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The elastic scattering properties in a mixture of sodium and cesium atoms are investigated at cold and ultracold

temperatures. Based on the accurate interatomic potential for the NaCs mixture, the interspecies s-wave scattering

lengths, the effective ranges and the p-wave scattering lengths are calculated by the quantal method and the semiclassical

method, respectively. The s-wave scattering lengths are 512.7a¢ for the singlet state and 33.4ag for the triplet state. In

addition, the spin-change and elastic cross sections are also calculated, and the g-wave shape resonance is found in the

total elastic cross sections.
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1. Introduction

The collision between two atoms is a fundamen-
With the fast development of
laser cooling and trapping techniques, atomic colli-

tal physical process.

sion properties in the cold and ultracold regime have
become directly accessible.[!! Elastic scattering of cold
atoms in the ground state has a large variety of ap-
plications, for example, evaporative cooling,!? sym-
pathetic cooling,l) collisional shift in high precision

(4] and in the properties of a weakly inter-

spectroscopy
acting Bose gas.[5! In addition to the cold homonuclear
collisions extensively studied for most alkali atoms,!
heteronuclear cold samples also constitute very inter-
esting systems for the investigation of these cold col-
lisional processes.!7~12!

Among the heteonuclear alkali-metal atomic
pairs, Na—Cs pairs have attracted the interest of both
experimental and theoretical researchers involved in
interatomic potentials,['3~16] photoassociative spec-
troscopy and molecular formation.[!”=1% However, rel-
atively little attention has been paid to investigating
the elastic scattering between Na and Cs atoms. At
ultracold temperatures, scattering between two het-

eronuclear atoms is characterized by the s-wave scat-
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tering length, the effective range and the p-wave scat-
tering length, the contributions from higher angular
momenta are negligible at very low energy. (292!l Those
scattering parameters are very sensitive to the interac-
tion potentials between the colliding systems over an
The elas-
tic scattering and spin-change cross sections are also

extended range of internuclear distances.

important for cold atom experiments, which control
the thermalisation of the atoms and lead to atom loss,
respectively. In this paper, by adopting the accurate
potential energy curves constructed in Ref. [16] for the
NaCs molecule, the s-wave scattering lengths, the ef-
fective ranges and the p-wave scattering lengths are
obtained precisely for the singlet X' S>7 and triplet
a’ Z+ states. Furthermore, the triplet elastic and
spin-change cross sections are also calculated for the
collision between sodium and cesium atoms, respec-
tively. Shape resonances occur in the low-temperature
atomic collisions. Atomic units are assumed unless
otherwise indicated.

2. Cold collision theory

The Schrodinger equation for the two colliding
atoms in the centre-of-mass coordinate systems can
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be written as

d? 5 l(l+1)
a2 TP T

-U@)|w(r)=0 (1)
Here, k is the wave number given in terms of the en-
ergy E by k? = 2uE/h?, p is the reduced mass and
U(r) = 2uV (r)/h?, where V(r) is the interatomic
potential. Two ground-state atoms interact via spin-
singlet X' S°F
tentials, with potential-energy curves Vg and V7, re-

and spin-triplet a3 Z+ molecular po-
spectively. Elastic singlet and triplet cross sections
may be defined as

oS/T = klz (20 + 1) sin® /7 (2)
1=0
where J; is the partial wave phase shifts, S and T stand
for singlet and triplet, respectively. The spin-change
cross section is calculated from the singlet and triplet
phase shifts by
T o0

asc—k—z (21 4 1) sin? (6] — 67). (3)
The low energy s-wave phase shifts §; and p-wave
phase shifts d, satisfy the effective range expan-

sions(22l
1.1 5 4
kcotds = —— + —r.k” + o(k"), (4)
a 2
and
k™3 cotd, = =V + o(k?), (5)

where the parameters a and 7. are the s-wave scatter-
ing length and effective range, respectively, and V is
the p-wave scattering volume, which is related to the
p-wave scattering length by V = af;. The semiclassi-
cal results have been derived for the s-wave scattering
length, 23] the effective rangel?¥ and the p-wave scat-
tering volumel?®! with long-range potentials falling off
as fast as 1/RS. These parameters can be expressed

by the following equations:

aS¢ = a[l — tan (¥ — 7/8)], (6)

. V28 F<4>_2ﬂ5 F@W

e + o | (7)
3 r 3 a r 1Y a
4 4
SC _ _ ﬁ3F(1/4) a—a° (8)
12/2T (7/4) 2a — aSC’
where @ = /26T (3/4)/T (1/4) is the mean scattering
length with 8 = (2uCe)"/*, & = [°\/2uV (R)dR is
the semiclassical phase with V (Ry) = 0, and I is the

Gamma function.

