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Abstract. Semi-relativistic approach is employed to com-
pute the differential and integrated cross sections, spin
polarization P and the spin polarization parameters T
and U for the scattering of electrons from barium and
strontium atoms in the energy range from 2.0-300 eV.
The projectile-target interaction is represented both by
real and complex optical potential in the solution of
Dirac equation for the scattered electrons. The real opti-
cal potential includes the static, a parameter free correla-
tion polarization and a modified semi classical exchange
potentials. The complex optical potential is constructed
by adding a model absorption potential as its imaginary
part to the real optical potential.

PACS: 34.80.Bm; 34.80.Nz

1. Introduction

The scattering of spin polarized electron from a heavier
target atom provides detailed information about the spin-
dependent interaction in the electron atom collisions [1].
Recent measurements [2-3] of the polarization of scat-
tered electrons have prompted many workers to carry out
detailed calculation of these processes. In the elastic scat-
tering of symmetric s-orbit configuration, the polariza-
tion effects are caused by spin-orbit interaction of the
scattered electron in the atomic field, referred as Mott
scattering [4].

In the present study we have calculated spin polari-
zation P, polarization parameters T" and U, differential
cross section (DCS), integrated elastic, momentum trans-
fer and total cross sections for the scattering of electron
from barium and strontium atoms using both real and
complex potential in relativistic Dirac equation [5].

II. Theory

A. Theoretical methodology

The Dirac equation for a projectile of rest mass m, trav-
elling in a central field V' (r) at a velocity v is given by

[ca-p+ Bmgc*+V(r)y=Ey. »

For a central potential, the Dirac equation can be reduced
to a set of two equations similar to the form of the Schro-
dinger equation such as [6-9]
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The effective Dirac potential terms U7 expressed in
atomic units are given by
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where « is the fine structure constant (not to be confused
with the Dirac matrix o of (1)). In (3-4) single and double
prime corresponds to first-order and second-order deriv-
atives with respect to r respectively. The solution of (2)
behaves asymptotically as

g (K,r) = Kr[j,(Kr)—tand; n,(Kr)] %

where j, and 7, are the spherical Bessel function of the
first and second kind, respectively. The plus and minus
sign to the phase shifts 6 correspond to the U (r)
interaction i.e. &, corresponds to the incident particle
with spin up and &, to those with spin down. The phase
shifts 67 can be obtained from the values of the radial
wave function g;° at the two adjacent points » and (r + /)
(h<r) at very large r as
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In the present calculation, the wave function g are ob-
tained by numerical integration of (2) using Numerov
method. In the present work, a large number of exact
phase shifts, depending upon the impact energy were
evaluated before using the Born approximation (for de-
tails see [9]). For example, the typical values of exact
partial waves corresponding to the impact energies 2.0
and 300 eV are 20 and 150 respectively. All cross sections
are converged with respect to the number of partial waves
up to the value of 1072 radians only.

B. Cross section and spin polarization parameters

The generalized scattering amplitude for the collision
process is given as [10]

A=f(K,3)+g(K 3)o- . )

The elastic differential cross section for the scattering of
the unpolarized incident beam is given by
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and the amount of polarization produced in the unpo-
larized incident beam due to scattering is given by
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where P(8) is called the Sherman function. The other
two polarization parameters 7 and U describe the rota-
tion of the polarization vector during the scattering pro-
cesses. They are given as {9]
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The angle of rotation of the component of the pola-
rization vector in the scattering plane is given by
an~ ' (U/T). It should be noted that these three polari-
zation parameters are interrelated through the condition
P4 T+ U*=1.

