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Collisional properties of ultracold potassium: Consequences for degenerate Bose and Fermi gases
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The hyperfine-state-selected scattering properties of potassium atoms at ultralow temperatures are calculated
using interaction potentials gleaned from an analysis of recent photoassociation data. We predict that the small,
probably negative value of th&K triplet scattering length will hamper efforts to produce a Bose-Einstein
condensate, unless experiments utilize a broad, accessible magnetic Feshbach resonance. The large positive
value calculated for thé'K triplet scattering length makes it a better candidate for condensation at zero
magnetic field. The fermionic isotop¥K is also predicted to have a large, positive scattering length for elastic
collisions between spin states of experimental interest, implying that it can be efficiently evaporatively cooled
to the quantum degenerate regime. In addition, certain spin states possess Feshbach resonances that may enable
tuning of its interatomic interactions, possibly leading to the formation of Cooper pairs.
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PACS numbg(s): 34.20.Cf, 34.50-s, 05.30.Fk

A number of laboratories have now clearly established=ermi gases, possibly even a mechanism for a BCS-type
that a dilute gas of neutral atoms with integral net spin willpairing of fermions[9]. In support of ongoing experiments
undergo Bose-Einstein condensatiBEC) provided they that are beginning to trap and cobfK [10,11], we also
are trapped and cooled to a sufficiently low temperaturepresent calculations for this isotope.

Bose condensates have now been successfully produced in Previous estimates of the potassium threshold scattering
the alkali-metal atoms rubidiufii], sodium[2], and lithium  properties have appeared in the literat{t@,13, but they

[3] , and most recently in hydroggd]. Conspicuously ab- relied on incomplete information concerning potassium in-
sent from this list are potassium and cesium, both of whicHeraction potentials. Our present results are based on our own
are hindered by incomplete knowledge of threshold scatterrecent analysis of photoassociation line shapes measured by
ing parameters such as scattering lengths and spin-exchantie Connecticut group6]. Specifically, we have fitted the
rate coefficients. For cesium, this information is beginning tointensities of a number of spectral lines corresponding to
emerge from comprehensive analyses of the available datavibrational levels of the D purely long-range state of K

[5]. This paper does the same for potassium, based on recediitners, as populated by a laser from the 1 hyperfine
photoassociatiofiPA) spectra of**K [6]. states of a pair of ultracold®k atoms. Details of this analy-

Beyond BEC, another intriguing issue in ultracold potas-sis are presented in a separate repb]. Here we will ex-
sium is the existence of its long-lived fermionic isotofi%. pand on this basic result, detailing its consequences for the
Cooling a gas of this atom to the quantum degenerate regimeollisional properties of hyperfine-state-selected collision
would provide an opportunity to probe a weakly interactingprocesses, which are not probed directly in the experiment.
Fermi sea, in contrast to the highly correlated Fermi sea of- Matching these PA data required flexible ground-state po-
ten encountered in condensed matter, nuclear, and atomiential curves for the K-K interaction. Essential ingredients
physics[7]. Indeed, identical fermionic neutral atoms, when for this analysis are singl¢i5] and triplet[16,17] potentials
trapped in a unique spin state, hardly interact at all at theyarnered from previous spectroscopic literature, and matched
microkelvin temperatures encountered in contemporary maggt largeR to the long-range dispersion potentials of Mari-
netic traps. This follows because Pauli antisymmetrizatiomescuet al. [18],
excludess-wave elastic collisions, which would otherwise

(i.e., for bosons or for nonidentical particjgseld the domi- C. C. C
nant interactions at these energies. Vasd R)= = —¢ = —c = —2. 1)
The desire to probe appreciable interaction effects there- R> R* R

fore hinges on the production of mixtures of different fermi-
ons in a single trap. If the interaction is effectively repulsiven addition, we allowed for a small change of the inner walls
(described by a positive-wave scattering length), we can  of each potential, of the forfi.9]

anticipate the formation of domains, identified by distinct
regions of magnetizatiof8]. For effectively attractive inter-

R—R,)?
actions (negativea), we will find overlapping degenerate Cgtan™?! ( o)

