.015+0.002 +0.014 +0.015 -1 3,3
6 2 —0.16+0.06 -0.14 -0.14 -1 3,3
5 2 -3.18 ~3.18 -1 2.3
4 2 —6.23+0.06 —-6.22 —-6.22 -1 2,2
6 2 —1.52+0.06 —1.48 —1.46 -2 3,3
5 2 —4.58+0.06 —4.51 —4.50 -2 2,3
4 2 —7.61+0.06 —7.56 —7.54 -2 2,2
6 2 —5.20+0.06 —-5.13 -5.09 -3 3,3
5 2 —-8.17 -8.12 -3 2,3
4 2 —8.34+0.06 —-8.35 —-8.33 -3 2,3
4 2 —11.27+0.06 —-11.23 —-11.18 -3 2,2
6 2 —12.22+0.06 —-12.24 —-12.14 -4 3,3
4 2 —-12.50 —12.43 -4 3,3
5 2 —15.24+0.06 —15.28 —15.18 -4 2,3
4 2 —15.67+0.06 —15.67 —15.61 —4 2,3
4 2 —18.39+0.06 —18.38 —18.29 —4 2,2
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shifts should occur for our two-color spectra, and theyused in the following analysis.

should occur in both the calibration spectrgas in Fig. 5, We analyze the energy spectrum as follows. Referring to
which determines the zero of the laser difference frequency$ec. Il, we characterize the singlet potential in the interval
as well as in the observed lines. In addition, line pulling dued<r < 19a, by the singlet accumulated pha#§, which we

to drifts in the frequency of laser 1 and ac Stark shifts couldtake as a fit parameter, and by its derivati\@% and ¢'S,

also play a role in the position of these lines. These shifts argalculated on the basis of the above-mentioned IPA potential
difficult to evaluate accurately since the tuning of laser 1 ancf Amiot [21]. In the same interval the triplet interaction is
the gas temperature are not accurately known, and since Waracterized by three similar parametes§:is taken as a fit

did not attempt to model the line shapes. However, the)barameter, whereagt and ¢\ are taken from the Krauss
could easily be on the order of the width of the lines. Due to

h o i i ¢ and Stevensb initio triplet potential[22]. Forr>19a, we
these uncertainties, we consider our earlier statemm write the interaction operator as
error bounds oft 30 MHz for some of the lines to be insuf-
ficiently conservative, and have chosen to apply a common

i i i Cs Cs Cyo
error estimate of- 60 2gMHz for all levels in the reanalysis Vir)y=——— —— —— +Veayent Vi (22)
of our data presented below. r6 8 10

IV. APPLICATION OF COUPLED ANALYSIS For Cg we consider values in a range that _incIudes at the
TO TWO-COLOR PHOTOASSOCIATION EXPERIMENT Io_wer end the interval 455(-)_10_0 a.u., dgtermlned in a pre-
vious one-color photoassociation experimgli], and at the
We assign the quantum numbers of the observed bounkigher end the interval 470050 a.u. from the analysis in
states as follows. As pointed out earlier, due to the aboveref. [30]. Values forCg andC,, are taken from Marinescu
mentioned selection rulé=J, which is valid also in the et al.[31]. The exchange interaction is taken from Hadinger
downward transition, we produde=2 bound ground-state and Hadingef32].
RDb; levels only, since d=2 rotational level of the lower D The actual application of our coupled analysis consists of
electronic state is excited as an intermediate state. Also, with number of iterations, in each of which EG9) is solved as
a two-photon transition from the initia)F,mg:)=|6,+6) a least-squares problem. At the beginning of an iteration

state of two doubly polarized atoms, onf=4, 5, or 6  step, eigenfunctionﬂ/i0 and eigenvalueEiO (i=1,... M)
levels can be formed witm-=4. Note furthermore that for are calculated for certain phase and potential parameters
all B, f; andf, are good quantum numbershf=5 or 6. In  x; (j=1,... N, N<M). This gives us a vectakE having

addition, for| even Bose symmetry excludds=5 for the set of differences with the experimental enerdi€s as
(f1.f2)=(3,3). We should therefore expect to see two mu-components, from which the vectax with the changedx;
tually shifted pure triplet vibrational progressions convergingas components is to be determined. Writing Ep) in the

to the (f1,f,)=(3,3) hyperfine threshold fdf=6 and to the  form

(2,3 hyperfine threshold foF =5, respectively. These are

the two sequences indicated €%3;6 and (2,3;95 in Fig. AE=M AX, (22

4(c). The energy differences between pairs of corresponding o

levels in the progressions indeed correspond to the singlewe use the same wave functiom@ to calculate theM XN
atom hyperfine splitting, 3.04 GHz. The remaining levelsmatrix M. To take into account the experimental error bars
must be assigneB=4 and have mixed singlet-triplet char- we divide the componentSE; andM; by theith error bar
acter. In view of this one would expect these levels to dis-without changing our notation. The least-squares solution is
play a less regular pattern than tRe=5 and 6 levels. An-  found by solving Eq.(22) for the parameter change$sx
ticipating our further analysis we note, however, thand  using the pseudoinverse bf (see Ref[33]):

