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Observation of a shape resonance in the collision of two colé’Rb atoms
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We observe a shape resonance in the scattering of two ultr§RIdatoms, causing the colliding atoms to
form a long-living compound system inside ka2 centrifugal barrier. Its existence follows from a photoas-
sociation experiment in a gas sample of doubly polari¥@&b atoms. Using it we are able to carry out direct
determinations of the triplet scattering length fSRb, relevant to Bose-Einstein condensation experiments,
and of the RB-Rb Cg dispersion coefficient. Consequences for fiBb scattering length are discussed.
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PACS numbe(s): 34.50.Rk, 33.70.Ca, 32.80.Pj

I. INTRODUCTION In this paper, we consider a combination of the latter two
methods. Using photoassociation spectroscopy we observe a
A fascinating aspect of the recent successful Bosestrongd-wave shape resonance in the scattering of two dou-
Einstein condensation(BEC) experiments in cold-gas bly spin-polarized®’Rb atoms. From our data we derive the
samples of’’Rb, Li, and *Na atomg 1] is its close resem- resonance energy, which restricts &b triplet-scattering
blance to the ideal gas BEC paradigm as it was originallyength as strongly as the energy of the last bound state
predicted by Bose and Einstej@]. In fact, instead of the \oyid. This resonance energy provides a more restrictive
complicated particle interactions mvplved in other laboratoryyetermination of the scattering length than the Franck-
BE.C 'phenomena, the a“’mi%tom. Interaction e”teTS the d‘?Zondon factors alone that we previously u$a&8], because
scription of the phase transition in an ultracold dilute 98Se Eranck-Condon factors determine the phase of the scat-

only in the form of a single parameter, the scattering Ieng.”lering wave function only in the radial range where the laser

a. On the time scale of the two-body collisions any atomic__ .~ . L
. . ! citation occurs, and it is still necessary to extrapolate the
gas behaves like a hypothetical gas with the same value 5

a but without bound two-body states. Tkia)stability of the wave f_unction. o infinit.e.range u.sin.g a van der Waals long-
Bose condensate is one of the properties that are fully detef@nge Interaction poeff|C|erﬁ6 of limited accuracy. The en-
mined bya. It is believed that in a homogeneous gas a Bos€'9Y of thg qua3|'b0und resonance ;tate, Iylpg so close to
condensate is stable only for positiae[3,4]. In a trap it is th.reghold, is precisely the additional information n.eeded to
possible to form a condensate with a long lifetime also foréliminate this degree of freedom from the analysis. In the
a<0 if the total number of atoms is below a certain maxi- following we will demonstrate this more explicitsee Fig.
mum [5,6], but in this case toa is a crucial quantity gov- 4 and accompanying discussjoithis allows us to carry out
erning the equilibrium and nonequilibrium condensate propdirect determination of the®’Rb+°Rb triplet-scattering
erties. length, i.e., not via®®Rb, and of the RBRb C4 dispersion
The significance of the two-body collision parameters incoefficient. While the previous determinatiofil8] of
atomic gases is not restricted to BEC experiments. For inar(8’Rb) rested on a theoretic&ls value[20] and on mass-
stance, the accuracy of recent improved versions of the cescaling a result fo°Rb to 8’Rb using a theoretical number
sium atomic frequency standard based on a fountain of lasetf bound triplets-wave states, we are now able to dispense
cooled atoms depends critically on elastic collisions amongyith these and still obtain a much narrowaf range. The

the atoms during their fountain ortjiT]. ~ mass-scaling estimate uses the relation
Several methods have been developed to obtain reliable

information on such cold collision properties. The most di-

rect method is a measurement of the elastic cross section in m(®’Rb)

an experiment at sufficiently low temperati&9], which vp(]Rb)=vp(®°Rb) \/ —ge= (1)
does not determine the sign @f however. A second method m(*Rb)

is based on measuring the density-dependent frequency shift

of a fountain cloc 10]. A third method consists of extrapo- o ) _

lation from the highest part of the bound-state spectrunfased on the WKB approximation, with, the (fractiona)
throughE=0, i.e., by inferring triplet- and singlet-scattering Vibrational quantum number fdr=0 at dissociation21].
lengthsaT andas from (differences of energies of the high- The analysis of a photoassociation experiment does not give
est bound triplet and singlet stafds—13. A fourth method  information on the integer part afp , i.e., on the number of
that has recently proven to be very powerful is based orpound states,— 1. Together with the uncertainty @g, this
photoassociation spectroscopy4—1§, which can directly yielded a range+85<a;(®’Rb)<+200a, [18]. In the
measure the oscillations of the continuum wave function fopresent paper we derive a much more restrietetlalue and
low positive E [14,18,19. also an improved value for the RIS%P dipole matrix ele-
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FIG. 2. Dressed-states picture of photoassociation process, in-
0 500 1000 1500 cluding schematic ground-state and excited-state potentials. Chang-
Laser detuning (MHz) ing the laser frequency,, the excited bound-state energy shifts
over the Maxwellian energy distribution in incoming channel, caus-
FIG. 1. Measured rotationally resolved photoassociation specing a peak in photoassociation spectrum. Shape resonance within

trum of a single g vibrational level 5.9 cm® below the 5  |=2 centrifugal barrier enhances photoexcitatiorEgfJ=2 state.
28,,+ 5 2Py, limit, showing strongl=2 excitation.

