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Potassium scattering lengths and prospects for Bose-Einstein condensation
and sympathetic cooling
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We have determined the scattering lengths for collisions between the different isotopes of two potassium
atoms in singlet and triplet molecular states of MVe show that for the two bosonic speci&& and XK the
scattering lengths are positive, hence, leading to stable condensates. The fermionic 8t@eo has
positive scattering lengths, but the triplet value is nearly zero, hence, a quasi-non-interacting fermionic gas. We
also give results for the interspecies collisions. We conclude that double condensédfigsasfd K are
possible for purely spin-polarized atoms, and sympathetic cooling between the b8%6aicd the fermionic
40 will be efficient due to low spin-flip rates and a sizable interspecies scattering length.
[S1050-294®8)50306-X]

PACS numbse(s): 03.75.Fi, 31.30.Gs, 32.80.Cy, 32.80.Pj

The recent observation of Bose-Einstein condensatiofrom Amiot [14] and Zhaoet al.[15] for the singletX 'S}
(BEC) in weakly interacting systems of dilute atomic gasesstate, and those from lst al.[16] and Zemkeet al. [17] for
of alkali-metal atoms of rubidiunl], lithium [2], and so-  the tripleta 33 state, with a cubic spline fit. We computed

dium [3] has generated significant interest in the area of Ulkhe coulomb energAEc and the exchange energyE
tracold physics. In these experiments, the BEC is tightly congiyen by &

fined by a trap. It may be described by a nonlinear
Schralinger equation(also known as the Gross-Pitaevskii
equation. Many properties of the condensate can be deter- AE(R)=~ 7 [Vx(R)+V4(R)], (1)
mined by a single quantity, the scattering lengthThe sta-
bility of the condensate depends on the sign of the scattering
length,a>0, leading to a stable condensate, ard0, lead-

ing to an unstable onfgl,5]. The value ofa is also of prime
importance for the evaporative cooling mechanism used twhere Vy(R) and V,(R) correspond to thex 12;; and

get to the temperature regime where BEC ocdiéis The a 33 states, respectively, and the potentials are taken to be
creation of double condensates of rubidilifhwas achieved  zero at infiniteR. The large distance behavior of these two
by sympathetic cooling, where the role of the scatteringfunctions are illustrated in Figs. 1 and 2. The Coulomb en-
lengths is crucial7-9]. In the same spirit, the cooling of
fermions by a condensate and probing the superfluidity char-
acter of the condensaf&0] will be dependent on the values

AE(R)=— 3 [Vx(R) = Va(R)], @

_2
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of the various scattering lengths of the systems. Finally, the & Triplet RKR data
phase separation of multiple condensates and their stabilit » —— Dispersion fit
can be shown to be directly described by the ratios of the.

3

scattering lengthf11]. s10° |

In this paper, we investigate the collisional properties of ¢
the different isotopes of potassium. This element is attractives,
in many aspects: there exist two stable bosonic isotdpés
and “K and a long-lived metastable fermiof’K with a
lifetime of 1.25x 10° years. We construct improved accurate
potentials for the singleX 'S, and tripleta °3 | states of
3%,, and utilize them to compute the singlet and triplet
scattering lengthag anda;. We use a simple mass scaling
to evaluate the different collisions among the various iso-
topes 3K, 4K, and K, and utilize the elastic approxima- 107 - = e s 0
tion [12,13 to comment on the possibility of creating double Distance R (a.0.)
condensates and sympathetically cooling fermions.

In order to determine the long-range form of the poten- FIG. 1. Coulomb energ}E. as a function of the distance. All
tials, we interpolated the Rydberg-Klein-Re@RKR) data  of the quantities are in atomic unifa.u).
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107 . , . . for levelsv =75 to 8] being too uncertaifl5]. Oscillations
= . + Singlet RKR data occur in the inner wall from these extra points, and the outer
10 N © Triplet RKR data 3 turning points give rise to an inaccurate dissociation energy
0° b 777 Sxponental it ] D.. We took the value 4450.6740.072 cm'* from Zhao
5 et al. [15] for D,. Finally, we added onab initio point at
% 107" : R=5.008, from Magnier[20] to complete the inner repul-
e 10" sive wall. We smoothly joined the three regions by a cubic
§ spline fit, and forR<R,,,=5.00a,, we extended the repul-
$ 10° , sive wall by an exponential wall of the form
(0]
= 7
g0 1 Cexp(—cR), (6)
G qge [ - o
where the coeff|C|erﬂE=V(R)exp(cR)|Rm_n and the argument
_g I
0 F 1 of the exponentiat=—(d/dR) In V(R)| .. We chose this
107"° L L L L inner wall instead of that of Amiagt al.[21] or Zemkeet al.
10.0 15.0 20.0 25.0 30.0

[17] because it incorporates more physical information than
a simple exponential fit of RKR data.
FIG. 2. Exchange energyE., as a function of the distance. The Fora 3, we used RKR data fos=0 to 13 from Li
data forR>18a, are uncertain. et al. [16], extended with data foy =14 to 17 from Zemke
et al. [17]. However, we replaced the two last outer turning
ergy can be represented by a dispersion expansion of thmintsR, (v=16) andR,(v=17) by the long-range values

