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The spin-exchange rates and spin-relaxation rates for thermal electrons colliding with noble-gas
atoms are calculated using the orthogonalized-plane-wave approximation and via partial-wave
analysis. The two techniques give similar results and are in order-of-magnitude agreement with the

experimental rate in Ar.

The spin-exchange and relaxation properties of free
electrons are of interest in situations where spin-polarized
species (e.g., Rb, Ba™, 3He) are studied in the presence of
electrons; examples include optically pumped Bate™
plasmas and ionization in spin-polarized gaseous targets.
There is considerable interest in nuclear! and medium-
energy physics in producing polarized *He and one of
several possible processes for doing this is spin exchange
with a reservoir of polarized electrons. In this paper we
calculate the electron-nuclear spin-exchange rates for elec-
trons colliding with neutral noble-gas atoms, e.g., a pro-
cess such as

e(1)+3He(l)—e(1)+He(t) , (1

where the arrows denote the directions of the electron and
nuclear spins. We also calculate the spin-orbit relaxation
rates for the process

e(1)+He—e(l)+He (2)

for all the noble gases He, Ne, Ar, Kr, Xe, and Rn. We
assume that the electron temperature is sufficiently low
that only s- and p-wave scattering need be considered.

The process given by (1) proceeds via the Fermi contact
interaction

Vec= 16w HaHk
3 K

between the density of electronic spin S at the site r=0 of
the noble-gas nuclear spin K. The Bohr magneton and
the nuclear moment are denoted by pp and ug, respective-
ly. Process (2) is due to the spin-orbit interaction

5(r)S'K (3)

Vso=—"—>5— —5-S:L 4)

where L is the orbital angular momentum of the free elec-
tron, m is the electron mass, and ¥V is the shielded
Coulomb potential of the noble gas core. Using the
distorted-wave Born approximation (DWBA), we show
that the rates per noble-gas atom for processes (1) and (2)
are

16K (K +1)  (5)

64(277_)1/2 m7/2
ﬁ6

1

(KT)>*(G /h)? (6)
TSO 3

for an electron gas of temperature T. The factors 7, and
G in (5) and (6) are constants characteristic of the noble
gas; we show that in the orthogonalized-plane-wave
(OPW) approximation? 7, and G are the same constants
used to calculate the electron-nuclear spin-exchange in-
teraction and spin-rotation interaction of alkali-
metal—noble-gas atomic pairs.>

To obtain (5) and (6) we assume the problem of spin-
independent scattering of the electron in the potential of
the atom has been solved and the electron wave function
is

P,(r)

r

n)=4r 3 i'khy, Y, (k)Y (®) . ¥

1=0,1

Here the functions P;(r) are solutions of the radial
Schrodinger equation in the scattering potential V. The
behavior of P;(r) at small r is chosen such that ;=1 for
V=0:

r1+1

P = arvon

Then 7y and 7, represent the enhancement, due to the
noble-gas potential, of ¥(0) and y¥'(0) with respect to the
free-electron case. We consider only /=0,1 and so low en-
ergies are assumed. The matrix element of (3) in the
DWBA for a transition between an initial state of electron
momentum 7k;, electron-spin quantum number msz%,
and nuclear-spin quantum number m; to a final state of
electron momentum 7k, electron spin quantum number
m;= — 3 and nuclear spin quantum number m; + 1 is

8m HBHk
3 K

(f | Vecl| i>:¢':f(0)¢ki(0)

XK (K +1)—my(mg+ 118,

87 HBHK
2= ——[K(K+1
7o | 3K [K(K+1)
—mg(mg+1D]'72, ®
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where 770=¢'k,.(0):1/’kf(0) and the corresponding matrix
element of (4) is

(1 Vso | 1) =il Xk R +i9) ©
where
) # 21 dv
G:émlm fP17 —dr (10)

and X and ¥ are unit vectors along the x and y axes.

Averaging over an initially unpolarized gas of nuclei
and a Boltzmann distribution of electron energies, (8) and
(9) give (5) and (6). The calculation of the factors G and
10 requires a knowledge of 1. We will calculate ¥, using
both the OPW and partial-wave (PW) techniques and
compare the results.