Fraction of atoms remaining

low, this largeJ=2 peak arises due todxwave shape reso-
ance in the ground-state collision.

In a photoassociation collision two Rb ground-state atoms
move along a potentiadV,, absorb a photon from the PA
laser and thereby undergo a transition to a bound-Rb*
state in an excited-state potentigl. In a dressed-state pic-

The experiment is similar to that of Refl18]. About ture schematically represented in Fig. 2 the bound state,
10* ®Rb atoms are loaded into a far-off-resonance opticalwhich has already a width, for spontaneous emission, is
dipole force trap(FORT) [22], which has a wavelength of embedded in the ground-state continuum and thus turns into
808 nm, a waist of 11 micrometers, and a time-average@d Feshbach resonance with an additional wigthfor laser-
potential well depth of 5 mK. These atoms are exposed to énduced continuum decay. Changing shifts the Maxwell-
combination of laser fields for 200 ms. This period is dividedian distribution in the ground-state channel over the reso-
into repeated 5us cycles. During the first 2..s of each nance, thereby giving rise to a peak in the photoassociation
cycle only the trappindFORT) laser is on. During the next spectrum.

0.6 us of each cycle only two optical pumping laser beams The largeJ=2 peak may be easily understood from this
are on, which maintain the atoms in their doubly spin-picture. As has been dicussed previoydl§], for this spec-
polarized 8S,,,(F=2, M= 2) sublevel. During the last 1.9 trum the selection rulé = | is obeyed, wherg is the orbital

us of each cycle, only the photoassociati®®) laser beam angular momentum of the colliding atoms. The2 cen-

is on, which is linearly polarized perpendicular to the quan-trifugal barrier, at 148, is 0.42 mK high, as a summation of
tization axis, and has an intensity in the range from 20 tadispersion parts and centrifugal term shows. On the other
1000 W cmi 2. hand, the optical excitation occurs Bj~(40—48a, [18],

At the end of each 200 ms period, we probe the atomshe range of the outer turning points of the excited states
remaining in the trap with laser-induced fluorescence. If thénvolved. Both for the estimate of height and position of the
PA laser is tuned to a photoassociation resonance, collidingarrier and for that of the range of outer turning poiats
pairs of atoms are optically excited to bound excited molecuinitio calculated potentials sufficE24—26. Therefore, the
lar states. These pairs decay back to the ground state k=2 peak measures thetwave amplitude inside the cen-
spontaneous emission. For the excited states we study, cotifugal barrier. Its large size is due to the resonant buildup of
sideration of the Franck-Condon factors shows that virtuallythis amplitude behind the barrier.
all of these spontaneous decays are to free pairs of atoms Information on the ground-state radial wave function
which are too energetic to remain in the trap, with the ex-uy(r) is contained in the peak heights and shapes, in particu-
ception of a few percent that may decay to bound groundar in the partial widthy, for decay of the shape resonance
molecular statef23]. This loss of atoms from the trap results by laser excitatiori18]:
in a detectable change in the fluorescence level. We build up
a spectrum by repeating the loading, 200 ms irradiation pe-
riod, and fluorescence probe cycle for a succession of laser
frequencies. n=h

A typical photoassociation spectrum of a single vibra-
tional level belonging to the P state asymptotic to the
52S,,,+52P4,, limit is shown in Fig. 1. A simple rotational with I, the laser intensityc a geometrical coefficient con-
spectrum is observed, with= 0, 2, and 4 lines visible. The taining the full spin-angle structurei(r) the excited-state
most obvious feature of the data is the large size ofithe  radial wave function, ande(r) the transition electric-dipole
2 peak, which is about 50 times larger than theO peak moment.y, occurs in the Breit-Wigner expressi¢a7] for
when saturation effects are accounted for. As discussed bthe squared S-matrix element for photoassociation:

ment, and obtain an indirect measurement of the number
87Rb, triplet bound states.

