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Two-Color Photoassociation Spectroscopy of Ground StatR b,
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We determine the energies of twelve vibrational levels lying within 20 GHz of the lowest dissociation
limit of 8Rb, with two-color photoassociation spectroscopy of ultraddRb atoms. The levels lie in
an energy range for which singlet and triplet states are mixed by the hyperfine interaction. We carry
out a coupled channels bound state analysis of the level energies, and derive accurate v&lgs for
interaction parameters. The information obtained is sufficient to allow for quantitative calculations of
arbitrary Rb ultracold collision properties. [S0031-9007(97)03822-2]

PACS numbers: 32.80.Pj, 34.20.Cf

An important reason for the interest in Bose-condensedhe total spin quantum numbef, with F = f; + f, =
magnetically trapped alkali vapors [1-3] is that it is pos-S + I, is good at all internuclear distances. Adiabatic
sible to understand many of their properties from firstmolecular potentials for®°Rb, with the pure triplet
principles, starting with known atomic interactions. This(F = 6) potential subtracted off are shown in Fig. 2.
close contact between theory and experiment requireshe change between molecular and atomic (hyperfine)
accurate atomic interaction parameters such as elastioupling occurs at abo@4a,. Molecular vibrations on
scattering lengths and inelastic collision cross sectionghese potentials are not perfectly adiabatic, so that curves
In principle these quantities can be computed from thavith the same= must be treated with a coupled channels
atomic interaction potentials. Substantial progress haapproach.
been made, for example, in the determination of Li [4— The experiment is an extension of our previous one-
6], Na [7—9], and Rb [10—13] scattering lengths. Unfor-color photoassociation experiments [10-12]. Abait
tunately, it has still not been possible to calculate manyaser-cooled ¥Rb atoms, at a temperature of several
important collision properties because of uncertainties irhundred microKelvin and a density of abol@'> cm3,
the potential parameters. are spin-polarized in theirf = 3, m; = 3 state and

In this Letter, we present new results that eliminateheld in a far-off resonance optical dipole force trap
most of these uncertainties for Rb. We measure the en-
ergies of twelve of the highest bound vibrational levels of

ground staté’Rb, with two-color ultracold atom photo- 12,580 5231/2 + 52P1/2
association spectroscopy. As illustrated in Fig. 1, ultra-
cold ¥Rb atoms collide in the presence of two laser fields /
of frequencyr; and »,. Resonances observed at spe- 12,5701 )
cific values of the frequency difference — v, directly /7 Og
provide the level energies. We analyze the level ener- 12,560 | )
gies with an inverse perturbation approach with coupled /
channels bound states, and obtain both singlet and triplet i vl |v
parameters. Two-color photoassociation spectroscopy has -
previously been used to obtain a single ground state level ~ v 52S. . + 528
of Li, [5], and evidence for ground state levels of,Na E 0 12 12
[14]. Our work differs from this in that we obtain a much L
more complete spectrum, assignment, and analysis. T 05

A unique aspect of our work is that we obtain a molecu- Y
lar spectrum for levels with binding energies comparable P B )
to the atomic hyperfine splitting. In this range singlet 20.0 30.0 40.0 50.0

(S = 0) and triplet § = 1) states are strongly mixed R
I : - (ap)
by the hyperfine interactiol,; = a(I; - S; + I - S,),
so that molecular quantum numbedi$ /) are not good. FIG. 1. Two-color photoassociation spectroscopy ®Rb,.
HereS =S, + S,, I = I, + I,, andS; and I, are the Colliding, trapped, ultracold>Rb atoms are irradiated by laser

electronic and nuclear spins of the two atoms=(1,2) fields of frequency, and»,. Spontaneous emission from the
ot excited level at frequency, leads to loss of the atoms from

respectively. -~ Atomic quantum numberg‘l( f2, with the trap. Optical double resonance (free-bound-bound) signals
f; =8; + I,) are not good either, since these states argccur when the frequency differenae — », coincides with
mixed at short range by the exchange interaction. Onlyhe binding energy of a ground state vibrational level.
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r(a,) v, tuned into resonance with a level §:563.1 cm~!. Double
resonance signals are observable as a decrease in the trap loss.

SThe positions and quantum numbers of the levels inferred from

e analysis are also indicated. The inset at the lower left
ows the highest level observed, with a binding energy of

nly 0.16 GHz.

FIG. 2. Diagram showing the adiabatic molecular potential
for ground state®>Rb, with the pure triplet,F = 6 potential
energy subtracted off. The potentials are labeled at short ran
by their molecular quantum numbers and at long range by thei
atomic quantum numbers.