In the OPW approximation, we orthogonalize the free-
electron wave function

e*T~14ikr
to the occupied core orbitals of the noble gas:

=1 +ikT— 3 Cpdys(r)— 3 Cpokeogh,, (1), (11)

where

Gup =y K+, 9+ by 2 (12)
is a Cartesian vector formed from the p orbitals, and

Co= [ bu(r)d’r (13)
and

Cpp= f0°° 2¢,,(0)d’r . (14)

Many convenient core orbitals ¢, and QS,,pZ can be found

in the literature and we have used the values published by
Herman and Skillman.* Thus

Y(0)=1— Cpd,(0)=m9="7 (15)

which is R. Herman’s equation® for the spin enhancement
factor 7. Likewise, equating the p-wave parts of (11) and
o,

R, C, R,

O_r s _tw B o Zw
i , 3 %(1277)1/2 r ;(1277-)‘/2 r
(16)
gives
* 21 dVv
G =1/2(#/mc)? fo [gcnpRnp] " ‘der ,  (17)
where
172
3 Ryp
=0 | 2%

identical to the relation in Ref. 3. Values of G/h and 7
are listed in Table I. The OPW method gives a simple re-
sult which is easily calculable from the published tables of

TABLE 1. Comparison of 7 and G calculated via the OPW
method and the PW method. The Rn results assume an s-wave
scattering length of —5.1 A.

7 G/h (103 MHzcm®)
Atom OPW PW OPW PW
He 95 ~53 2.4x10~*
Ne 15 9.4 0.062 0.028
Ar —21 ) 0.49 0.25
Kr 35 44 3.0 1.5
Xe 50 —73 9.8 6.0
Rn 63 114 31 30

atomic wave functions.

The OPW method cannot be used to calculate G for He
due to the lack of occupied p orbitals in the ground state
of the atom, so we have used a PW analysis to calculate G
for He. For other noble gases the PW analysis serves to
give an indication of the reliability of the results (10) and
(11). PW analysis requires a knowledge of the potential V
seen by an external electron scattering off the atom. The
tabulated Herman-Skillman potential V, is the potential
seen by an electron internal to the neutral atom, and
therefore behaves as 1/r for larger r. The true behavior
of V for large r should be —ae?/2r% where a is the
atomic polarizability and e the electron charge. To obtain
a physically reasonable potential ¥V we added two terms to
Voi

—Pw
oPw
-- FREE ELECTRON

FIG. 1. Cross-sectional plots of Re(y) (s-wave) and Im(¢/k)
(p-wave) for Ne at zero energy, for the partial-wave (PW) and
orthogonalized-plane-wave (OPW) approximations.  Also
shown, for comparison, are the corresponding free-electron
wave functions.



35 ELECTRON-—-NOBLE-GAS SPIN-FLIP SCATTERING AT LOW ENERGY 3751

G/h (MHz cm®)
5 & & &
4 8 b 8

H
ol
g

| L Ll | 1

2 S 10 2o S0
Z

FIG. 2. The characteristic constant G/h as a function of
atomic number Z as calculated by the orthogonalized-plane-
wave (OPW) and partial-wave (PW) approximations. The fits
are G=9.34x1073% Z2%3 for the OPW results and
G =2.89x 1073¢ Z3-% for the PW calculations.

2 —(r 5
Vi=Z(1—e ") (18)
2r

and

r
L e 2021 +1) fo R2(r"dr'
27y % VA )
V, is the usual polarizability potential multiplied by a
function which goes to zero inside the atom, and V,
shields the 1/r behavior of ¥, for large r. The parameter
ro in (18) was adjusted to reproduce the s-wave scattering
lengths deduced from experiment by O’Malley,® so al-
though there is a certain arbitrariness in the functional
form of ¥V, and V,, the total potential V gives the correct
scattering cross sections for slow electrons.

The radial Schriédinger equation

711 +1)

mr2

v+ P,=0

was integrated out from r=0 and matched to the ap-

TABLE II. Comparison of experimental spin-relaxation
times and cross sections with the orthogonalized plane-wave ap-
proximation and partial-wave analysis.

Experiment Theory
Atom (Isoa or Tsob OPW PW
He <1.5x107%2 cm? 3.5%x107% cm?

1.0x 10~ cm?
3.8%x 1072 cm?
8% 10~* sec

1.4x10~%" cm?
2.2X10~% cm?

4.9%x10~%* cm?
1.5 102 cm?
2% 10~* sec

5.4%107%" cm?
5.5%10~% cm?

Ne <1.6X10~%2 cm?
Ar <5.3%x1072 ¢m
61073 sec
Kr <1.6X10~%° ¢m?
Xe <2.6X10~% cm?

