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Ultracold scattering properties of the short-lived Rb isotopes
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We compute the scattering properties of rubidium atoms at ultracold temperatures, placing special emphasis
on the radioactive isotop€€Rb,#Rb,2*Rb, and®Rb. In combination with the more “conventional” isotope
87Rb, these species yield a wide variety of scattering behavior, with consequences for creating mixtures of
Fermi-Fermi, Fermi-Bose, and Bose-Bose gases. In each of these mixtures we find at least one case where the
interspecies scattering lengths can be tuned using an external magnetic field. These results should greatly
broaden the prospects for quantum degenerate gases in future exper[iB2050-294709)06802-X]

PACS numbd(s): 34.50-s, 32.80.Pj

[. INTRODUCTION own), we will focus only on intra-isotope collisions, with the
exception of collisions of various isotopes witfRb (see
From the standpoint of ultracold collisions, every atombelow). We pare down the resulting list of candidates accord-
that can be trapped is unlike every other. To take an exing to the following criteria:(i) collision partners must be
ample, the alkali-metal atoffRb is “user-friendly,” having  immune to spin-exchange loss processes, owing to either
a large positive scattering lengfh] that facilitates its cool- symmetry or energy consideratioris) atoms must be viable
ing by forced evaporation, as well as giving it a measurableandidates for evaporative cooling, having large elastic cross
mean-field energy when Bose-condensed. Take two neutrorsections 10 1 cn?); and (iii) atoms must have scatter-
away, however, and®°Rb has instead a negative scatteringing properties which would provide potentially interesting
length[1], which hinders both its evaporative cooling and consequences for degenerate gas studies. This last criterion
the stability of its condensate. In betweéfRb is a fermion includes the possibility of tuning interatomic interactions us-
for which the Pauli exclusion principle prohibitswave in- ing a bias magnetic fiel10]. This capability has in fact
teractions at all, at least for identical spin states. been recently realized experimentalty/1,12 in other spe-
The rich variety of ultracold gases grows when we con-cies.
sider mixtures of different species. For instance, again
in 8Rb, mixtures of the total spin statésm)=|2,1) and Il. MODEL
|1,—1) have a positivanutual scattering lengtfi2], making ) o
them nearly immiscible. The intricate dynamics of the result-  Construction of the Hamiltonian for the procegsm)
ing clouds has been strikingly observig]. Mixed conden-  +|f’.m")a begins with Born-Oppenheimer molecular po-
sate systems with three components have also been obsen/&ftials for the singlet and triplet electronic states of two Rb
in sodium using novel optical trafpd]. A proposal exists for &t0ms. For this purpose we use Amiot's spectroscopically
condensate mixtures with an attractive interspecies interadetermined singlet potentifl 3] and Krause and Steverah
tion [5], which have yet to be realized. initio triplet potential [14]. We match these potentials
The aforementioned work has focused on the abundarfioothly onto a long range dispersion potential using coef-
and stable rubidium isotopéRb and8Rb. However, ex- ficients (G, Cyo) given in Ref.[15] and a long range spin
perimentalists are now becoming adept at cooling and tragexchange contributiofil6]. We then transform these poten-
ping short-lived radioisotopes as well. Such efforts have infials into the separated-atom baffism),|f’,m’),, and in-
cluded franciun{6], sodium[7], and potassiunig], as well ~ corporate the hyperfine energies of these states, to construct a
as 82Rb [9]. These experiments offer the intriguing possibil- full Hamiltonian. In this basis the magnetic field Hamiltonian
ity of using these relatively short-lived species in studies ofS ls0 easily implemented. We perform scattering calcula-
degenerate Bose and Fermi gases. TABLE I. Nuclear spinl, ground-state atomic hyperfine split
In this paper we present scattering properties for a number : . ’ o . i
of rubidiurr)n Fi)sotopeps, as a guide togir?ter?asting possible ex.t-'ndQSA‘ and b.a”'"fea,,o;the ?b Isotopes. ATnhegﬁt"l’fel.;’alue. af
periments in these gases and their mixtures. We will conside'rf1 'rz?r:ﬁfe:% g‘;’;:; yea);ger ne structure. The half-life units are
the isotopes of mass numbér=82, 83, 84, 86, and 87, _ ” 7 '
whose lifetimes are reasonably lor{gee Table ). Any