Distance R (a.u.)

form of Eqg. (5). The dissociation energy was taken to Dg
=252.74-0.12 cm ! [15]. We completed the potential

6 Cs Cip with an inner wall using thab initio values of Magnief20]
AEc(R):%jL%J“@’ () from R=5.00, to 8.7%,. These points were smoothly

joined by a cubic spline fit to the long-range té&i), and
where the dispersion coefficients are taken from Marinesc§Xtended at short distanceR<5.00a,) by an exponential

et al.[18]. Figure 1 shows that the agreement of Ej.with ~ Wall of the form(6). Contrary to Zemkeet al. [17], we did
the RKR data is extremely good at large distances beyonB0t @dd 7.504 25 cmt' to theab initio points and the high-

R~ 14a,. The exchange term was fitted to the fof9] est inner turning poinR_(v=17); as we will see below, this
shift has little influence on the value of the scattering lengths.
AE.(R)=AR%xp — BR). (4 Using these two potential curves, which we believe are

the most accurate available, we evaluated the scattering
In atomic units, the values af and 8 are 5.195 and 1.130, lengths by computing the elastic phase shijftk), whereE
respectively, and we determinedl to be 2.72% 102 by  =#2k?/2u is the collisional energy for the system of reduced
fitting the data. In Fig. 2 we compare E@) to the usual massu. At low temperatures, only the=0 partial wave §
exponential fiBexp(—bR) from Zemkeet al.[17]. Our ana- wave contributes to the scatterin@2], and the scattering
lytical expressiorn(4) reproduces the RKR data down to dis- lengtha is given by
tancesR~10a,, and is considerably more accurate than the
simple exponential fit. From Figs. 1 and 2, we conclude that ) 1
the RKR points, at distances larger thRa-18a,, can be lim k cot 5o(k)=— . )
replaced by the analytical expression k=0

C It can also be expressed in an integral fd22]. We com-
V(R)=— —2— 28_ %IAR“exp{—BR), (5) puteda for two colliding *K atoms in pure singlet and
triplet states, and checked the sensitivity of its values to the
different possible inner walls and exchange term, as well as
where = refers to the singlet and triplet states, respectivelyfor the uncertainty inD,. The results are summarized in
This yields more reliable potentials, since the RKR data haveraple I. The scattering length sensitivity to the potential
appreciable uncertainty at large distantesg., in Refs[15]  changes is not severe. Indeed, taking the extreme values, we
and [17], these last points were shifted to better create gjng as varying between 238 and 292,; our value is
smooth inner wajl _ 2783,. Similarly, a; takes values between 73z and
The complete potential curves were constructed fromgg 25, with our value equal to 81ak. We conclude that the
three distinct regions: a long-range tail, a RKR midsectionminor changes in the inner wall or the exchange term do not
and an inner wall. For both the singlét '>; and triplet  greatly affect our results, and we adopt this construction
a 33 states, the long-range tail is given by E§). The  from now on.
RKR midsection was formed from different data sources. We By scaling the mass appropriately, we compugedor
used the RKR data of Amidtl4] for X 12;' from vibra-  both the singlet and triplet collisions for the different isotopic
tional levelsv =0 to 73, and supplemented them by the levelcombinations. They are listed in Table Il. A large variety of
v="T74 from Zhaoet al.[15]. We kept only the outer turning values occurs, both in magnitude and sign, due to the shifting
pointR, =18.271,, the inner turning pointas well as those of bound levels near threshold. Our results are very different
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TABLE |. Values and uncertainties of singlet and triplet scatter- TABLE lll. Comparison of scattering length values &g.
ing lengths ina, for accurate K potentials, including those im-
proved and recommended here. The different inner walls and long- Scattering length
range tails are described in the text. Isotope Present work Boesten al.[23]
Singlet Triplet 3K 78.7<ar<83.5 —1200<ar<—60
Potential as Potential ar 264<ag<292 +132<as<+144
Present work 27814 Present work 81#42.4 K 250<ar<322 +25<ar<+60
119%<ag<123 +80<ag<+88
Zemke inner 254+11 Inner wall 75.6£2.3
wall only shifted up only _ . . _
Exponential 270x13 Exponential 81.8+2.4 gnd_;]g ! (zl#’e_tilgllfé slt:at)a a_pdblforl f=1, m=-1, h
tail only tail only s= , andPt= . From Table |, we estimate the

Both Zemke wall 248+10 Both inner wall 76.3+2.5 scattering Iengthsaf'mf for the trapped states to b,
and tail shifted and tail =81.1a, anda; =118, for 3K, and a,,=286a, and

a; —1=255, for *)K. In the case of the fermionic isotope

4%, the trapped states will not scatt@inces-wave scatter-

from those of Boestert al. [23], shown in Table Ill. They ing is not allowed due to the antisymmetric nature of the

predicted a negative value fa; between—1200 and wave function, unless different hyperfine states are trapped

—60a, in the case of %K contrary to our positive value near together.