2Reference 9.
"Reference 8.
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FIG. 3. Expected spin-relaxation times due to the Fermi con-
tact (FC) interaction and the spin-orbit (SO) interaction.

propriate asymptotic forms of the wave function.® The
matching conditions give 779 and 7;. We have graphed
Re(y)y) and Im(3 /k) for Ne obtained in this way in Fig.
1, along with analogous results for the OPW. It is seen
that the OPW does well inside the core of the noble gas,
but does not account at all for the scattered wave. The re-
sults for 79 and G are given in Table I. Figure 2 shows
the results for G as a function of Z. Note that G is close-
ly approximated by G =AZ", where n=2.88 for the
OPW case and n=3.06 for the partial-wave case. All re-
sults agree within a factor of 2.5 for the two methods.
The partial-wave results could be made more accurate by
using a more realistic potential—the Herman-Skillman
potential is known to give poor results for phase shifts.’
The OPW technique could be improved by adding in the
wave-function perturbations due to the pseudopotential,
but the zeroth-order results (15) and (17) are adequate for
these order-of-magnitude estimates.

The OPW method works well for the present calcula-
tions because the interactions (3) and (4) are localized in-
side the core of the noble gas, where the OPW best ap-
proximates the true wave function. The OPW method

TABLE III. Predicted electron spin-relaxation times 7gc and
7so using OPW and PW results for G and 7, at noble-gas tem-
perature Tp=300 K and pressure po=1 atm. 7gc scales as
(po/pPNT /Ty)'? and 75 scales as (po/p)(To/T)>/2.

Trc (sec) Tso (sec)
Atom OPW PW OPW PW
‘He 1.5 15 2% 10?
2INe 4.3 28 3.4x1073 1.6 1072
Ar 0.50 0.50 54%107° 2.1x107*
8Kr 9.3%102 3.7%x107%2 1.4X%107°% 5.6x10~°
129%e 1.4% 1072 32x107%  1.4%x1077 3.4x1077
209Rn 1.4x1073 1.3107* 1.4x10°8 1.4x10°8
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completely fails to account for scattering unless further
perturbations due to the pseudopotential are added in.

The rate for the process (2) was measured by Dehmelt®
for electrons in Ar gas. He obtained 750=6X10"" sec
for an Ar number density of 2.5 10'® cm~3 and the elec-
tron temperature > 140°C. Equation (6) gives 2Xx10™*
sec for the OPW approximation and 8 X 10~* sec for the
partial wave analysis at 140°C. The presence of an rf
field in Dehmelt’s experiment heated the electrons to a
temperature greater than the 140°C ambient temperature,
and the T°/? dependence in (6) means that a 90°C increase
in the electron temperature brings down the OPW theoret-
ical prediction of 7gg to 1.2 10™* sec, a factor of 2 larger
than experiment. Experimental upper limits on
0so=1/7gov have been estimated by Weber et al.’ Table
II shows these limits, along with values calculated from
(6) and (17). The calculations are consistent with the ex-
perimental limits. In Fig. 3 we graph 5o and 7gc versus
noble gas. Note that for 3He, the Fermi contact interac-
tion (1) dominates while the spin-orbit interaction of (2)
dominates for the other noble gases.

The agreement between calculations based on orthogo-
nalized orbitals and measured values of the electron-
nuclear spin-exchange coupling constant (proportional to
73) and the spin-rotation coupling constant (proportional
to G) in alkali-metal—noble-gas van der Waals molecules?
supports the assumption that the orthogonalization pro-

cedures give a good approximation to the electron wave
function in the core of the noble gas. Also note the ex-
tremely small spin-orbit cross sections for He and Ne.
These imply electron spin relaxation times at room tem-
perature in one atmosphere of He and Ne gas of 200 and
0.017 sec, respectively. Predicted electron spin-relaxation
times for all the noble gases are given in Table III.

The temperature dependence of (6) is a striking signa-
ture of the process (2). One could envision heating a plas-
ma of e~ and Ba* in He via microwaves’ and hence
making (2) much larger than in the relatively cool
discharges of Ref. 7, thus making (6) more easily observ-
able.

In conclusion, we have shown that the spin-flip scatter-
ing of electrons off noble gases can be simply estimated
using the OPW technique or by partial waves and the esti-
mates are consistent with each other. The interactions are
so small for thermal electrons in *He or “He that in prac-
tice the spin relaxation of thermal electrons in He must be
dominated by other mechanisms, for example, diffusion to
the walls, spin exchange with positive ions, or recombina-
tion.
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