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Prediction of Feshbach resonances in collisions of ultracold rubidium atoms
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On the basis of recently measured,Rinund-state energies and continuum properties, we predict magneti-
cally induced Feshbach resonances in collisions of ultracold rubidium atoms. The resonances make it possible
to control the sign and magnitude of the effective particle-particle interaction in a Rb Bose-Einstein condensate
by tuning a bias magnetic field. For the casé®®b they occur at field values in the range where these atoms
can be magnetostatically trapped. F8fRb they are predicted to occur at negative field values.
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PACS numbgs): 34.50.Rk, 33.70.Ca, 32.80.Pj

The observation of Bose-Einstein condensatiBEC) in envisage. This situation has drastically changed by the ob-
dilute ultracold gas samples of rubidiu], lithium [2], and  servation of two coexistin§’Rb condensatg4.0] and by the
sodium atomg3] has made it possible to study this macro- results of a two-color photoassociatid®A) experiment on a
scopic quantum phenomenon in its pure form without com-cold 8°Rb gas sampl¢l1]. In the latter experiment the last
plicated modifications due to strong interactions. A variety 0f20 GHz of bound levels in the lowest molecular singlet and
experiments has been proposed or already carried out, fasdiplet states were measured, allowing us to precisely deter-
nating examples being the observation of collective shapenine a complete set of Rbnteraction parameters.
oscillations and the observation of the relative phase of two Before these developments, important information on the
Bose-Einstein condensatp$5]. A rich variety of other ex- low-energy triplet(S=1) collisional wave function had been
periments would come into reach if one could alter arbi-obtained from cold-atom photoassociation work in our two
trarily, possibly even in real time, the sign and magnitude ofgroups on rubidium atoms, leading to the observation of its
the atom-atom scattering lenggh The scattering length oc- node structur¢12] and the observation of shape resonances
curs as the coefficient of the condensate self-interaction terifil3,14]. Due to the hyperfine interaction, pure singlet inci-
in the condensate wave equation and has a profound effedent collision channels do not exist. As a consequence, in-
on the stability and other properties of the condensate. Aformation on the singlet interaction properties can only be
opportunity to change this parameter would arise if it wereobtained by studying mixed singlet-triplet collision channels.
possible to tune the scattering length by means of externafery useful, but still insufficient, information of this kind
fields, i.e., either a static magnetic fie[#] or a time- came availabl¢15] via a measurement of the absolute value
dependent opticdl7] or rf field [8]. of the scattering lengtla; _, for elastic collisions of cold

A situation wherea can be changed between positive and 8’'Rb atoms in théf,m;)=|1,— 1) hyperfine statésee Fig. 1
negative values either through 0 are by tuning a dc mag-  for the ground-state hyperfine diagrams%Rb and 8°Rb).
netic field is that of a Feshbach-type resonance between this pointed out above, very important additional information
initial two-atom continuum state and a quasibound moleculacame from the recent observation of overlappj@g® and
state at a common value of the ener@]. Due to their |1,—1) Bose-Einstein condensatEk0]. Three groups have
different spin structures these states have diffegefaictors, independently pointed out that the extremely small rate con-
so that the continuum and bound-state energies can be tuned
into resonance at specific valuesBfIf we can find a reso-

nance at a field value for which the atoms can be magneto 3) b)
statically trapped, the above situation of a tunable scattering ¥Rb ssRb
length should be readily achievable experimentally. In par- 939 ez ™ s (-572) ™
ticular, changing the sign o& from positive to negative  E(K) t2 E (K) 3
would turn a stable condensate into a collapsing unstable  0.15p, - 0.8 2
one, the time development of which can be studied. A vari- 2
ety of other experiments would become possible too. For -0.00 -2 0.00
instancea could be changed on the time scale of the reso- ' B
nance lifetime, or the particle interaction could be made re-  -o0.151,_, ' 2
pulsive in one part of space and attractive in another. § S