f, continue to be approximately good quantum numip26és -

for the mixed singlet-triplet states because of an approximate Ax=M1AE. (23
equality of singlet and triplet phases f81Rb (see also Tsali -

et al. [2]). This equality is similar to that which has been This iteration step is repeated until convergence has been
discovered for¥’Rb [27—29, and in fact follows from it by  reached. It turns out that highly accurate values of the ele-
mass scaling of the wave function phases. We note that thisients ofM are needed for correct and rapid convergence.
scaling of small phase differences is not expected in generathis is especially true for directions in parameter space for
but just happens to occur for the particular case of Rb. As avhich the least-squares sum varies slowly. We have paid
consequence, the=4 states display a pattern almost asspecial attention to this aspect by studying Me=N=1
regular as thé =5 and 6 states. Table | shows the spectrumcase. In our coupled analysis thevave shape resonance is
of I=2,F=4,5,6 levels observed in our experiment, includ-included as a quasibound state, by assuming its wave func-
ing the assignments of thd (,f,) progressions and the in- tion to vanish at a radius far inside the centrifugal barrier.
teger parts of the differences—vp, with v the vibrational Parenthetically, we note that our method is easily ex-
quantum number andp, its generally nonintegral value at tended to cases whefpart off the measured data consist of
the dissociation limit for the progression involved. We alsoenergydifferencesbetween states without information on ab-
include thel=4F=6 g-wave shape resonance state ob-solute positions with respect to the dissociation threshold, for
served by one-color spectroscof0], which will also be instance. In such cases the differences between elements of
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TABLE II. Iteration paths for three choices of starting points in parameter spagape, #3), given in
the first line. The values in the second to fourth lines are obtained by the coupled singlet-triplet analysis.
Accumulated phaseﬁg and ¢$ for zero energy and angular momentum are given moauldhe dispersion
coefficientCg is given in atomic units.

Ce b2 #? Ce b2 #? Ce b2 #?

4700 2.42739 2.69209 4600 2.86411 3.08447 4600 3.07411 3.08447
4652 2.64742 2.88692 4650 2.65240 2.89221 4647 2.66936 2.90512
4651 2.65024 2.89024 4651 2.65031 2.89033 4651 2.65035 2.89038
4651 2.65017 2.89019 4651 2.65024 2.89026 4651 2.65036 2.89037

AE and between elements M are used in Eqs(22) and  theory and experiment. It results in sets of optimal param-

(23) instead of the elements themselves. eters and error bars completely different from those at the
Since we have normalized the components\@ to the  absolutexy? minimum.

measured energy uncertainty intervals, the covariance matrix We find Cg=4650+-50 a.u., a range with a considerable

for the parameter values finally obtained is given by overlap with the interval 470650 a.u. from Ref[30]. Con-
sidering theCg range 4556100 a.u. found by Boesten
2 et al.[10], which is based on independent information, i.e., a
MX N (MTM)*{ (24 Franck-Condon oscillation in the photoassociation spectrum,

one would conclude that our central val@=4650 a.u.
may be considered as the optimal overall result, if the
the diagonal elements of which give the square of the finaFranck-Condon oscillation is taken into account. The theo-
parameter errors. In this expressigf is the least-squares retical level energies that follow from this analysis are given
sum. in the fourth column Ey, ;) of Table I. For varyingCs near

In view of the large discrepancy between the results othe above central valugz=4650 a.u. we subsequently de-
our previous pap€2] and the later results obtained by Rob- rive optimal values ofs2 and ¢2. The corresponding vibra-

ertset al. [30], we here repeat the analysis of RE2] but  tional quantum numbers at dissociatian,g(mod1) and
now without a restriction orCg. Also, as noted above, we . (mod1) are

keep ¢F fixed to theab initio value. We thus treaq, ¢2, o

and ¢$ as parameters in a fit to the two-photon data in com- vps= +0.0050+ (1.8X 10" #)(Cs— Cq) +0.0095,

bination with the energy position of trggwave shape reso- . (25
nance. Only ong function in Eqs(14) and(198) is therefore vpr=—0.0518+ (1.0X 10 #)(Cs— Cg) = 0.0032,

involved in the analysisgis(r)=gir(r)=1/% andcis=cit

= —Cg. We emphasize again that this choice is very differ-with the Cg values in a.u.

