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Cross sections of spin exchange, magnetic resonance frequency shift

and elastic scattering in collisions of alkali atoms Na-Rb
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The article studies interactions involving spin-polarized alkali metal atoms in the ground state. The calculation

of spin exchange and elastic scattering cross sections for the Na-Rb pair is performed. The calculation of the

cross sections is carried out for the range of atomic collision energies from 10−4 to 10−2 a. u energy. The presented

calculation allows for the first time to obtain the temperature dependences of the cross sections under consideration,

which in turn can be used to consider the kinetics of polarization transfer during optical neutron scattering of atoms.
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Introduction

Quantum electronics devices operating based on the

principle of optical orientation of atoms attract research

interest due to the possibility of their use in general-

purpose high-precision sensitive instruments. Above all,

this applies to quantum magnetometers with optical ori-

entation of alkali atoms [1,2], which serve as key el-

ements in the design of magnetoencephalographs [3],
magnetocardiographs [4], quantum gyroscopes [5], and

quantum frequency and time standards [6]. The key

factors affecting the performance of such devices are

the signal-to-noise ratio and the accuracy of measuring

the magnetic resonance line frequency. The width and

frequency of the magnetic resonance line are determined,

among other things, by the cross sections of interest to

us.

These cross sections result from spin-exchange collisions

in the working chamber. The spin exchange process may be

characterized by a complex spin exchange cross section [7].
It follows from [7] that, knowing the interaction potentials of

the NaRb dimer, one may calculate the phases of scattering

by the corresponding terms and use them to determine the

sought-for cross sections. A collision of Na and Rb atoms

leads to the formation of the NaRb quasimolecule (dimer)
with total electron spins S = 0, 1 that correspond to singlet

and triplet terms, respectively.

Depending on the objective, studies into optical orienta-

tion of alkali atoms may utilize same-type alkali atoms [8]
or a mixture of alkali atoms [9]. In the present study, we

discuss a mixture of Na and Rb atoms.

Since a mixture of Na and Rb atoms is present in

the working chamber, collisions of both identical and

different atoms occur within its volume. Quasimolecules

produced in such collisions may be represented by two

terms corresponding to total spins S = 0 and S = 1 of

the system. These terms are characterized by deep

potential wells. In view of this, noticeable concentrations of

diatomic molecules are present within the working chamber.

Specifically, the pressure of Rb2 vapor at room tempera-

ture is 7.046 · 10−12mmHg; Na2 − 5.751 · 10−14 mmHg at

325K [10].
Spin-exchange collisions have already been studied for

different atoms. Collisions between Na atoms were con-

sidered in [11], while collisions between Rb atoms were

analyzed in [12]. In the present study, we examine collisions

between Na and Rb atoms and calculate the cross sections

resulting from these collisions.

Interaction potentials of the Na-Rb dimer

When Na and Rb atoms collide in the S state, a dimer

is formed in the singlet 16 or triplet 36 states. The

authors of [13] have used the results of Fourier spectroscopy

experiments for the NaRb dimer to obtain data on the

singlet and triplet potentials with their short-range parts

(USR(R)) set in tabular form within the range of internuclear

distances from 2.1 to 11 Å for the singlet term and from

2.94444 to 11 Å for the triplet term and the long-range parts

(ULR(R)) presented in analytical form. It follows from [13]
that the sought-for potentials ULR(R) in the region of large

internuclear distances (R > 11 Å) are written as

ULR(R) = U∞ −C6/R6

−C8/R8 −C10/R10 ± Eexch, (1)

where the exchange interaction contribution (Eexch) was

presented as

Eexch = Aex Rγ exp(−βR), (2)

Eexch and has (+) and (−) signs in the triplet and singlet

potentials, respectively. The coefficients in (1) and (2)
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Figure 1. Potentials of interaction of Na and Rb atoms in the

ground state (atomic system of units). Data were taken from [13].

assume [13] the following values: U∞ = 5030.50235 cm−1,

R0 = 11.2967 Å, C6 = 1.3237 · 107 cm−1
Å

6,

Aex = 2.8609 · 104 cm−1
Åγ , C8 = 2.9889 · 108 cm−1

Å
8,

γ = 5.0081, C10 = 1.5821 · 1010 cm−1
Å

10,

β = 2.2085 Å
−1 , T X

e = 0 cm−1, RX
e = 3.6434 Å,

DX
e = 5030.502(50) cm−1, DX

0 = 4977.187(50) cm−1

for the singlet potential; in the triplet potential:

Ro = 11.3370 Å, T a
e = 4827.14727 cm−1, Ra

e = 5.6003 Å,

Da
e = 203.355(50) cm−1, Da

0 = 193.365(50) cm−1. Here,

DX
e is the potential well depth for term 16, and Da

e is

the depth for term 36. Accordingly, RX
e and Ra

e are the

positions of energy minima for terms 16 and 36, and DX
0

and Da
o are the dissociation energies relative to the lower

vibrational-rotational levels.

