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Elastic and inelastic collisions of®Li atoms in magnetic and optical traps

M. Houbiers! H. T. C. Stoof* W. I. McAlexander’ and R. G. Hulet
Linstitute for Theoretical Physics, University of Utrecht, Princetonplein 5, 3584 CC Utrecht, The Netherlands
2Physics Department and Rice Quantum Institute, Rice University, Houston, Texas 77251-1892
(Received 30 October 1997

We use a full coupled-channels method to calculate collisional properties of magnetically or optically
trapped ultracolLi. The magnetic-field dependence of thavave scattering lengths of several mixtures of
hyperfine states are determined, as are the decay rates due to exchange collisions. In one case, we find
Feshbach resonancesBt0.08 T andB=1.98 T. We show that the exact coupled-channels calculation is
well approximated over the entire range of magnetic fields by a simple analytical calculation.
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The observation of Bose-Einstein condensation in atomiéng length as some other combinatidis.
alkali-metal gase§l—3] has triggered an enormous interest To obtain the magnetic-field dependence of thwave
in degenerate atomic gases. At present, one of the most inscattering length and exchange decay rate constants in the
portant goals is to achieve quantum degeneracy in a fermivarious cases, we perform a full coupled-chanit€l€) cal-
onic gas. In the case of fermionitLi, it has been shown culation[9], using the most up-to-date singlet and triplet po-
theoretically that a BCS transition to a superfluid state couldentialsVy(r) andV,(r) [5]. Furthermore, we show that the
be realized at a critical temperature on the order of temperaate constants and the scattering lengths found using the CC
tures obtained in the BEC experiment. This relatively  calculation can be obtained analytically using a simple ap-
high critical temperature is due to the fact tHiiti has a  proximation that we call th@symptoticboundary condition
very large and negative triples-wave scattering length (ABC) approximation10].
ar=—2160, [5], wherea, is the Bohr radius, and that at If the thermal energy is much smaller than the hyperfine
sufficiently large magnetic fields a mixture of the upper twoplus Zeeman energyd .../, gained in the transition
hyperfine statefs) and|5) is essentially electron-spin polar- from the incoming state|{ef}) to an outgoing state
ized[6]. [{a’B'}), the corresponding exchange rate constant is given
The disadvantage of such a large trievave scattering by the zero temperature express(®&j
length is that the exchange and dipolar relaxation rates for

the gas are also anomalously large. Nevertheless, to suppress . h
this decay, one can apply a magnetic bias field. In R&f. Gupoarpr= lim Mk_|s{a’ﬁ’}00,{aﬁ}00(kaﬂ)
we used the distorted-wave Born approximatiBwBA) to Kap—0 7B

calculate the corresponding decay rate constants for these
decay processes and found that, at large magnetic filds
>1_O T the dipolar rates are dominant, but at smaller mag-kn this expressiong is the reduced mass of the tweLj
netic fields, the exchange rates greatly exceed those due

the dipolar interaction. However, the DWBA is only valid at ﬁi?g;ﬁﬁg&ﬁ;;g; reexlr?(;“tlr?enrl?z;?r?g?sn:h%f ;Zztégrci?]m:]gtﬂir'
magnetic field8>0.1 T, and we were at that time unable to ' 9

o : .~ of the multichannel problem with angular-momentum quan-
make predictions at lower, experimentally more convenien

fields um numberd =0 andm=0. The number of channels being
T . . . coupled is determined by the fact that the central interaction
The aim of the present paper is to provide useful mforma-vc(r)zv (r)P+V,(r)P* cannot change the total nuclear
tion on thes-wave scattering length and exchange decay rate v N ;
constants at lower magnetic fields. In view of the ongoin plus electron-spin projection of the two-particle wave func-

experiments, we will concentrate on collisions involving thgt'on. along the magneno field, since the operafdt only
projects on states with total electron s@nSo, for example,