> - . . Isotope I A (GHz) T

alkali-metal atom with nuclear spihpossesses a total spin

f=1+1/2, giving a total spin quantum numbdr=1=1/2. 82 1 1.5474 1.273m
Thus Table | represents a total of 58 distinct spin states 83 5/2 6.3702 86.
|f,m)5. Of these, only 26 are weak-field seeking states that 84 2 —3.08316 32.9d
can be trapped magnetically. Thus we can contemplate 26 85 5/2 3.03573 stable
different quantum degenerate gases, or 325 binary mixtures  gg 2 —3.94688 18.63d
of these gases. 87 32 6.83468 4.88(19y

Rather than tax the reader’s patiene@ad certainly our
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tions using a finite-elemerR-matrix procedurg17] in con- TABLE II. Singlet and triplet scattering lengttes(in a.u) and
junction with the multichannel quantum-defect methods dequantum defects. (dimensionlessfor the different Rb isotopic
veloped in Ref[18]. pairs given a constantg& 4700 a.u. and £=550600 a.u. The

One essential aspect of constructing our Hamiltonian isincertainty in the singlet quantum defect is 0.0014 in all cases.
fine-tuning it to agree with all available experimental infor- Variations of the scattering lengths withy @nd G can be deter-
mation on ultracold rubidium collisions. To allow this kind mined by the following formulagsee Refs[12,1§ for detail9: u
of flexibility we added corrections to the inner walls of the =+ by(Cs—4700)— bg(Cs—550 600) anda= —C2tan(mu)/[1
singlet and triplet potentials, effectively giving us control +G(0)tan(ru)], where C?=0.957 217(2nCe)Y¥* m is the re-
over their phase shiftgl9]. This fine-tuning enabled us to duced mass of the atom-pair, agi(D)= — 1.0026. The constart
match quantitatively the line shape of the recently measuredquals 7.5(10°) for the singlet and 1.4(10%) for the triplet. The
magnetic-field-induced Feshbach resonance®¥Rb colli- constantbg is the same for both potentials and is given by
sions, which is perhaps the most sensitive measurement y20(10 °). Information on bott?°Rb and®’Rb is provided for com-
of ultracold scattering properti¢42]. In addition, including  Pleteness.

a previously observed-wave shape resonanf20] in %Rb : — —
allowed us to bound the value of the @ispersion coeffi- Pair as Ms ar MT
cient to 470650 a.u.[12]. This value for G is slightly
larger but with smaller uncertainty than the value determine
in Ref.[20] (4550+100 a.u.).

Transplanting these potentials to other Rb isotopes can b
justified by comparing our calculatédRb scattering observ-
ables with the measured values. We find our calculated the
mal averaged inelastic spin exchange rd&H, scattering 600
length ratiog 22], andd-wave shape resonangg] all agree 85-85 +2400°35 0.2603 —369+16  0.194-0.001
within the stated & experimental uncertainties. In addition,

(?2-82 —38x1 0.0612 +151+10 —0.491+0.019
3-83 +66x1 —0.2021 +81*3 —0.262£0.013

I8_4-84 +142+1  —-0.4678 +15*3 —0.033-0.007

we find 10 of the 12 measurettwave ®Rb bound states 86-86 +7x1  -0.0144 +211x7  0.421x0.007
[23] within the 20 error bars. The largest source of uncer-

tainty for the other isotopes comes from thel uncertainty 87-87  +90*1  —-0.2939 +106+4  —0.354-0.003
in the number of bound states in the triplet potenf23].

These agreements give us confidence in the reliability of ou82-87 +55+1 —0.1568 —40=4 0.064-0.004
predictions for all the other isotopes of rubidium. We present

in Table Il the singlet and triplet scattering lengths for vari-83-87  —990°%)  0.2263  —295+7  0.184:0.001

ous combinations of rubidium isotopes. The data in this table
can also be used to evaluate the uncertainty in the scatterirgy-87  +117+1  —0.3952 +550'32  0.302+0.004
lengths, expressed in a compact form using a quantum-defect