The data from [13] were used to plot the interaction

potentials in the atomic system of units. The method

of spline approximation of the tabular data on potentials

from [13] was used in calculations within the distance

interval of 11 Å≥ R. The dependences obtained this way

are presented in Fig. 1.

Cross sections of spin exchange and
elastic scattering for the Na and Rb pair

The cross sections of interest to us were calculated

in the scattering matrix representation T AB
S (l), where S

corresponds to the total spin of the system (1 or 0) and

l is the orbital quantum number [6.7]. The complex spin

exchange cross section is

qAB
se =

π

k2
AB

∑∞

l=0
(2l + 1)[1 − T AB

0 (l)T AB
1 (l)∗], (3)

and elastic scattering cross sections are

qs ,t =
π

k2
AB

∑∞

l=0
(2l + 1)|1 − T AB

s ,t (l)|2. (4)
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Figure 2. Real (2) and imaginary (1) parts of the spin exchange

cross section for 23Na−85Rb in the atomic system of units.

Here, kAB = µABvAB/~ is the wave vector, µAB is the

reduced mass of colliding particles A and B , vAB is the

average relative velocity of colliding particles, the asterisk

denotes complex conjugation, and l is the orbital angular

momentum.

The representation of scattering matrix T AB
S (l) through

phases of scattering (δAB
S (l)) by the corresponding terms

takes the form

T AB
S (l) = exp(2iδAB

S (l)). (5)

The real (qAB) and imaginary (q
AB

) cross sections of

spin exchange and the cross sections of elastic scattering by

the singlet (q0) and triplet (q1) terms may then be written

as [14]

qAB =
π

k2
AB

∞∑

l=0

(2l + 1) sin2[δAB
1 (l) − δAB

0 (l)] (6)

q
AB

=
π

k2
AB

∞∑

l=0

(2l + 1) sin 2[δAB
1 (l) − δAB

0 (l)],

q0,1 =
π

k2
AB

∞∑

l=0

(2l + 1) sin2(δAB
0,1(l)) (7)

Following [15], we find that the total cross section of elastic

scattering in collisions of different atoms has the form

qtot =
1

4
(q0 + 3q1). (8)

The data from [13] were used to calculate the corresponding

cross sections, which are presented in the atomic system of

units in Fig. 2.

The calculated dependences of cross sections on the

collision energy are shown in Figs. 2−4: qAB and q
AB

in

Fig. 2, q0 and q1 in Fig. 3, and qtot in Fig. 4. It follows from
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Velocity-averaged values of the cross sections presented in Figs. 2−4

T ,K Q0, 10−16 cm2 Q1, 10−16 cm2 Qtot , 10
−16 cm2 Q

AB
, 10−16 cm2 Q

AB

, 10−16 cm2

300 325.3 314.1 316.9 156.6 −54.2

320 321.5 311.1 313.7 155.8 −54.5

340 317.9 308.3 310.7 154.0 −54.8

360 314.5 305.6 307.8 152.9 −55.1

380 311.4 303.0 305.1 151.7 −55.3

400 308.3 300.5 302.5 150.6 −55.5
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Figure 3. Dependences of elastic scattering cross sections q0 and

q1 on the collision energy for the 23Na−85Rb pair in the atomic

system of units.

0.002 0.004 0.008 0.010

q
, 

a
rb

. 
u

n
it

s

E, arb. units
0 0.006

1000

1500

2000

Figure 4. Dependence of the total elastic scattering cross section

(qtot) on the collision energy for the 23Na−85Rb pair in the atomic

system of units.

relation (8) that the main contribution to the total elastic

scattering cross section is produced by the cross section of

scattering by the triplet term.

In order to use the obtained cross sections in experiments

on optical orientation of atoms, one needs to pass from

energy to temperature dependences of the cross sections.

The results of averaging the cross sections by velocity are

listed in the table.

It can be seen that elastic scattering cross sections Q0

(singlet term) and Q1 (triplet term) differ only slightly.

Cross section Q1 produces the dominant contribution to

Qtot . The value of the frequency shift cross section remains

negative within the entire temperature range.

Conclusion

The obtained cross sections and the earlier data on Na-Na

and Rb-Rb collisions may be used to analyze the kinetics

of polarization transfer processes in a mixture of alkali

Na-Rb atoms with optical orientation of atoms. Collisions of

optically oriented alkali atoms in mixtures affect significantly

the shifts in the magnetic resonance frequency of atoms that

are induced by spin exchange. Contributions to these shifts

are produced by collisions of both identical and different

atoms. These contributions, in turn, depend both on the

absolute values of cross sections and on their signs, as

well as on the concentration of alkali atoms in the working

chamber. Notably, there are feasible scenarios in which the

spin-exchange shift changes sign and passes through zero.
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