following antisymmetrized hyperfine statef65}), [{64}), . ;
[{54}), and{21}). The first three mixtures contain states thatthe statg{65}) can only decay_td){G_l}). While the nondiago-
nal part of the unitaryS matrix gives the decay rates, the

are low-field seeking at sufficiently high field, and therefored. onal t of theS matrix gives th tter:
can be confined in a magnetic trap. In contrast, the combinat-e";gthn: p\?i; 0 matrix gives thes-wave scatlering
ap

tion [{21}) cannot be magnetically trapped, but can be con-
fined in a far-off-resonance optical trap. We do not consider ] .
any other combination of high-field-seeking states, since the Siapy {ap— XA~ 2iK, pa,5)=1—-2iKpa,5, (2)
[{21}) mixture cannot decay through collisions and is there-

fore most favorable experimentally. In addition, van Abeelenwhenk,;— 0. The goal of the CC calculation is to determine
et al. [7] have already considered th2}) combination, the S matrix, but rather than giving a detailed description of
which is low-field seeking at very weak magnetic fieBls the calculation, we refer to Ref9] and merely present the
<26x10 * T, but does not have as large sswave scatter- results here.

— Star pry fap)] - 1)
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FIG. 1. Real part of zero-temperatusevave scattering length FIG. 2. Exchange decay rate constants for the proce&des
for (1) §5, (_2) 54, (3) 64, and(4) 21 collisions as a function of the 6561, (2) 5463, (3) 54—52, (4) 54—41, (5) 54—21, and(6)
magnetic field. 6462, (7) 64—51 as a function of the magnetic-field strength.

In Fig. 1, the real part of the-wave scattering length is  1/B, resulting in a steeper slope.
plotted for the four cases of interest. Note that, in the first A comparison of the rate constants shows that|{f4})
three cases, thewave scattering lengths attain the large andcompination is slightly more favorable than t{65}) com-
negative value ofar=—216G,, only for B=0.05T. At  phination. The total rate constant of the former combination is

lower magnetic fields, the scattering lengths becomao,47 v half the rate constant of the latter at large magnetic
for the first three cases, and zero in the latter case. This effegh |1« AtB=01 T they amount to 1.4910~° cm¥/s and

is explained in detail below. The scattering length exhib- 2.74x10°° cnls, respectively.

Its Fe_:shbach resonancgkl] at 820'08. T andB=1.98 T. We now show that the CC results can be accurately re-
Physically, a Feshbach resonance arises whenever the Zee-