C. The interaction potential

The total interaction between the projectile and target
atom is represented by a model potential. At the impact
energies above the first ionization threshold, this poten-
tial is complex and is written as

V(r)=Va(r) + iV (r) (12)

where V, (7) the real part of the total interaction potential
V (r), is represented by three local and real terms, namely,
the static (due to direct Coulomb interaction of all the
charged particles involved), exchange (arising due to the
Pauli exclusion principal) and polarization potential (tak-
ing into account the distortion of the target charge cloud
in the presence of incoming electron field). ¥, (r) is the

absorption potential. The inclusion of absorption poten-
tial gives the fotal scattering that includes both elastic
and inelastic scattering such as excitation, ionization, etc.
causing the absorption of the scattered beam. The static
potential of the target atom is obtained by averaging over
the motion of the target electrons and is given as

Viry=
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where Z is the nuclear charge of the target atom. ¢, is
the projectile charge and N,,,,, is the occupancy number
of the orbit (n,[,m). The radial part ¢ (r) of the spatial
orbital ¢, (r)=0,,(r) Y, (¥) is expanded in terms of
Slater type orbital as given in the tables of Clementi and
Roetti [11] and McLean and McLean [12]. Polarization
potential is the parameter free polarization potential and
is taken from the paper of O’Connel and Lane [13] It
has two components, the short range [ Vi (r)] part and
the long range [V, (r)] part and is given by

V(r)=<VSR(r) for r<rc. (14)
Vig(r) for rzr,

Here r, is the point where two forms cross each other for
the first time. The crossing point i.e. #, for barium and
strontium atoms occur at 18.85 au and 20.05 au respec-
tively. For the present calculations, the static dipole po-
larizability ¢, is taken 267.93 au for barium and 186.27 au
for strontium (see [14]). The exchange potential is taken
to be modified semi-classical as given by Gianturco
and Scialla [15] and the absorption potential is included
via the semiempirical model absorption potential of
Staszewska et al. [16]. We avoid repeating their expres-
sion here. The first inelastic threshold [17] for barium
and strontium is at 1.90 ¢V and 3.03 ¢V while their ioni-
zation threshold is at 5.21 ¢V and 5.69 eV respectively.

II1. Results and discussion

A. Electron scattering from barium and strontium atoms

The calculated differential cross section (DCS) for the
elastically scattered electrons by barium and strontium
atoms are shown in Fig. 1. In these figures the solid curve
correspond to the DCS value obtained by using real po-
tential (RP) as the total projectile-target interaction and
the dashed curve corresponding to those obtained with
complex potential (CP) as the interaction. At low ener-
gies, there is no difference between the results obtained
using either real or complex potential but at higher impact
energies there is a small difference between the two cal-
culated values especially at those scattering angles where
DCS exhibit minima and maxima in the curve. This fea-
ture is expected since at low energies the scattering is
mainly elastic and there is almost no effect of the ab-
sorption on the DCS values, whereas at higher impact
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Fig. 1. Differential cross section in (aZsr 1) for elastic
scattering of electrons from barium and strontium at
1 10.0 eV and 100.0 eV. Solid curves correspond to DCS
values obtained by using real potential (RP) in Dirac

10 =1 equation; dashed curves are those obtained using the
PR SIS T ARV R NVES SR SVREIN W W complex potential (CP) in the Dirac equation
0.0 50.0 100.0 150.0 0.0 50.0 100.0 150.0
Scattering Angle (deg)
012 e—Ba :‘
o F Ef = 30eV —0.20
c 006 i
h-] »
£ - -
£ c ;
S ~0.00 F :
g c ——0.40
(=4 -
& -008F :
C <
_‘0.12 Aot . i1 3 § 4. 3.4 &1 1 i i1% Jododad 1 885 £ 1 8 3 B B 1 11 lj_1.00
0.80 - e—Ba e~ Ba 3
" E; = 100eV Ej = 300ev 30_40
a -
. %
L -
£ 020 -
N u Jo.10
8 e
£ E 3
£ -040r —j—o.zo ' o
n + Fig. 2. Spin polarization P for electrons scattered from
t j barium at; 10.0 eV, 30.0 eV, 100.0 €V, and 300.0 eV solid
-1.00 Cooantonaatovaataa i laiatoiaste —0.50 and dashed curves are same as in Fig. 1
0.0 50.0 100.0 150.0 0.0 50.0 100.0 150.0

Scattering Angle (deg)

energies there is reduction in the DCS values, in particular
the structure of dips and humps (both in magnitude and
width) change when the absorption effects are switched
on.