parametrizatiorj 18]. 85-87  +11+1  —0.0233 +213+7  0.418-0.007

Il. FERMIONIC ISOTOPES 86-87  +336:4 03443 +143t4  —0.467£0.010

We consider first the fermionic isotopes, i.e., those with
even values ofA. The Pauli exclusion principle prohibits the s-wave partial cross section will occur at the lowest en-
s-wave collisions of two identical fermions. Appreciable col- ergy for a small negative scattering length. As the magnitude
lision rates at sub-millikelvin temperatures would thereforeof the negative scattering length is increased, the position of
hinge on near-thresholglwave shape resonances, which arethe first zerancreasesn energy. Typically, the first zero for
absent in the rubidium isotopes, as our calculations showa positive scattering length occurs at an energy large enough
[24]. Consequently, evaporative cooling of these gases rethat higher partial waves will contribute considerably to the
guires either a mixture of isotopes or a mixture of spin statedotal cross section. The experimental consequences of this
One possibility for sympathetically cooling fermions is to effect have been observed $Rb[12]. However, we do find
immerse them in a bath of bosonic atoms. Because evapora- magnetic-field-induced Feshbach resonance in the
tively cooling 8Rb itself is notoriously difficulf12], we will  |1/2,—1/2)g,+|1,— 1)g; collision [see Fig. 1)]. The reso-
consider only®’Rb for the mixed isotope cases. nance could therefore be used to alter the energy dependence

Sympathetic cooling of?Rb by 8’Rb seems a difficult of the elastic cross section as demonstrated in R&f. By
prospect at best. The only two possibilities for collisions be-contrast,®‘Rb and®Rb are ideal candidates for sympathetic
tween these two atoms that are immune to spin exchange aeeoling with 8’Rb, having large positive triplet scattering
|3/2,312g,+ 12,27 and |1/2,—1/2)g,+|1,—1)g;. Both of lengths.
these combinations possessegative swave scattering In addition, both®Rb and®Rb have an “inverted” hy-
lengths, primarily driven by the negative triplet scatteringperfine structurésee Table )l making f =5/2 the lower en-
lengtha,(82—87) (Table Il). Under these circumstances, the ergy state in each case. In particular, this means that the
s-wave elastic partial cross section suffers a zero at low colprocess |5/2,5/2 o+ |5/2,3/2p—|5/2,5/2 5+ 13/2,3/2 5 is
lision energiegsee Fig. 1a)]. An explanation for this effect, energetically forbidden at ultracold temperatures. Evapora-
based on Levinson’s theorel®5], has been given elsewhere tively cooling|5/2,5/2 , and|5/2,3/2 , states together might
[19]. For our purposes, the main point is that the first zero inthen be viable. Interestingly, however, in both cases the re-
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FIG. 1. (a) Elastics-wave partial cross sections versus collision
energy for|3/2,3/2g,+|2,2)g;. The energy position of the first zero FIG. 2. Bound and pseudobound state positions versus the cou-
in the partial cross section E=80=20 K. (b) Scattering length  pling parameterd. The physical coupling strength is given gy
versus magnetic field for the collisioh/2,— 1/2)g,+|1,— 1)g;. The ~ =26.57°. The label$ and T refer to singlet or triplet states in the
zero energy resonance occursBy=132+6 G with a width of =0 limit. Zero energy defines the entrance channel thresltald.
A=2%*1 G. In both graphs the solid line represents the nominal5/2,5/2g¢+|5/2,3/2g¢; (b) |5/2,5/2g4+|5/2,3/2 4.
value and dashed lines represent uncertainties.

as 6 grows from zero to its physical valu@=26.57°. In

sulting scattering length isegative in spite ofpositivesin-  *"Rb[Fig. 2@)], we find an extremely high-lying bound state
glet and triplet scattering lengtiable 1l). Such a result, in the uncoupled limit §=0) which accounts for the large
contrary to the degenerate internal staf2kS) model of hy-  triplet scattering length. As the coupling is turned on, a
perfine state scatterif@6], bears exploring here. nearly degenerate pair of bound states, one singlet and one