. . knowledge, this is the most weakly bound level that has
(FORT) [15]. These atoms are irradiated for 200 MSyeen spectroscopically observed in any molecule.

with two laser fields of frequencies; and »,, which We assi .
. o gn the spectrum as follows. With a two-photon
have intensities ofl.6 kW/cm?, and 30-200 W /cn, transition from the initialr = 6 state, onlyF' = 4, 5, or

respectively. These fields are alternated at 200 kHz witl% levels should appear in the spectrum. The= 6 and

the FORT 'a.SeT- The laser frequeney is fixeq_ ON  F — 5 states are isolated, pure triplet channels, separated
a photoassociation resonance between the collision stajg 1 each other by one unit of atomic hyperfine energy
and alo, (v,)) excited state near the’s,/ + 5Py (3.036 GHz); see Fig. 2. Therefore, we may assign the

dissociation limit, wherev is the vibrational quantum . . ; :

’ . . vibrational progressions converging to theg1, f2) =
_nlijmber ar;)d{ t?el trota'flonal lquar:Lum ngf[mdbetr.t TZ'S 3,3) and(2,3) limits to theF = 6 andF = 5 vibrational
Induces substantial trap 10Ss, Since the excited stales decyq | respectively. The remaining levels must arise from

mostly to high kinetic energy atoms which escape from
the trap. At the end of each 200 ms period, we measure
the number of atoms remaining in the trap with laser-TABLE I. Experimental energy levels included in analysis
induced atomic fluorescence. We produce a two—coIoEnd t(?e(t)r?ncal gnert'gy Itehvels _cialculated with (_:oupleg-(_:htannel
spectrum by stepping: f10ugh a succession of values, 20UN-siales code,Logether il ) progression and te

A typical two-color photoassociation spectrum is shownshape resonance state observed in Ref. [12].
in Fig. 3. We observe a decrease in the loss of atoms frorm

the trap whenever, is tuned to a resonance between the? ! Eexp(GH2) En(GHZ) [v —vp] (f1./2)
intermediate level and a ground state level. Thisisduet® 4 +0.015 £ 0.002 +0.013 -1 (3,3)
power broadening of the excited state, which reduces th€ 2  —0.16 + 0.03 —-0.15 -1 (3,3)
absorption rate of photons on the first step and therefor® 2 —3.18 -1 (2,3)
the trap loss. We took spectra with three different values? g _?'gg :f 8"82 _?'gg B é (2,2)
of v in the intermediate state, and with= 2. The po- > :4:58 * 0.06 :4:53 :2 8 g;
S|_t|ons of t_he lines depended only en — v, and their 2 _761 + 0.03 757 N (2: 2)
widths varied from 0.060 to 0.30 GHz. We observed ag 2 _520 + 0.03 ~5.16 -3 (3.3)
total of twelve levels with the energies listed in Table l. 5 2 —8.20 -3 2,3)
In addition we supplemented the data with the energy ofa¢ 2  —8.34 + 0.06 —8.36 -3 (2,3)
g-wave shape resonance [12]. We estimated the errord 2 —11.27 =0.03 —11.24 -3 (2,2)
from the differences between the positions of the samé 2 —12.22 £0.06 —12.21 —4 (3,3)
level in different spectra. We also took them to be at4 2 —12.51 —4 (3.3)
least +1/4 of the linewidths, to allow for possible line g _g'g‘; f 8'82 _g'ég _j 8 g;
shape effects [16], which we did not attempt to model. 5 1839 + 006 —1834 _4 (2.2)

The highest level is bound by only 0.16 GHz. To our
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the three coupledF = 4 potentials, and have mixed C;, from Marinescuet al.[21]. We neglect the long
singlet and triplet character. As discussed previously [10]tange spin-dipolar interaction between the atoms, because
with the O;(~ 5281/2 + 52P1/2) intermediate state, we its contribution to the level energies is small compared
probe ground rotational states with= J = 2. to the experimental accuracy. The inner part of the
To carry out an analysis of these spectra, we havsinglet potential has been determined by Amiot [22] by
developed an inverse perturbation approach for coupletheans of a conventional IPA. We adjust the zero of
bound states (coupled IPA). The usual (uncoupled) IPAAmMIot's energy scale to agree with a new, precise value of
[17] is a systematic approach to improve an approximatéhe Rb dissociation energp, = 3993.53 + 0.06 cm™!
interaction potentiaV’°(r) on the basis of a comparison of [23]. From this adjusted singlet potential, we calculate
its bound-state energy eigenvalug$ with experimental ¢ (E, ) for arbitrary energyE and relative orbital angular
values E,. Changing the potential t&/°(r) + AV(r)  momentumi. We treat¢s(0,0) as a fit parameter in the
changes the energies in first-order perturbation theory byanalysis, and the calculated variation §(E, [) with E
E, — EY = (¢ AV (r)|¢?), (1) and! as boundary conditions for the> rq IPA problem.
For the triplet state no accurate potential is available, so
we treaté7(0,0) and its first derivatives with respect B
and/(l + 1) atE = [ = 0 as variable parameters.
We begin by analyzing the pure tripletr (= 5,6)
AV(r) = Zci-fi(r)’ (2)  states. The optimal phase parameters allow us to cal-
culate the®Rb +% Rb triplet scattering length to be