80a,. This discrepancy may be explained in part by their use In the zero-energy limit, the elastic spin-flip cross section

of an earlier version of the triplet energy curae®s , for o is given by[12]

which D, was shifted by 1.78 cm' [15,16. Such a large

shift changes the position of the last bound level drastically ose=Mgem(ar—ag)?, 9

and, hence, the value of the scattering length. The same ef- ) . ]
fect is translated into their value @, for XK, since they ~WhereMseis a constant depending on the exact hyperfine

also used a mass scaling to evaluate it. For both isotopes, ogfates considered. Although the elastic approximation fails at

singlet values are nearly twice those of R@&#3]. It is diffi- 10w energies, studies of spin-flip fRb [7-9] and **Na [8]

cult to explore the origin of the differences due to the com-Show that the approximation is useful in indicating that small

plex nature of the changes they made to the initially similaiCross sections occur when singlet and triplet scattering

X 125 curves[23]. However, we agree thais is positive. Igngths are equal. We present the square ofzthe triplet and
All BEC experiments, to datésee Note added in propf ~ Singlet scattering length difference=(ar—as)” in Table

have been performed in magnetic traps. The atoms aré: i

trapped in specific hyperfine states, namely the low field From the above resuglts, we arledl_ctastable condensate for

seekers. For the two bosonic K species, the trapped states gteth bosonic isotopes®k and “K if they are in a pure

f=2,m;=+2 andf=1, m;=—1, the first one correspond- hyperfine statef(m¢)=(2+2) or (1—1). However, the ex-

ing to a pure triplet state and the second to a mixture ofSténce of double condensates in a single spetiesveen

singlet and triplet states. In the elastic approximafitey13, ~ the two trapped hyperfine stajes limited by large spin-flip

the scattering length can be estimated by projecting the h);_ates arising from large values d@f. A double condensate

: \ , 39 Al le i i i
perfine states onto the molecular singlet and triplet statefefween*K and “K is possible if both isotopes are in the
We write same purely spin-polarized states, i(@+2) or (1—1). The

scattering lengths being large, the two condensates would

a=Pgag+Prar, (8) f:ool rapidly by evapgrative cooling. The sympathgtig: cool-
ing between the two isotopes would not be very efficient for
(2+2) states, the mixed triplet scattering length having a
small value of %, However, for the other possible spin-
polarized state (+ 1), the scattering length given by E®)

TABLE Il. Singlet and triplet scattering lengths ay, for iso- is Iarger (38), giving.rise to a more ef“Cie_”t sympathetic
topically pure and mixed potassium gases, Arel(a;— a)? in aZ. cooll_ng _bgtween g\e |sotqpes. Symp_athetlc cooling of the
The possible errors in the scattering lengths reflect only the uncef€rmionic isotope™K by either bosonic isotope would be

wherePg and Pt are the probabilities of being in the singlet
and triplet state, respectively. Fée=2, m;=+2, Ps=0,

tianties in the dissociation energies. feasible. In the case of purely spin-polarized collisions, cor-
responding to a pure triplet collision, the scattering lengths
Isotopes as ar A have large magnitudes (4a@for 3K+ K and — 162.4,
Y — 1124 28770 for 4K+ 4K), leading to efficient cooling. The negative
o +4O N = value for #K + 4K could be of significance to the dynamics
41K+41K 1583 1.7x4.4 24430 of the many-body fermion-boson system. More important is
K+%K 121+2 286+ 36 27225 the extremely small spin-flip rate coefficient for collisions
39K 4 40K 35.4+1.1 47.5-2.3 146 between®K + 4%K due to almost equal values of the scatter-
39K + 41K 180+5 5.1+4.1 30 590 ing lengths and smalA. This implies possible sympathetic
40K 4 41K 12.8+1.6 —162+36 30555 cooling of other combinations than the purely spin-polarized

case, giving more experimental flexibility.
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Finally, from Table I, many scattering lengths are nearbe effective, and a good candidate’ with %, for which
zero. These cases represent good candidates for the studythé& spin-flip rates appear to be low.
dilute noninteracting quantum gases, as well as for ma- Note added in proofRecently, condensates have been
nipulation of the scattering length by external fieltsag-  |oaded into optical trapf24], where the constraints on the
netic, electric or photon coupling with the excited-state en+igh field seeker states are lifted, leading to various combi-
ergy curves nations of hyperfine states.

In conclusion, we have assembled potential-energy curves
for collisions between different potassium isotopes, and used A.D. acknowledges the support of the Division of Chemi-
them to compute the scattering properties of cold atoms. Weal Sciences, Office of Basic Energy Sciences, U.S. Depart-
have found that BEC should be realizable for both bosonianent of Energy. R.C. is supported by the National Science
isotopes, with possible double condensates for the purelifoundation through the Institute for Theoretical Atomic and
spin-polarized combination oK and #*K. We also showed Molecular Physic§ITAMP). H.W. and W.C.S. acknowledge
that sympathetic cooling of fermions by the condensates mathe support of the National Science Foundation.
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