ent from the usual IPA functions. While the triplet param-  The analysis of Ref[30] included the parameters of a
eters are primarily determined by tle=5 and 6 levels in- magnetic-field-induced Feshbach resonance that has been
cluding the g-wave shape resonance, the singlet phag@served in thé°Rb+®Rb elastic scattering channel by two
parameterg is mostly determined by the mixed singlet- 9roups[11,3Q since the experimental two-color photoasso-
triplet F=4 states, in particular those wittf(,f,)=(2,3).  clation work that we analyzed aboye. As a f_oIIOW|_ng step
The starting point of an iteration was chosen in @grange therefore we supplement the foregoing analysis by including
between 4450 and 4750 a.u. mentioned above and in tH8€ extremely accurate values of the resonance Belchy
#2, % ranges suggested by analyses of previous cold-atoriT 1952204 G and the resonance “width"A=11.6
experimentg8,9,27—29 involving #5Rb and ®Rb, as well +0.5 G, measu'red by Roberts al. [30] as gddltlonal ex-
as by direct inspection of the level energies, as we mentioneBerimental data in our parameter search with corresponding
in the beginning of this section. The iteration is ended wherfoupled-channe¥t matrix elements. We thus findyg mini-

the steps in the phase values afig become an order of mum atCg=4700-50 a.u., in agreement with Ref30]
magnitude smaller than the uncertainties in these paramete@®d consistent with the abow&=4650 a.u. value. The set
following from the experimental error bars. This generally of theoretical energy levels obtained in the overall fit are
occurred within three steps. As an illustration, Table Ilincluded in Table ({fifth column: Ey, ).

shows the iteration paths in parameter space for three starting We also give the optimalpg, vpt values for varyingCg
points. The phase values are given moduloThe end points  near the central valu€g=4700 a.u. of the latter fit:

of these iterations coincide within the above maximum final o

step values and represent an absojfteninimum. As usual vps= +0.0090+ (0.8X 10" #)(Cgz— Cg) = 0.0009,

in x? searches, not every choice for the starting point leads to (26)

this minimum. Sometimes convergence takes place to alocal ;.= —0.0568+(1.4x 10 %)(Cs— Cg) +0.0011.
minimum with a considerably highey?. This is generally

due to one or more levels that are misidentified betweefMhe corresponding scattering lengths érea.u)
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ag=+2650-12.93 Cg— Cg) * 250, V. CONCLUSIONS

_ (27) We have described a coupled singlet-triplet analysis for
ar=—361-1.171C4z—Cg) = 10. extracting information on interactions between cold atoms
from energies of bound diatomic states. Like the IPA it is
The agreement between the experimental and theoreticBlsed on inverse perturbation theory, but unlike the IPA it is
energies is quite good. Relative to the theoretical energiespplicable in situations where external and interelec-
Ein1, the measured level energies show a small systematiconic and nuclear spjrdegrees of freedom of the two bound
difference of —20 MHz, and a random scatter of about atoms are coupled. Basically, the purpose of the approach is
+30 MHz, within our measurement error. For the set ofto extrapolate interaction properties from just below the dis-
theoretical energie&,;, ,, the systematic difference increases sociation threshold to just above, i.e., the cold-collision re-
to —63 MHz, and the scatter remains abatu80 MHz.  gime. Although the method is applied here to bound states of
The systematic difference is probably due to line shape eftwo identical ground-state alkali-metal atoms, it is applicable
fects, as discussed in the experimental Sec. I1I. For completd® @ny pair of cold atoms where the short-range interactions
ness we point out that the above analysis following @d), ~ &€ taken into account in terms of a boundary condition on

including only the bound-state data, yields the valBgs, the radial wave functions at a certain interatomic distance
—148+10 GA=9+4 G. In our case of two alkali-metal atoms the boundary condition

The analysis of the two-color photoassociation experi-takes the form of an accumulated phase for the wave func-

ment presented in this section illustrates how our couplegOn in the singlet and triplet spin channels. The latter de-

VSis | lied i tice. We bel that th th cription derives its usefulness from the fact that cold colli-
analysis 1S applied in practice. VVe believe thal the metnog;,ns together with the considered highest part of the bound-

will bg useful also for further work on the extract.ion of in- giate spectrum comprise an energy range small compared to
teractions between cold atoms from highly excited boundpe typical relative kinetic energies of the two atoms in the
diatomic states. o distance range<r,. We have made clear that the validity of
Parenthetically, we note that the sensitivity s and  the WKB approximation for <r is not essential.
vpr to Cg, described by the second terms on the right-hand e illustrated the coupled analysis by an application to
side of Eqs(25) and(26), can be determined either by com- the bound®Rb, states measured in a two-color photoasso-
pleting the coupled iteration successively for various choicegiation experiment and g-wave shape resonance observed
of Cg or, more easily, by making use of our coupled ap-in a one-color photoassociation experiment. We also per-
proach. The formalism presented in Sec. Il allows us to conformed a combined parameter search by including the mea-
siderCg or other parameters formally as parametgrand to ~ sured resonance field and resonance width of a recently ob-
translate their variationd x into variationsAE by means of ~ served Feshbach resonance.
the correspondingM matrix elements calculated in our

coupled approach. The latter in turn can be translated into
variations ofvpg andvpt or any other parameters deter- We gratefully acknowledge the support of the work at
mined in the coupled search, using the inverse equ&®i®n  Texas by the R. A. Welch Foundation, the U.S. National
This procedure is applicable generally in the case of paramScience Foundation, and the NASA Microgravity Research
eters for which one wants to indicate the dependence of thBivision. The work at Eindhoven is part of the research pro-
final results explicitly as in Eqs(25 and (26) instead of gram of the Stichting FOM, which is financially supported
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