TZ—}, R<Re,
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TABLE I. Singlet and triplet scattering lengtlas(in a.u) and TABLE Il. Scattering lengths in Bohr and spin-exchange rates
quantum defectg: (dimensionlessfor collisions among different  in cn/sec for the weak-field-seeking spin statest, computed
pairs of potassium isotopes, assuming a COI’]SEJ'I# 3800 a.u. at a collision energy of 1uK and in zero magnetic field. Uncer-
The scattering length is related to the quantum defect through theinties include a-200 a.u. variation irCe.
following formula [22]: a=—C?tan(mu)/[1+G(0)tan(mu)],
where C2=0.9579(InCs) ¥4, m is the reduced mass of the atom |fama)+[fomp) a (Bohn) K (cm*/sec)
pair, andG(0)=—1.0039. The quantum defect uncertainties are

_ +32 H
+0.01 for the singlet, independent G%. The uncertainty in each [22)+122 173 forbidden
ipl f i i i =1
triplet quzntum d_e e+cot04|s given in terms dfg by w=pu, 122)+|21) 1572 forbidden
+8.0(10 ) (Cs—Ce) Zg.06-
+23 - — 10
Isotopes a o a, o |22)+|21) 5+23 (0.5-1.2)x 10
39+39 1403 0.460 —17+25 0.039 |22)+|1,—1) -18"3% <3.9x10°%?
40+40 1053 —0.445 1947214 0.388 |22)+]1,— 1) -19722 <5.4x10°12
41+ 41 85+2 —0.366 65 33 —0.268 |1,-1)+|1,—1) —20" ¢ forbidden
39+40 —1%2 0.002 —460"3% 0.212 , . , _ .
The singlet scattering length is very tightly constrained,

39+ 41 113-3 0474 205+ 140 0.379 prlmar_lly by the Ioca}tlon of ad-wave_ shape_ resonance. Its

value is very nearly in agreement with previous estimates of
40+ 41 50t 0.089 104720 0441 a4(39) [12,13. The present triplet value is, however, quite

different, lying between the estimates of Rgfs2] and[13].

In both of these previous works, the estimateagf39) was
Here S=0 or 1 denotes the total electronic spR, is the based on an extrapol.ation of k.no.wn singlet and triplet boun_d
minimum of the relevant potential, anxR is a width param- levels to an unqerta}ln dissociation t'hres.;holq._ Our analysis
eter, which we took to bAR=2 bohr. This change enabled suggests that this kind of extrapolation is c_JllfflcuIt to carry
us to vary the model singlet and triplet scattering lengths tUl at least to the accuracy needed to predict extremely sen-

find a best fit with the PA data, without distorting the lafje sitive quantities such as threshold scattering lengths. Never-

behavior of the potentials. We also accounted for the variath€!ess, we find that the improved dissociation threshold re-
tion in the leading dispersion coefficieGt, whose nominal ported in[17] is adequate to determine the number of bound

value of 3813 a.u. is uncertain by5% [18]. states in the triplet potential. In particular, our singlet and

Nuclear spin and hyperfine structure were included in owt_riplet potentials hold 86 and 27 vibrational levels, respec-

full Hamiltonian for ground-state K-K collisions, but not in t"’?/'\}" th dict.(39) will b i itud q

the excited Q state, as this structure was not resolved ex-. € thus predic .t( ) Wi pe small In magnitude, an

perimentally. Fitting to the PA data consisted of matchingI|ker negative. This conclusion is consistent with results
7 . ) _ from a similar analysis of the PA spectra to thg éxcited

the relative peak heights for rotational levels of the €Iate, L i

in vibrational levelsv =0 throughv =6; details will be re- state[20]. By adjusting to the appropriate reduced mass, we

ted telt4]. Tell-tale feat h as broad can derive from these same potentials the singlet and triplet
ported separate - 1 €li-lale fealures, such as broa even'scattering lengths for various combinations of potassium iso-
J resonance peaks and nearly vanishing ddueaks, allow
us to determine the following bounds on scattering lengths: : ; ;
. . TABLE lll. Scattering lengths in Bohr and spin-exchange rates
the S|_nglet IS bound_ed by 13_43}3(39)< 143 bohr,_ \{vhere_as in cm®/sec for the weak-field-seeking spin states't€, computed
the triplet, due to its sensitivity on th€g coefficient, is ¢ 5 collision energy of 1uK and zero magnetic field. Uncertain-

conveniently parametrized by ties include a* 200 a.u. variation irCs.
a,(39)=—17-0.045C¢—Cg) =25 bohr, | ama) + | Fomp) a (Bohn) K (cm?/sec)