Neglecting magnetic dipole coupled channels, this is driplet, begins to repel each other. Eventually the singlet state
coupled two-channel problem with the|5/2,5/2 5 “pushes” the high-lying triplet state above threshold, result-
+]3/2,3/2 5 channel energetically closed Rs-. The uni-  ing in a negative scattering length. fiRb [Fig. 2b)] the
tary frame transformation connecting the short range basis dfighest-lying bound state is rather deep o+ 0, in accord
total electronicS and nucleat spin with the asymptotic hy- with this isotope’s small positive triplet scattering length. As
perfine basis predicts that the entrance channel has 80% trige coupling is turned on, this bound state interacts with a
let character. The DIS model, which neglects hyperfine en-singlet” state lying above threshold pushing it still deeper
ergies, would then prediceE&0.8a;+0.2ag), i.e., that both  into the potential, ultimately producing a negative scattering
scattering lengths are reasonably large and positive. length. In both cases, the positions of the singlet stetes

In fact, the positions of bound states relative to the approtive to the upper hyperfine threshade the determining fac-
priate hyperfine thresholds are crucial for determining thefors in the physical scattering length.
actual scattering length. Let us explore this notion by de- This interesting result implies a net attraction between
scribing the coupling in our two-channel system in terms ofl 5/2,5/2 4 and|5/2,3/2 5 spin states, which could have im-

a mixing angled. We can model the potential as portant consequences for forming Cooper pairs in these fer-
mionic system$27]. On the other hand, the negative scatter-
Y=E(H)XSBT( 6)+E, (1) ing lengths in these species again produce zeros in their

s-wave cross sections, as shown in Fig. 3. The good news is

whereU(0) is a standard 22 orthogonal rotation matrix, that Rb exhibits a Feshbach resonance in the presence of
VS is a diagonal matrix of singlet and triplet Born- modest-sized magnetic field&ig. 4@]. This resonance
Oppenheimer potentials, artel is a diagonal matrix of hy-  could then be used to move the position of gheave partial
perfine energies. The model in the uncoupled lingit=Q) is  cross-section zero to higher collision energj&sy. 4(b)],
simply a triplet potential connected to the lowest hyperfineallowing the atoms to be evaporatively cooled into the de-
threshold and a singlet channel with one additional unit oigenerate regime. The extremely large width of this resonance
hyperfine energy. eliminates the need for accurate control of magnetic field

Figure 2 shows the evolution of the bound state energiestrengths. The resonance would also allow the experimental-
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FIG. 3. Elastic cross sections versus collision energy using our o "
nominal potentials. Solid lines represent the total cross section, G- 4 Solid lines represen6/2,5/2¢,+|5/2,3/2¢, collision,

dashed lines indicate thewave contribution. The energy position dashed lines represent the same spin state _COH'S'OﬁGR’b' @

of the first zero in theswave partial cross section is 200 Scattering lengths versts applied magnetic field. The zero energy
+30 K for (@) and 295-25 uK for case (b). (a) |5/2,5/2a pos!t!on of the Iow_—fleld Rb reso_nance is 1&69 G. (b) Energy
+|5/2,3/2,. The feature near 25QK in the total cross section is p93|t|on Eq of'tht_a firsts-wave partial cross-section zero versus ap-
an f-wave shape resonance. Although we find the position of thidlied magnetic field.

resonance is uncertain th150 uK, it does not contribute over a

broad enough energy range to compensate for the zero in the

swave cross section(b) |5/2,5/2g¢+|5/2,3/2 5. We find a broad
pseudop-wave shape resonance near g&. The height of the
p-wave centrifugal barrier is roughly 8@K. In this case, the
strongp-wave scattering is probably enough to compensate for th
zero in thes-wave cross section.

from, the incident(lower) threshold. For example, if*Rb
(gFig. 5@)], a bound state that has singlet character inéthe
=0 limit plummets just barely below threshold 100 G,
accounting for the initial resonance in tfRb scattering
length, which goes first negative, then recovers to a positive
value. This same bound state hovers near threshold until