with known unperturbed eigenfunctiors). Writing the
correction AV(r) as a linear combination of suitably
chosen basis functiong(r),

turns Eq. (1) into a set of linear equations which allows . .
one to (?etfer)mine optimal expansiog coefficients azfg(?? 706_44]9 - lsol)cao,lzconlsjlsten;[ \.N':.h tf(])(; WV?'“G
Our method differs in two aspects from this approach( - Jao from Ref. [12]. Uncertainties a2% in

First, we incorporate coupled channels bound state<© and4% in Cg andCyo are accounted for in the final
. grror limits. The corresponding nonintegsalvave vibra-

jonal quantum number at dissociatiapr(mod 1) has
the value0.95 * 0.01, where the integer part afpr is
37 = 1[12].

Next we analyze the complete set of levels. Varying
¢s(0,0) alone, the six measurdd = 4 levels fall in place

state. Second, we replace the atomic interaction insid
r = ro with a boundary condition aty on the phaseg;
and ¢r of the singlet and triplet radial wave functions
[4]. We choosery = 20ay, small enough that singlet-
:Hglte:hgl;g]t%r:{;;;geor&;%geﬁggglg’ S?%tpllgrgisiﬂgzgg within their exp_erimental bpunds. All of the theoretipal
involving few parameters. In our version of IPA, we F=41=2 ¢|genvalge§ n the last 20 GHz _resultlng
supplement the equation for the perturbation of the outefrrom the .comb_lned optimization are p_resented In Table .
solution due to a changdV by an equation for the We obtain sat!sfactory agreement with the experlmgntal
perturbation due to a change i and ¢, making use Ievels.. Thg trlp!et scattering Iength.from the combined
of boundary perturbation theory [18]. An advantage 0fa_nalysls is |de_nt|cal with the yalue given aboglse. For the
our method compared to the conventional IPA is that thesmglet Sca“e“”gggength' we find4500a0 < as(*’Rb) =

set of parameters to be determined is more unique than or —o < as(“Rb) < — 1200ay. 'I_'he correspo_ndlng

in Eq. (2), where a subtle choice of basis functions is’?S 1S 122.994 + 0.012, where in this case the integer
needed to avoid unrealistic adaptations of the potentiaP"?‘rt Is quite certain. Our value ShOWS asma!l discrepancy
Our method also has the advantage that it treats singlg‘f'th the valuel23.45(0.20) determined by Amiot [22].

and triplet states simultaneously. A separate constructio A remarkgble property of four. of the observ_édz 4

of singlet and triplet potentials from measured levels maﬁevels is their rather accurate triplet progression asymp-

lead to inconsistencies, as pointed out by Zhetoal. totic to the(f1, f2) = (2,2) collision threshold. This re-
[19]. As in conventional IPA we apply our method in SL."tS from an apg’mx'mate equaht_y betvv_een singlet and
an iterative way. In each step we solve the equationg'ple.t phase; forRb; in the coupling region. Becausg
for the first-order perturbations to find new parametermc this, the highest parts of the uncoupled triplet and sin-

values. These then define the new unperturbed solution g_et bound state spectra approximately coincide, and the

Schrédinger’s equation for the next step. The perturbatio iplet and singlet interactior_1 pote_nt_ials are effectively in-
tgrchangeable. The hyperfine mixing, which takes place

equations are also used to estimate error bars for th I " lusivelv at | here the at |
parameter values extracted from the coupled IPA analysié most exclusively at long range where the aloms are al-

We write the long-ranger(> ry) interaction part of the most all of the time, th?n leads to a spin structure of
two-atom Hamiltonian in the form the coupled states that is almost identical to that in the

6 8 10 three asymptotic hyperfine channels. The calculation also
Vi==Ce/r” = Cs/r" = Cio/r™ + Vexen + Viyy. shows similarF = 4 level progressions asymptotic to
(3)  the (f1,f2) = (2,3) and (3,3) thresholds, and some of
Cg is taken to be4550 = 100 a.u. [12], the exchange these levels are observed experimentally. In Table | we
part is from Smirnov and Chibisov [20], an@s and present for each predicted level thé, f2) combination
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