_ +16 H
C,=3800 a.u. 3) [22) +]22) 6515 forbidden

Uncertainties quoted below for the scattering parameters rd22 +[21) 65’1 forbidden

flect these uncertainties iay(39), a;(39), andCg. We re- "

gard these error bounds as representing @ @enfidence [21)+(21) 69 3 (0.06-3.1)x10™*

interval, in the sense that the fit to the PA data deteriorates

rapidly outside the stated ranges. However, a rigorous errge2)+|1,—1) 68" 5° (0.1-3.0)x10° 23

analysis is prohibited by undetermined uncertainties in the

PA spectra. Also note that the ranges of scattering length1)+|1,—1) 69'5" (0.2-4.5)x107 13

are often asymmetric with respect to their nominal values,

reflecting the nonlinear dependence af(via the tangent |1 - 1)+]1,~1) 69" 3¢ forbidden

function) on scattering phase shifts.
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FIG. 3. Variation of the hyperfine energies K versus ap-

FIG. 1. Energy-dependerg-wave partial cross sections for plied magnetic field, illustrating the nine weak-field-seeking states
|22)+|22) scattering in®*K, for various values of the triplet scat- that can be magnetically trapped.

tering lengtha;(39). Fora;(39)<0, this cross section vanishes at

small energies, diminishing its suitability for evaporative cooling. hyperfine and magnetic field interactions, which are assumed

to be independent of the interatomic distaftcd-or the cal-

t°p€f£' as presented in Table I. Our triplet scattering lengtljations carried out with a magnetic field present, we fur-
for ®K is in good agreement with a recent collisional mea-ipar diagonalize the Hamiltonian at large implying that

suremen{21], further boosting our confidence in the stated o+ asymptotic scattering channels are actually the atomic

limits. This table also lists the quantum defect parameters giates dressed by the magnetic field. The resulting coupled-
for the various isotopic cases. These quantities, related tghannel Schidinger equations are next integrated using a

scatterin.g phase shifts, are not essential to the present Papgfandard log-derivative propagator metfiad]. The relevant

but are included for completeness. They serve as the basi¢aitering matrices are computed for an incident energy of
input for a “frame transformation” approximation, detailed 1 wK throughout, and utilized to extract scattering lengths

in Ref.[22], which reproduces remarkably well the results of g \where appropriate, inelastic scattering rates arising from
hyperfine-state-selected scattering calculations. The resulg?)in exchange. Spin-exchange rates are defined by

of Table | are all quoted for a fixed value oEq
=3800 a.u., to bring out explicitly thelCs dependence, as v
parametrized in the table caption. Below, in quoting ranges K= W 2 |Sril2, (4)
of scattering lengths and rate coefficients, we will include the Pt
variation with Cg. : L : o
The singlet and triplet potentials are the starting point forWhere ki is the incident wave numbepi is the mudent
construction of the full two-atom Hamiltonian relevant in rglatlve velocity, and the squ_ared off-diagonal scattering ma-
this low-energy range. We write it in a basis of the total Spintr|x elementsS;; are added incoherently over all available

final channeld.
+ . - .
of the separated atomfiams) + |foms). We then add the We first present results for the bosonic specidé and

4IK. Each of these possesses a nuclear spih=08/2, im-
plying total spin states of=1 or f=2. Tables Il and llI
present the zero-field scattering lengths and spin-exchange
loss rates for various combinations of weak-field-seeking
spin states. Spin-polarizet!K should prove a reasonable
candidate for BEC, as its positive scattering length is inter-
mediate betweerf®Na and 8'Rb, both of which have been