man energy of the incoming wave functio21y), which is produced using a s_imple analytical calculation. As.a specific
almost purely triplet, coincides with a bound-state energy o]example, we qonsujer the 65 case, but calculanop of.the
the singlet potential/y(r). Only the state{21}) can exhibit other cqmb!n_atlon§ IS analogqus. In the AB_C approxmatlon,
Feshbach resonances at the magnetic fields of interest since®R2ce is divided in two regions. In the interior region
is the only combination that has a negative total energy<R, the s'|nglet and triplet potepuals dom'lnate, whllg in the
(about—2u,B). The precise location of these resonances iPuter regionr>R, the hyperfine energies prevail. The
shifted slightly due to the hyperfine coupling, but their posi-boundaryR is chosen between the point=R_ where the
tions can be accurately computed since the binding energiegxchange potentia¢®*(r) is of the order of the hyperfine
of the relevant singlet states,=38 andv =37, are accu- constania,:, and the point =R, where the triplet and sin-
rately calculated from the experimentally determined singleglet potentials themselves are of orégg. In our case this is
potential[5]. betweenR_=28a, andR, =62a,, and below we will use
The decay rate constants resulting from the CC calculaas exampleR=40a, and R=60a,.
tion are, for all possible exchange processes, plotted in Fig. In the interior region the hyperfine splitting is neglected,
2. The sharp minimum in the rat8s, ., is a result of the 5o that the channel wave functions are just linear combina-
fact that the matrix elemen{{41}|V°|{54}) is zero if tions of the singlet and triplet scattering wave functions,
tan 6_=1W2. However, the StatH54}> Stl” remains Coupled which we approximate by their asymptotic forms
to |{41}> through the other elements in theX5) coupling A sink,s(r—ag and Ar sink.s(r—ay), in the limit of
matrix. As a result of this |.nterference, the rate constant igmg)| momentunk,;. The known values of the scattering
never zero, and the Io.cat.|on of the_: minimum is slightly lengths areac=+45.5, and a;=—216Q,, respectively
shifted from the magnetic f'el.d at \.Nh'Ch tan=1n2. .£5]. In the exterior region, we neglect the central inter-
The second remark regarding Flg. 2 concerns the behavi Action V¢, so the channel wave function is a plane
of the rate constants at larg® fields where sirg.=6. wave exp(ik,g) for the incoming channel{ag)), and
«1/B. Neglecting the momentum dependence of the. P Kag , 9 ) apy),
final radial wave function, the slope of each curve isSfa’g}{ap) €XP(FiKagr) for all outgoing channels
determined by the magnetic-field dependence off@'B’}). The wave numberk, , depend on the energy
J§|<{a’3'}|v°|{aﬁ}>|2. After some algebra, one can show_ galn(_ad by th_e tra2n3|t|on to the resptzacnve outgoing channel,
that for curves 2, 4, 6, and 7, the relevant matrix element ighat i8,Kar g = VK 3+ 20l up . ar g 177, B
equal to 0. (V;—Vy)/2=6.V®¥2, which is a factor 1/2 The yet unknown amplitudeds, Ay, and Sy, g (ap
smaller than in the cases 1 and 3. Therefore, the decay ratesust be determined by imposing continuity and differentia-
are a factor of 4 smaller than in the latter cases, but théility to the wave function in each channel et R. To do
slopes are identical. On the other hand, the matrix elemergo, we need to find the precise linear combination of singlet
({21}|ve|{54})=36,6_V®2, has an additional factor of and triplet wave function in the interior region. In terms of
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the basis|S Ms;l M), whereS=s,+s, and =i, +i, are 500
the total electron and nuclear spin of the two-atom system,
respectively, we find 0
. C1
[{65})=sinA. |0 0;2 2+cosh, |1 1;1 1), e 00
<
{61})=cos, |0 0;2 2 —sing, |1 1;1 D). g -1000
3 1500
Evidently, for the channel wave functions we have to & ~
take linear combinations with the same coefficients; so, for 2000
example, the wave function of thg65}) channel in the B
interior region becomes gs(r) =Ag sind, sink,g(r—ag) 500 ]
+Ar cost, sink,g(r—ay). It can be shown easily that the co- ) 10° 107 10" 10° 10
gﬁictients§{a, s'h{ap) are related to th& matrix [9] accord- B (T)
ing to

FIG. 3. Real part of the-wave scattering lengthgs. The solid
line is the CC value, which goes to the triplet scattering length for
ka,ﬁ, - large magnetic fields. The dashed lines @rnethe DIS approxima-
Sta' g1 4ep)= = N . Sta’ g} {ap) - (3)  tion, (2) the ABC approximation wittR=40a,, and(3) the ABC
ap approximation withR=60a,. The inset shows the same for the
imaginary part ofags.
For the case of the incomin¢e5}) state, we are only inter-
ested in the constantSgs (65 and Siey (65, and therefore  mation becomes increasingly bad even at lower magnetic
can eliminate the constantss and Ay from the 4<4 set of  fields, due to the dependence Idj)ﬁ, on the atomic mass
complex equations. The resulting<2 set of complex linear  gnqg hyperfine constant.
equations for these amplitudes can be solved in orders of |; j5 straightforward to show that, at large magnetic