Il. EXPERIMENT AND ANALYSIS

2

cf Ue(r)deg(r)ug(r)dr| , 2
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] 3 + C,=4650a.u.,v,=0.377
E- 10° | ! I A C=4450a.u.,v,=0.363
in the notation of Ref| 18]. Both u, andd, follow from the L) ¥ v C,=4850a.u.,v,~0.408
solution of a two-level problem in the,Osubspace: A sum g b
of 2X 2 matrices for the asymptotic fine-structure splitting, a = .
resonant electric dipole interactiody;,, and a dispersion ’g? i
part is diagonalized in the separated-atom bf2H. This © .
determines botW(r) and the structure of the,Oelectronic '-:g 10 ¢ .
state. It turns out that the electric-dipole matrix-elements = 1 3 5 7
d(Py2) andd(P3,) of the atomicD lines enteringVy;, are é -Laser detuning (cm")

the most uncertain part of the analysis. A set of measured

04 excited state level positions allows us to reduce this un- FIG. 3. ®Rb J=2 peak areas measured for a number gf O
certainty sufficiently. We select a radiug within but as  vibrational states, showing Franck-Condon oscillatjoincles, to-
close as possible to the outer turning paigtsuch that the — gether with theoretical values for optimg (plusseg and for two
local phase of the radial wave function is a linear function ofPoints on edges of; strip (triangles.

energy over the small energy range involved. Calculations

using anab initio potential indicate thav, is deep enough to

chooser;=30a, for ro=(40-48a,. This implies that the quirement thatiy(r) has a node at the Franck-Condon radius
entire inner part of the potential can be described by twacorresponding to the node position in Fig. 3. We also indi-
phase parameters only. We calculate bound-state energieate in Fig. 4a) the strip where a shape resonance occurs
assuming phase values at a fixed energy ¥4Rb and below the top of thé=2 centrifugal barrier and that for the
®Rb, as well as energy derivatives connected by mass scatmaller energy range between 50% and 90% of the totalbar-
ing, and values ford(P,,,) and d(P3,). Since the inter- rier height following from the analysis below, taking the ac-
atomic distances involved are close to the separated-atotnal J=2 enhancement into account. This illustrates
limit, Vg;, is a small perturbation compared to the fine-

structure splitting. Furthermore, th®;,+ P4, expectation

value of Vy;, vanishes due to angular momentum selection

rules, so that the first-order perturbation energy is zero. In 1.0
second order only the nondiagonal matrix element comes in,

i.e., the producd(Pq,)d(P35). Due to the long distances 0.8
the dependence of the analysis on ti¥e8 ground-state and

n=6 excited-state dispersion coefficients is weak. We take o 08
them from Ref[20] and[24] and include their uncertainty in >

04 r

the final error limits. Comparing theoretical levels with sets
of J=0 levels for ®Rb [18] andJ=2 levels for &’Rb (this

experimeny, we find optimal values for the three phase pa- 02 200
rameters and a valu¥{ P4,))d(P3;) = 8.8+ 0.1, thus improv- 0.0 . 800 |
ing the accuracy of our previous determination of this prod- 3700 4100 4500 4900
uct[18]. C, (a.u.)
Since Ug(r) and dgg(r) can thus be derived from an 0.45

analysis of frequencies of photoassociation peaksjs a (b)
“fingerprint” of the nodes ofuy(r). At the large distances
contributing to the integraf2) the required information on >
Ug(r) can be summarized in a single unknown phase, at 0.40 |
while aCg dispersion coefficient governs the development of
ug(r) outsider,. Alternatively [18], one may takeCg and
vp, the(fractiona) vibrational quantum number fdr=0 at
dissociation[21]), or Cg and a; as equivalent pairs of pa-
rameters. 0.35 ‘ '

Figure 3 shows the measured relative2 peak areas 4400 4600 c (a'u.;.aoo 5000
(proportional toy, ) for a number of § vibrational states. A *
well-developed oscillation is visible of the kind one would  FiG. 4. Franck-CondofFC) and shape-resonan¢8R) strips in
expect from the simple Franck-Condon picture where the, -c, plane. (a) Strips following from simple picture. Dashed
radial integral(2) is dominated by its contribution from near |Jines: strip for shape resonance below toplef2 barrier. Thin
the outer turning point, of ug(r) [14]. In Fig. 4@ we lines: contour lines fomy in units ay. (b) Strips following from
present the strip in thep-Cg plane, resulting from the re- #Rb analysis.
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TABLE |. Scattering lengths im,, determined fronf®Rb and  the measurement of the elastic cross section by Newbury,