200 -
150 —
100 —
50 |-

0

Scattering Length (Bohr)

-50 N 37833;3175 TABLE IV. S-wave scattering properties for several states of
3 N o _ the fermionic isotopé, computed at a collision energy of LK
100 \ a(39)=-52 o o .
| and zero magnetic field. Uncertainties include-200 a.u. varia-
-150 “‘. tion in Cg. Note that none of these collisions suffer spin exchange at
: a . . ultracold temperatures.
29, T2 60 s 10
Magnetic Field (gauss) [famg) +|fomp) a (Bohn Feshbach resonance?
FIG. 2. Magnetic-field-induced resonances in the scattering®/2:9/2+(9/2,9/2 forbidden N/A
length for 3K atoms in theiff,m)=|1,— 1) state. The three curves
show the resonance for our nominal scattering parameters, as weéf/2,9/2 +9/2,7/2 196" 32° no
as for their extreme values, as indexed by ¢ triplet scattering
length. Note that this state remains magnetically trapped up to mad9/2,9/2 +|9/2,5/2 1967336 yes

netic fields of 85 G.
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scattering length if%. As in Fig. 2 we show these variations for FIG. 5. Energy-dependent-wave partial cross sections for
the nominal and extremal values of the scattering parameters. Fo9/2 9/2 +|9/2,9/2 scattering in*K, indexed by the value of the
the nominal case, an extremely narrow resonance exists at 30 G% triplet scattering lengthe,(40). These cross sections exhibit

Near one extreme of our uncertairjts;(40)=403 BJ, however, a  shape resonances at temperatures in the vicinity of several hundred
much broader resonance appears accessible. uK.

successfully evaporatively cooled and condengéd. may  length as opposed to a positive scattering length given com-
also be useful for sympathetically cooling the fermionic iso-parable magnitudd26]. We note also that exceptions to this
tope “%K, given their large positive mutual scattering length. rule could occur if there are resonances in the relevant en-
The most abundant potassium isotop¥, appears to be ergy range.
a particularly problematic candidate for evaporative cooling, Although 3K in its spin-polarized|22) state seems an
owing to its small scattering length. This problem will be unlikely candidate for BEC, thil,— 1) state remains an in-
exacerbated if the scattering lengths turn out to be negativeeresting possibility owing to the presence of a magnetically
Figure 1 illustrates this point, by showing the energy-induced Feshbach-type resonar(see Fig. 2 Such reso-
dependents-wave cross sections fd22)+|22) collisions.  nances have long been predictg¥], and have been ob-
For a smallpositive value of a;(39), the cross section re- served recently in**Na [28] and ®Rb [29]. In 3K, this
mains nearly constant over the first several mK of collisionresonance lies at a magnetic fiel=43"%3 G, with the
energy. In the case of megative 39), however, the cross |argest uncertainty arising from the uncertainty ag(39).
section exhibits a prominent zero in the 1K range; this  For comparison, we note that th&,—1) state of 3K re-
“hole” would diminish the rate of rethermalizing collisions mains magnetically trapped up to field values of 85 G, mean-
just where they are most needed. The large qualitative difing that this resonance should be readily observed and ex-
ference in cross-section behavior should make it possible tgjoited. No such resonance appears accessibfékin
determine the sign od(39), by measuring the temperature-  We now move on to the fermionic isotop®K. With
dependent thermalization rates: a strong variation with temnudear Spl” =4, its electronic ground state can have a total
perature would point toa,(39)<0, while an essentially spin (nuclear plus electronjcof either f=9/2 or f=7/2.
temperature-independent rate would imply39)>0. Moreover, the hyperfine energies are “inverted” for this iso-
An unfortunately placed zero has already been noted ifiope, whereby the lower spin stafe=7/2, is actually higher
the cross section ot°Rb, which also has a negative scatter-jp energy byA = 1285.78 MHz. Figure 3 shows the Zeeman
ing length[24]. This minimum can be understood by exam- |evels of “) in a magnetic field. Of the 18 spin statgfsn),
ining the energy dependence of thevave scattering phase nine rise in energy as the magnetic field grows and are thus
shift 6p(E). Levinson’s theoreni25] guarantees thady(0)  magnetically trappable. Consequently, a magnetically
=N at threshold, wherd\ is the number of bound states trapped, condensed Fermi gas ‘6][( m|ght have a nine-
supported by the potential. In the high energy limit where thecomponent order parameter, at least at small magnetic field
scattering is perturbative, the phase shift tends instead tgalues, making it a very rich system.
zero, lim:_...6o(E) =0. The correspondingwave contribu- Table IV presents scattering information for several pairs
tion to the cross sectionyo(E)osinf&yE), will therefore  of 4% collision partners. Information on the scattering
suffer at leastN—1 zeros. The threshold behavior of the |engths, etc., for other partners must remain sketchy, since
s-wave phase shift is given by lig)<16o~Nm—ka, where  they experience poles as we vary our triplet potential within
ro defines a cutoff for the potential beyond which any addi-its range of uncertainty. Collisions between pairs|fif)
tional accumulated phase shift is negligible. In the case of a|9/2,9/2 atoms are forbidden by Fermi symmetry in the
negatives-wave scattering length, the phase shift therefore s-wave limit. Of greater interest to degenerate Fermi-gas
rises initially implying that the swave cross section will studies, therefore, are collisions between i atoms in
have at leasN minima. An application of quantum defect the hyperfine substaté8/2,9/2 and|9/2,7/2. This combi-
theory[22] demonstrates that the first zero in cross sectiomation is particularly noteworthy in that such collisions suf-
tends to occur at a lower energy for a negative scatterinfer no spin-exchange: the expected proce§42,9/2
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+19/2,7/2—19/2,9/12 +|7/2,7/2 is energetically forbidden attractive interaction would make possible detailed studies of
at low temperatures, owing to the inverted hyperfine strucCooper pairing in the dilute¢’® system. For our nominal
ture. Moreover, the large, positive scattering lengthvalue ofa,(40), there is a very narrow resonance at 32 G.
(=196 bohr) predicted for this pair has two important con-However, if a,(40) turns out to lie at the upper end of its
sequences. First, it guarantees that degenerate mixtures of %ge’ we expect to find a quite broad resonance at an acces-
two species9/2,9/2 and |9/2,7/2 will have a substantial = sjple field strengththe |9/2,5/2 state remains magnetically
interaction(repulsive in this cageso that issues of domain trappable up to fields of 255)G