Rubidium atoms were the first atomic species for which  .o.s0} . f=2
BEC was realized. The purpose of this paper is to point out 0 1000 2000 -0.15; 500 10'O§
that they may also be the atomic species for wHickield B (G) B (@)

tuning of the scattering length is first achieved. For rubidium
atoms the information available on the atom-atom interaction FIG. 1. Hyperfine diagrams for the electronic ground stat@pf
has long been insufficient for a prediction of the kind we 8Rb, (b) 8Rb.
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stantG, )+ (1,1 for decay due to collisions between atoms "
in the two different states, implied by the stability of the 10
double Bose condensates, should be a strongly constraining

factor in the determination of the remaining cold collision
properties[16—18. In the following we will show that this .
and all other availablé®Rb+ 8Rb and 8’Rb+ 8’Rb cold- 1077 ¢
collision observations fit into a consistent picture, which can .~

be derived from the bound states of the two-color PA experi- (,)Q

ment[11]. This allows us to make a reliable and accurate §£ -
prediction of Feshbach resonances. o107
In order to calculate bound or continuum state wave func- (5
tions, we write the Rplong-range interaction potentials in
the form \ /
10™ |

Vg(r)=—Cglr®—Cg/r8—Cyo/r'%+ Veycn )

with the exchange part taken from Smirnov and Chibisov ' : :

[19], the dispersion coefficientsg and C,, from a calcula- 0 50 100 150 200
tion by Marinescuet al. [20], and Cg from previous photo- as (units of ao)

association work14]. We do not need the full information

on the short-range singlé6=0) and triplet(S=1) interac- FIG. 2. Rate constar®, 1.1y for decay due to collisions

tion potentials. Rather, this information is summarized in apetweer®Rb atoms in different hyperfine states as a function of the
boundary condition on th&=0 andS=1 radial wave func- singlet scattering length. The horizontal lines indicate the experi-

tions at the interatomic distance=r = 20a, on the basis of mental range. The two-sided arrow indicatesa@ange following
which Schralinger's equation is solved for>r,. The from the two-color PA experiment.

boundary condition takes the form of a specific choice of the

phases¢g,dt of the oscillating singlet and triplet radial
wave functions in a small region of enerfyand interatomic
angular momenturh nearE=I=0[21]. This phase informa-
tion was extracted from an analysis of the energies of th
highest 8°Rb, bound state§11] and of the g-wave shape
resonance observed in R¢L4]. We also used available in-

formation on the total number of Risinglet and triplet On the basis of this consistency we are now able to pre-
bound states in this analy<ig2,23,14. dict the field-dependent scattering lengths for a further com-

W'th the param_eters t_hus determined we 05‘5” calc_:ulate th;'?arison with experiment and to search for Feshbach reso-
contmqum quantmeg of interest. For tﬁé?va Rg triplet nances. Figure 3 shows the calculatBddependence of
and singlet scattering lengths, we fifd1] at(®*Rb)=
— 440+ 1408, [corresponding fractionad-wave vibrational
guantum numbervp at dissociation (modulo 1=0.95
+0.01] and +4500,<ag(®*Rb)<+x or —w<ag(®*Rb)
<—-1200; ([Wp=122.994-0.012. A coupled-channel
calculation allows us to predict a value for the scattering
length of a pair of ®®Rb atoms in the|2,—2) state. We “3 100 L L L
find a, _,(B=0)=—450+1408,. Mass scaling the phases E C]
to 8’Rb enables us to predict bound-state and ultracold scat- ©
tering properties for this isotope too, in particular the mixed &
hyperfine decay rate consta@; ;) (1,-1)- In this mass-
scaling transformation we correct for the different local de
Broglie wavelengths, multiplyingg+(E,l) by a square root T 100 ©
of the atomic mass ratio and taking into account the total @
phase change from the inner turning pointrgp We find
excellent agreement between the bound-state and continuum
properties. As an illustration, Fig. 2 shows the calculated
G(22)+1-1) as a function of the®’Rb singlet scattering . : : :
length, which corresponds directly with the singlet phase. -1000  -500 0 500 1000
The two-sided arrow indicates the maximuay range B(G)
+5a, obtained from the two-color PA bound-state
energies, including the uncertainty in the dispersion coeffi- FiG. 3. Predicted field-dependent scattering length for collisions
cients. The position of th& curve along theag axis is  of 8Rb atoms in|1,—1) state. Three broad Feshbach resonances
uncertain by+ 6a,, with the error bart3a, due to the un-  occur for negative fields at 383, 643, and 1018 G. A narrow reso-
certainty in the number of bound triplet stat€d8+1 for  nance occurs at 850 G.