ist a means to study both repulsive and attractive effectiv@Pout 1850 G of field strength, at which point a lower-lying,
interaction between atoms in a single system. predominantly triplet bound state “pushes” it back above
We find that in the®®Rb case, a magnetic field will also threshold.(This event is labeled 1’ in the figure) The re-
influence the scattering length, but will change its sign onlysult is then a resonant scattering length that first risesq
at very large fields=2800 G[Fig. 4a)]. The position of the then reappears with negative values.
cross-section zero can be moved to a higher collision energy In the case of®Rb [Fig. 5b)], a triplet bound state lying
(Fig. 4b), but to a lesser extent than ffRb. However, in below the incident threshold first drops relative to this
this case theswave zero is not a major problem since the threshold, then rises again, owing to its avoided crossing
enhancedp-wave scattering24] should enable the experi- with a singlet level above threshold. The scattering length
mentalist to evaporatively cool th€Rb mixed spin states thus tends toward more negative values, but recovers before
without a magnetic field bias. Of course, introducing a biasgoing positive. In addition, we note that this resonance has
field of a few hundred gauss would increase the low energgn unusually large magnetic-field width, of several hundred
[~50 wK, see Fig. Bo)] total cross section by roughly a gauss. The origin of this width is an extremely strong cou-
factor of 3. pling between the incident and resonant channels. One mea-
In both cases the variation of scattering length with mag-sure of the strength of this coupling is the value of the
netic field is somewhat unusual, and so we dwell on this‘short-range” scattering matrix[18,28, whose absolute
aspect for a moment. Figure 5 reports the variation of thesquare is plotted versugin Fig. 6. The matrix elemers;,
two thresholds with magnetic fielgsolid lineg, along with  represents the probability amplitude for flux incident in the
the variation of the positions of high-lying bound states|5/2,5/2+|5/2,3/2 channel to scatter back into the
(dashed lines In both cases we observe a network of|5/2,5/2+|3/2,3/2 channel. Figure 6 puts this probability at
avoided crossings that push bound states closer to, or farthaearly unity, indicating an extremely large coupling.
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FIG. 5. Bound and pseudobound state positions versus magnet&ates. . o .
field. Solid lines represent thresholds, dashed lines represent the We first note that collisions between the spin “stretched”

bound and pseudobound state positiong) |5/2,5/24,  States|3,3)gz and |2,2)g; have a large negative scattering

+15/2,3/24,. The state described in the text is labetedts posi-  length (see Table I, which is not surprising since the
tion when below threshold is not visible on this scalé)  8Rb®'Rb reduced mass is very nearly the same as the re-
|5/2,5/2 g6+ [5/2,3/2 5. duced mass of twd°Rb atoms. Within the Thomas-Fermi

approximation, double condensates with scattering lengths
a, and a, are unstable whenever their mutual scattering
length a,, satisfies|a;,>Va,a, [29,30. This relationship
IV. BOSONIC ISOTOPES holds strictly only for isotropic like-species condensates.
We have already dealt at length with mixtures of theHowever, a more general derivatidB1] for anisotropic
bosonic rubidium isotope&Rb and 87Rb [5], and so here m|x'ed—|sotope double cpnden;a_ttes shows the |nstab|.llty re-
we will focus on 8Rb. It exhibits scattering properties re- mains. The _nature (_)f this stability has yet_ to be fully inter-
markably similar to those of’/Rb. Namely, its singlet and Preted. particularly in the case ah, negative. The 83-87
triplet scattering lengthésee Table Il are relatively large, MiXture would provide one means of probing this phenom-

positive, and very nearly the same. By itself, tHf8Rb adds ~ ©MNO"-

little to the field of BEC. However, mixtures di*Rb with Finally, we consider these isotopes in their lower hyper-
’ fine manifolds, i.e., collisions betweem2,—2)g; and

|1,—1)g7;. The scattering length between these partners is

10 o - again negative, but in this case there exists an accessible
Feshbach resonand®ig. 7). Thus, unlike the®Rb®'Rb
0.8 case considered in Ref5], in this system we can envision
two large condensate®ach havinga>0) with a tunable
0.6 interspecies interaction. This capability will enable detailed
b studies of double condensates all the way from completely
T o4 overlapping to utterly immisciblE32,33, in particular at the

stability limits where|a; 5~ Va;a,.

0.2

V. SUMMARY

0.0 ! !
0.0 1000.0 2000.0 3000.0

B (G)

In conclusion, we have shown that the short-lived Rb iso-
topes provide collisional properties which could enhance the
FIG. 6. Short-range scattering probabilitie/|? versus mag- ~ Study of degenerate Bose and Fermi gases. We predict a
netic field for a|5/2,5/2g5+|5/2,3/2g5 collision. S is derived in ~ Feshbach resonance in the collisions of t’fRb atoms
the standard way from a short-rani§ematrix [18] calculated at an ~ which could in principle allow the experimentalist to inves-
internuclear distance of 35 a.u. tigate both magnetic domain formation and Cooper pairing
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