formation can be studied. Second, the relatively strong inter- Finally, we draw attention to the probable existence of a

action between the two spin states implies large elastic Cros&‘-wave shape resonance 1K, as illustrated by the-wave

sections, which are crucial for evaporative cooling. This re-ross sections in Fig. 5 Thé presence of such a resonance

2”2}'2?#:&2}? gsri]%%deps?; bﬁf??z neacses(,)s%asg;%rcfgléle implies stronger interactions than might originally have been
ymp y by 9 9 ' 'g"expected in spin-polarized gases. It may even have implica-

*Rb or K. tions in the quantum degenerate regime, controlled by the
One other pair of collision partners bears discussion here q 9 gime, y

namely,|9/2,9/2 +|9/2,5/2. Note that it has the same scat- p-wave analog30] of the contact potential responsible for
tering length(at zero magnetic fiejdas the pair|9/2,9/2 interactions in BEC.

. T ; ) Note added in proofThe p-wave-shape resonance de-
+19/2,7/2), since both cases project identically onto singlet . - ; . i
and triplet states. The paj@/2,9/2 +|9/2,5/2 is also im- picted in Fig. 5 has now been observed in a collisional mea

) : rement.
mune to spin exchange at low temperatures. Unlike the pres-u ement

vious example, it has an interesting behavior in a magnetic We are indebted to Paul Julienne, Eite Tiesinga, and Carl
field, depicted in Fig. 4. Namely, magnetic-field-induced Williams for informative discussions relating to their unpub-
Feshbach resonances may be accessible for this pair, provilished studies of potassium photoassociation. This work was
ing control over the interatomic interaction. An effectively supported by the National Science Foundation.
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