Kes, and we find to first order ifgs fields, the ABC approximation gives Rgf=ar and
Im(ags) =0, independent of the choice dR. At B=0,
" we find Reégs) =3as— 2R=57a, for R=40a, and Im@gs)
ikgy (R—ag)(R—ar) =—1/(k9 tar? 6,)=—1008,, in surprisingly good agree-
D(kY) ment with the results of the exact CC calculation. Note that
the imaginary part becomes rather large and contributes sig-
cos 6, (R—ar)+sirf. (R—ag) nificantly to the elastic cross sectionrflags|? at lower mag-
- b(KD) (43 et field.
Similarly, one can find the decay rate const&ys .¢;
; . _ from Eg. (4b) combined with Eqs(3) and (1). The results
Sien {65}=2|k65 cos.. Sind. (as—ar) (4p)  are plotted in Fig. 4. Again, agreement with the exact CC
’ D(kgi)) 7 calculation is very good, whereas the DIS approximation is
in error by several orders of magnitude. We also worked out

§{65},{65}: -1+ 2ik65 R+

wherek{)=2uAgs 6 /72 and

D(kY)=1-ikQ[cog 6, (R—ag)+sir? 6, (R—ar)].

Combining Egs. (4a, (3), and (2) we find the zero- 10
momentums-wave scattering lengthgs, of which the real >
part is plotted in Fig. 3, together with the CC curve, and the ”‘E
result of a degenerate internal stal@dS) approximation 210
[9]. The inset in Fig. 3 shows the imaginary partegf. g
The ABC approximation is clearly much better than the O@ )
DIS approximation. To obtain the DIS result, the hyper- 10
fine level splitting is neglected, which is equivalent to setting
kP=0 in Eq. (4a, resulting in Refgs)=ar coSl,
+agsirfd, and Im@g)=0. For hydrogen and deuterium, 10
terms containing<fy°,)B,(R—aT,S) can indeed be neglected
compared to 1 at lower magnetic fields, so that DIS is a
rather good approximation in that case. However, far FIG. 4. Exchange decay ra@gs q; Of the °Li gas. The solid
with its anomalously large value @fr, this is not the case, |ine gives the CC result. The dashed lines represénthe DIS

and one must then take terms of ord&Y(R—ay) into ac-  approximation,2) the ABC approximation witlR=40a,, and(3)
count. Also, for heavier alkali-metal atoms, the DIS approxi-the ABC approximation wittR=60a,.
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107 TS TP PPt T YTkt TT YRt tween the ABC approximation and the exact CC calculation.
As an example, the ABC approximation for the decay rate
constants in the 54 case is plotted in Fig. 5, usiRg
:4%0
We thus conclude that the ABC approximation can easily
give an accurate estimate of the collisional properties of in-
terest, whereas the DIS approximation can be off by many
orders of magnitude. We believe that this is also true for
other alkali-metal atoms. Alternatively, Verhaat al. de-
scribe a CC method where the inner regioar, of the
singlet and triplet potentials is described by the accumulated
phases at the boundary-r,<R_, and the collisional quan-
10 107 10° 10° 10" 10° 10" tities are obtajned by int_egrating Schinger's e_quation in
the outer regionr>r, using the exact potentialsl2]. In
B(T) contrast, the ABC approximation requires no integration and
FIG. 5. Comparison of the CC calculatigsolid lines and the nO.eXp|ICIt knowledge of the potentials othgr than the scat-
ABC approximation withR=40a, (dashed linesfor the exchange tering lengthg 13]. Of course, the results will vary slightly

decay rate constants of the procesdds54—63, (2) 5452, and with the actual choice oR. It is difficult to predicta priori
(3) 5441, (4) 54—21. which R reproduces the exact results for an arbitrary atom

best, but anyR chosen as indicated previously, will give at

) ) least a good order-of-magnitude estimate.
the field-dependent scattering lengths and exchange rate con-

stants corresponding to the other three hyperfine mixtures We acknowledge useful discussions with Jean Dalibard,
using the ABC approximation. In these cases, the set of conMarc Mewes, and John Tjon. The work at Rice was
plex equations is greater thaix4, and a completely analytic supported by the National Science Foundation, NASA,
treatment is more involved. Therefore, we solved the equathe Texas Advanced Technology Program, and the Welch
tions numerically. In all cases, we find good agreement beFoundation.
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