1

r

3. Results and discussion

At ultracold temperatures, atomic scattering
properties are very sensitive to the interaction poten-
tials between the colliding atoms. Several experimen-
tal and theoretical studies have been performed for
the NaCs molecule. An extensive theoretical study of
the electronic structure of NaCs has been performed
and the potential energy curves were calculated far
out to the atomic asymptotes.'® Diemer et al.l'¥] per-
formed spectroscopic measurements by using a combi-
nation of doppler-free polarization, double-resonance
and laser-induced fluorescence methods, and they ob-
served 64 vibrational levels of the X! Z+ state. Do-

cenko et al.[t0]

used high resolution Fourier transform
spectroscopy to greatly improve the experimentally
The

accuracy of the ab initio calculations is still below the

determined ground electronic state potentials.

state-of-the-art accuracy of the spectroscopic data. In
this paper, we use the accurate interatomic potentials
given for the X' 3°7 and a3 3>" electric states of the
NaCs molecule by Docenko et al.. Figure 1 shows
the Born—Oppenheimer potential energy curves for the

X!S°F and a3 327 states used in our calculations.
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Fig. 1. Adopted potential curves for the singlet X! Z+
and triplet a3 3.7 states.

Equation (1) is solved numerically by the Nu-
merov method with the accurate reduced mass.[?%
The s-wave scattering length a and the effective range
ro are determined by fitting the s-wave phase shifts dg
The re-

sults for the s-wave scattering length, 512.7a¢ for the

to the effective range expansion in Eq. (4).

singlet state and 33.4a( for the triplet state, are in ex-
cellent agreement with the recent accurate values.
The p-wave phase shifts in the ultralow collision en-
ergies are also calculated and the p-wave scattering
length is obtained by Eq. (5). All the calculated re-

sults are presented in Table 1. To our knowledge, this
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is the first time that the values of r, and a, are cal-
culated.

Those scattering parameters are sensitive to nu-
merical error and, as a check, we calculate those data
by using the semiclassical method. The results ob-
tained by this method are also listed in Table 1. The
majority of the results for ¢5¢ and agc shown in Ta-
ble 1 are within 1.5% of the quantal values. Consid-
ering the sensitivity of the semiclassical s-wave scat-

tering length a5 to the semiclassical phase @ for the
values arising here, we find that the success of the
semiclassical estimate for the s-wave scattering length
is certainly encouraging. Overall, these comparisons
also suggest that the semiclassical result for the p-
wave scattering length can provide a robust estimate
of the full result, once the s-wave scattering length and

the long-range properties are known.

Table 1. Scattering parameters for Na—Cs elastic collision.

s-wave scattering length/a.u.

Effective range/a.u.

p-wave scattering length/a.u.

Quantal Semiclassical Quantal  Semiclassical Quantal Semiclassical
Singlet 512.7 520.9 138.2 137.4 —78.7 —79.4
Triplet 33.4 33.1 638.9 646.4 -50.3 -51.3

In the ultralow collision energies, only s-wave
scattering is expected and the spin-change cross sec-
tion is about equal to 7(ar—ag)?. The large difference
in both scattering lengths leads to significant cross sec-
tions for spin-exchange collisions, and the calculated
results are shown in Fig. 2. The spin-change total
cross sections increase rapidly with decreasing colli-
sion energy and display several shape resonances. This
trend may inhibit the evaporative cooling of heavy
atoms with large magnetic moments.

Cross section/10* a.u.

108 1077 10
Collision energy/a.u.

105

Fig. 2. The s-wave cross sections and total cross section
for the spin-change process as functions of collision energy.

The collisional properties of other partial waves
are also calculated at non-zero collision energies. Fig-
ure 3 shows the energy-dependent cross sections for
the collisions of Na and Cs in the triplet state at cold
The total elastic cross
sections display typical Wigner-threshold behaviour
for s-wave scattering at collision energies less than

and ultracold temperatures.

1 x 10719 a.u., where the cross section is a constant
given by o = 4ma%, and then increases slowly be-
fore being at higher energies. The s-wave cross sec-
tion begins to decrease with increasing collision en-
ergy, but the total cross section continues to increase

owing to the higher partial-wave contributions. Oscil-
lations occur through the addition of a small number
of partial waves. Sharper structures are due to shape
resonances, which are resonances associated with qua-
sibound diatomic levels trapped behind a centrifugal
barrier. A low energy g-wave shape resonance exists
for the a® Z+ state, giving rise to a peak in the cross
section near £ = 1.03 x 10~% a.u.
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Fig. 3. The s-, g-wave cross sections and total cross sec-
tion for the scattering in the a3 > 7 state as functions of
collision energy.

4. Conclusion

This paper investigated the elastic scattering be-
tween sodium and cesium atoms at cold and ultracold
It also calculated the inter-
species s-wave scattering lengths, the effective ranges

temperatures in detail.

and the p-wave scattering lengths for NaCs mixture
via the X! Z+ and a3 Z+ states, by the quantal
method and the semiclassical method, respectively.
The results for the s-wave scattering length are in good
agreement with experimental results. This is the first
time that the values of 7, and a, have been obtained.
In addition, the triplet elastic and spin-change cross
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sections are also calculated. G-wave shape resonance

due to angular momentum barriers occurs in the total

elastic cross sections and further experimental studies

of ultracold collisions will help to test our calculated

results. |

27-29]
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