The calculated values of the spin polarization P for
the elastic scattering of electrons from barium and stron-
tium atoms at various impact encrgies are shown in
Figs. 2, 3. Like all DCS curves the solid curves correspond
to the values obtained using the pure real potential and
dashed curves to those obtained using complex potential
in the Dirac equation. At all energies both these curves
show a little difference between them, except at some

minima and maxima where inclusion of absorption po-
tential causes the minima to go deeper and the maxima
to peak higher in general. Figures 2, 3 show a significant
amount of spin polarization in the scattered beam at
various scattering angles. This indicates that it will be of
much interest to carry out the measurements of the spin
polarization of the electron beam scattered by barium
and strontium atoms.

The measurements of the polarization parameter T
and U are difficult to carry out. The polarization param-
eter T and U for electrons scattered from barium atom
is shown in Fig. 4 which show a similar features to spin
polarization curves.
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B. Elastic and total scattering cross sections

The value of the calculated integrated elastic, total and
momentum transfer cross sections for barium and stron-
tium atoms are compiled in Tables 1 and 2 respectively.
The elastic cross sections are obtained using both the real
and complex potentials. It is seen that the elastic cross
sections with real potentials are larger than those ob-
tained with the complex potentials at all energies. This is
not unexpected because the inclusion of absorption in-
teraction reduces the DCS and consequently the elastic

cross sections, The total cross sections and momentum
transfer cross sections are also presented in the same
tables. It is observed that total cross section descends
rapidly at low energies and thereafter it decreases slowly
with increasing impact energies. The momentum transfer
cross sections are obtained using both real and complex
potential. The calculated values with real potentials are
higher than those obtained with complex potential. Again,
the reduction in the momentum transfer cross sections is
due to the inclusion of absorption cffect.



Table 1. Calculated values of the integrated elastic, total cross sec-
tions and momentum transfer cross sections (in units of a?) for the
elastic scattering of electron from barium atom. RP corresponds to
the use of real potential, CP to the use of complex potential

E Gy O o Momentum trans-

(eV) fer cross sections

RP CP RP CP
2.0 763.09 763.09 763.09 407.85 407.85
4.0 546.22 544.03 54742 259.61 257.42
6.0 445.03 438.20 448.39 187.62 181.30
10.0 339.54 326.26 345.96 111.09 100.93
20.0 218.17 202.10 228.02 46.56 38.17
30.0 202.93 184.96 209.39 30.14 23.77
50.0 160.06 143.49 164.33 16.06 11.95
100.0 100.12 89.09 104.24 9.69 6.82
150.0 74.52 66.46 78.49 8.64 6.17
200.0 61.05 54.77 64.75 7.87 5.71
300.0 47.00 42.74 50.14 6.48 4.98

Table 2. Calculated values of the integrated elastic, total cross sec-
tions and momentum transfer cross sections (in units of a?) for the
elastic scattering of electron from strontium atom. RP corresponds
to the use of real potential, CP to the use of complex potential

E Gy [ Momentum trans-

(eV) fer cross sections

RP CP RP CP
2.0 771.55 771.55 771.55 374.60 374.60
4.0 468.60 468.54 468.69 243.22 243.15
10.0 260.52 254.95 264.00 96.66 92.15
20.0 195.18 184.75 200.14 43.50 38.05
30.0 165.78 155.09 170.41 25.93 21.85
50.0 127.80 118.34 131.75 13.50 10.96
100.0 80.91 73.78 84.06 8.53 6.48
150.0 60.29 54.68 63.12 7.40 5.57
200.0 48.90 44.40 51.52 6.50 4.94
300.0 36.65 33.59 38.94 5.05 3.97

IV. Conclusions

We have presented the results of our semi-relativistic,
total scattering, momentum transfer cross sections, DCS
and the angular distribution of spin polarization P, and
polarization parameters 7" and U for electrons scattered
from barium and strontium atoms. In the present semi-
relativistic calculations direct relativistic effect is taken
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into account by transforming the Dirac equation into two
component Schrédinger equation. This Schrédinger
equivalent of the Dirac equation for the scattered elec-
trons was solved by Numerov method and the phase shifts
extracted. In the present equation the projectile-target
interaction was represented both by the real and the com-
plex model potentials. A significant amount of spin po-
larization is noticed in the scattered beam at various scat-
tering angles. This indicates that it will be of much interest
to carry out the experiments to measure the spin polari-
zation of electron beam scattered by barium and stron-
tium atoms.
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