#Rb analyses for 4460C4<4900 a.u. Myatt, and Wiemari8] was carried out for the nonstretched
|1,—1) spin state in which both triplet and singlet contribu-
Results from  ar(*’Rb+®'Rb) ar(**Rb+*Rb) tions are involved. We are presently extending our work to
analysis of include the mixed triplet-singlet channels. The measured
. value of|a; _4| is one of the experimental data that have to
8Rb +99%<ar<+119 SCi""g —w<ar<-—80 be taken into account in this work. Note that the scattering
length for the spin-stretched stag&+ 2) does not depend on
8Rb +85<ar< +200 S‘i‘"‘_””g —1200<ar<—10 the magnetic field, in contrast to that for tledependent

|1,—1) state. As a consequence, Feshbach resonances at spe-
cific field values, where the scattering length changes sign,
clearly the important role of the shape resonance in ougre not expected.
analysis: in contrast to Reff18] we do not need a theoretical  Our measuredC4 value is consistent with a recent theo-
C; value as a second ingredient besides the Franck-Condaetical value of 4426 a.y20]. This calculation should have
oscillations to determine the two unknown parameters. an accuracy which is comparable to or better than our mea-
The actual analysis starts with the determination of a temsurement, since it is derived from a model which reproduces
perature from thel=2 lineshapes for a grid af, andCg  accurately known atomic properties of Rb including its po-
values. This temperature is used to calculate theoreticd@rizability. Allowing for a maximum deviation o€Cg from
J=0 andJ=2 peak areas. Twg? functions then define the 4426 a.u. by 4% restric&(®*Rb) to the least negative val-
extent of agreement with experiment: a “shape-resonanceies and hardly changes(®'Rb).
type” x2 corresponds to the ratio of tHe=2 andJ=0 peak Finally, we can directly compare tHf8Rb and®’Rb pho-
areas for the peaks at detunings of 5.931 and 6.944'cra toassociation spectra. Intensities b£0 lines in t_he °Rb
“Franck-Condon-type” x5 is associated with the ratios of spectrum are gen_erally _much .Iarger th_an ¥Rb with com-
the areas of all ten measurde 2 peaks. The resulting strips parable PA laser intensity. This behavior may be understood

in the vp-Cq plane, presented in Fig(H), are in qualitative from the limiting form of the scattering wave function at low
Up-te P ' P 91, d energy[19]. For all parameters in Table | ratios between

agreement with the schematic picture of Figa)d Clearly, agweoreticaIBE’Rb and®'Rb peak areas are consistent with ex-

the more rigorous analysis on the basis of the radial integr erimental ratios.

(2) effectively shifts the outer nodes iny(r) over a small We may also use the condition that mass scaled results of
distance inward, which tends to decrease the local wavgpe separaté®Rb and®Rb analyses are consistent to derive
length and increas€g. We find the two criteria to set inde- the number of bound states in tA&RDb, triplet ground state.
pendent strips in the parameter plane with an intersectiogye determinen,=42+ 4, in good agreement with the theo-
leading to 0.35vp<0.42 and 4406:Cs<4900 a.u. The retical value 38 derived from Ref26]. To our knowledge,
temperature turns out to be 0:26.05 mK. This temperature there is no experimental information on this quantity.

is consistent with our previous studies of the FORE] in From these parameter values the tunneling lifetiypé of
which we determined that our loading method typically pro-the| =2 shape resonance is calculated to be in the range 20
duces clouds of atoms with a temperature in the range of100 ns, not very different from the spontaneous emission
0.15-0.50 mK. The values fer, andCg4 together determine  lifetime ygl and from the time scale of the photoassociation
the  scattering length. ~We find the limits processy, * for easily attainable laser intensities. It should
+9%p<ar<+11%,, narrower than the range-85a, therefore be possible to obtain direct information on the time
<ar<+ 140, in Ref.[18], and obtained with less input of it takes the atoms to tunnel through the barrier and form the

information from theory. shape resonance by suitable time-dependent photoassociation
measurements.
In conclusion, we have observed a shape resonance in the
IIl. DISCUSSION AND CONCLUSION collision of two cold 8'Rb atoms. Its existence has made it

) possible to carry out direct determination of tFf&b triplet-

~ Letus now discuss the consequences forfiRb scatter-  scattering length without relying on a mass-scaling argument
ing length. If we use mass scaling, assigning an upper limibg 5 theoreticaC, value. Nevertheless we find a much
*3 for the error bar on the number 38 siwave triplet  narrower positive interval. Likewise, we have obtained a
bound™'Rb, states (i) derived from the Krauss-Steveab  ore reliable and negative, range for8Rb. This informa-
initio triplet potential[26], we find ar to be negative(see (i, js relevant for present BEC experiments in rubidium gas

Table )) for the entire abov€g range. This is consistent with samples. Finally, we have extracted a ground-staealue
an analysis based on dire®Rb measurements and the sameyith a 5% error limit and the number of bound states sup-

Ce-range(Table ), extending the?*Rb data analyzed in Ref. ,41teq by the®’Rb triplet potential with a 10% error limit.
[18] with an additional set of data obtained more recently,
also leading to negative; values only. The new direct
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