85Rb, [14]) as an important contribution. Clearly, there is a
preference for theg interval along the right-hand slope of
the G minimum. Good agreement is obtained between the
Qalculated and measured rate constaahge between hori-
zontal lines with the sameset of parameters determined
above.
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FIG. 5. Resonance structure of the elastic cross section in the

FIG. 4. Predicted field-dependent scattering length for coIIisionsgst |2,~2)+ |2, 2) channel as a function @ for three collision

of *Rb atoms in th¢2,—2) state. Two broad Feshbach reSONANCeS, hergies. For each energyincreases from a background value to
occur in the weak-field seeking range at 142 and 524 G, and gies. 9y g

ﬂ1e quantum limit 8r/k?, then decreases to 0, and finally returns to
narrow one at 198 G.
background value.

a;—; for ®Rb in the range —By<B<B,, where
B, is the maximum field for which an atom in the Narrow width is due to the selection rule==0, by which
|f=i—% m;=—(i—%)) hyperfine state, with the nuclear the transition from the incoming channel wihlower by 2

spin, is weak-field seeking and thus trappable. The figure i§an only take place via the Zeeman interaction in second
extrapolated to negative fields to include collisions of ultra-order.

cold |1,+ 1) atoms[24]. Note that reversing the field direc- ~ We finally give the values of the singlet and triplet scat-
tion for constantm; is equivalent to reversingy; for a fixed  tering lengths deduced in the analysis, including error bars
field. Four Feshbach resonances are found at negative fietth the various experimental and theoretical input parameters.
values (383, 643, 850, and 1018)Gand none at positive We find: a;(®’Rb)= 102+ 6a, andag(8’Rb)=93+5a,. We
fields smaller than 1250 G. The latter as well as theBlat also find that the predicted field positions of the Feshbach
dependence in this range are consistent with the results @ésonances are reliable to within about 10 G $Rb and 40
Newburyet al. [15], in particular with the absence of Fesh- G for 8’Rb. To give an impression of the resonance behavior
bach resonances with magnetic field wid#2 G over the  tg he expected fof°Rb+ ®°Rb scattering, Fig. 5 shows the
field range 15-540 G. Also, the calculated ; value 106  ejastic cross section for three collision energies as a function

+63, in this range agrees with the measured absolute mags B in the range of the first resonance at 142 G. For the

nitude 87-21a,. We finda, , to be positive, in agreement |y est energies the background value is almost equal to

with the apparent stability of a large condensate®@Rb 87-ra§,2. For each energyr increases to the quantum

|1,~1) atoms [1.0’13.' Thg occurrence of Fe_shbach.reso—"mit 8 m/k? close to the resonance field value and subse-
nances at negative fields is also consistent with the field de-

. y X .~ quently decreases to 0 before returning to the background
pendence of the highe§fRb, s-wave bound-state energies, \éalue. Apparently, although the maximum gradually disap-

calculated by means of our coupled-channels method. Th A . ) i
pears with increasing energy, the resonance shape is suffi-

threshold of the elasti¢l,—1)+|1,—1) collision channel " . ) e
intersects with bound-state energy curves at four negativg'emly pronounced to be observable in an experiment similar
to that of Ref[15].

B values, which agree with the four values given above. i ] .

Figure 4 shows similar results f§PRb. This time we find An important conclusion of our work is that we can ac-
two broad Feshbach resonances at positive fields 142 arfgunt for all presently known properties of Rbound and
524 G, and a very narrow one at 198 G, all three in thecontinuum states with a single set of parameters. These in-
weak-field-seeking® range. From the shape of the excur- clude the triplet scattering lengths from earlier experiments
sions through = it appears that the resonances are due t¢13,14, the highest boundRb, states measured in the two-
molecular states crossing the threshold of the incoming chargolor PA experimen{11], the double condensate stability
nel from above with increasing. Again this is consistent [10], the measured scattering length_,(8'Rb), and the ab-
with a calculation of coupled-channels bound-state energiesence of resonances in that quantity widemttzaG in the
An interesting phenomenon in both Figs. 3 and 4 is the ocrange 15-540 G15]. This enables us to deduce scattering
currence of a very narrow resonance. It arises from a molengths and positions of Feshbach resonances. The prediction
lecular state with the electronic spins and the nuclear spinef such resonances in an interesting field range should be
adding up to the maximum possibfevalue atB=0. Their  readily verifiable experimentally. If confirmed, they will give
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