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The cross sections for double ionization due to electron impact on alkaline
earth atoms (Be, Mg, Ca, Sr and Ba) have been calculated using Gryzinski’s
semi-classical formula. Calculated results have been compared with the
available observed results as well as another set of similar calculations due to
McFarland (1967). Our results of the cross sections are better than those
of McFarland’s calculated values.

INTRODUCTION

Recently we (Tripathi and Rai 1971; Roy ef al. 1972a; 1972b) have reported
the results for the electron and proton impact double ionization cross sections of
several atoms and ions as calculated using Gryzinski’s (1965¢) formula. The agree-
ment of these classically calculated cross sections with the observed results have
been quite satisfactory and indicates that its further application in general to other
such systems may be worthwhile. Moreover, the fact that quantum mechanical
estimates of these cross sections are a formidable task (so far these estimates could
be made only for the simplest systems like He and Lit), one is bound to depend on
the classical approach which is comparatively easier.

This is in continuation of our previous efforts regarding the test of the appli-
cability and usefulness of the classical formulation by Gryzinski (1965a, 1965b,
1965c) for the estimation of double ionization cross section of atoms and ions due to
impact of the charged particles. We have now applied the same formulation to the
double ionization of alkaline earth atoms. In the present paper we have calculated
the double ionization cross sections of these atoms due to electron impact. The only
similar work done so far is due to McFarland (1967) who determined experimentally
the total ionization cross sections (nZ Q..) and also estimated them theoretically
using Gryzinski’s simple formula. Unfortunately, McFarland did some mistake
in his calculation, particularly in the calculation of double ionization cross section
and that is why his theoretically estimated cross sections are in disagreement even
qualitatively, with the observed data. The present results are in better agreement
with the experiment than that of McFarland. The conclusions regarding the low as
well as high energy dependence of the cross sections are in complete conformity with
our previous calculations.

*Paper was submitted for the symposium on ‘Electronics and Atomic Collisions” held during
March 9-11, 1973 under the convenorship of Prof. B. Dayal, F.N.A. at Meerut under the auspices
of the Indian National Science Academy.
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ForMULATION

The classical expression for double ionization cross section as derived by

Gryzinski, can be written as
Qi =00+ + Q44

Where I and II refer to the two processes considered by him, viz., one mechanism
in which the two electrons are removed from the atom by two successive encounters
of the incident electron with the atomic system and in the second he assumes that
out of the two electrons ejected from the atom, the first one is removed by the inci-
dent electron whereas the second is ejected due to the interaction of this secondary
electron with other electrons of the atom. The expressions for Q/,, and Q7' are
as follows : '
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The quantities appearing in the above formulae are as follows :
Ne = Number of equivalent electrons in the shell.
r = Distance from the electron which has acquired energy AE (AE =
energy transferred to the atomic system = ionization potential) to the
second electron.

Vi = First ionization potential of the shell.

Vis = Second ionization potential of the shell.

E, = Average kinetic energy of the second electron.
E;, = Incident energy of the impacting electron.

6g = 6.56 x 1074 e} cme,

r is evaluated by the expression,

R = 7 Nelhs,
where R is the mean radius of the atomic system.
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CALCULATION AND RESULTS

The cross sections for the following reactions have been calculated
A+ e= At + 3e

Where A4 stands for any one of the alkaline earth atoms. The energy of the incident
electron varies between threshold (Vi-+Vi:) and 10 KeV. Inner shell (only next
to the valence shelly contributions to the total double ionization cross sections have
also been calculated. The average kinetic energy of the bound electron has been
taken as the average of the two binding energies i.e., (Vi+Vis)/2. Also, the resul*s
are shown with the average kinetic energy taken as the first ionization potential.
Ionization potentials needed in the calculation were taken from complication by
Moore (1958) and by Bearden (1967). The radius of the various systems have been
taken from Pauling. For Mg and Ca, results for total double ionization cross
sections (& Q*+*) and the different contributions separately alongwith McFarland’s
corresponding results are displayed in Figs. 1 and 2. In Fig. 2 for the case of Cs,
total ionization cross sections due to electron impact i.e., n X Qnt, have been
plotted and compared with the observed data of McFarland. T he total single
ionization cross sections as calculated using Gryzinski’s classical formula, which are
needed in the calculation of » & Q»*, have been taken from Tripathi (1970).
Electron impact double jonization cross sections of valence shell for Be, Sr and Ba
have been displayed in Fig. 3, 4 and 5 for the sake of completeness.
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Fic. 1. Cross section for double ionization of Magnesium due to electron impact.
----- MacFarland’s calculations: Present calculations.
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Fig. 2. Cross section for double ionization of calcium due to electron impact.
Present calculations.

------ MacFarland’s calculations;

Results of our calculations for Mg and Ca are shown in Figs. 1 and 2 with"the
corresponding results of McFarland. Due to lack of direct experimental values
for double ionization cross sections, it was thought worthwhile to compare
the calculated » 2 Qnt with that of the total measured ionization cross section.
The quantity n X Q=+, which in the present calculation is simply equal to (Q+ 2Q++),
has been calculated and plotted in Fig. 2 along with McFarland’s observed data
for the case of Ca atom. Higher order ionizations, being negligibly small in this
energy range, have been excluded in the present result of total ionization cross section.
Calculated (Q* + 2Q*+) values are (see Fig. 2) found to be in reasonable agree-
ment with the experimentally observed n X Qnt results. The agreement is quite
satisfactory qualitatively, though in magnitude calculated values are about 30 to
40 per cent lower than the observed value which lies well within the allowed experi-
mental error. However, this difference in magnitudes of the calculated and observed
cross sections has a diverging tendency with the increasing incident energies and
can be reasonably accounted for by excluding higher order ionization processes and
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Fig. 3. Cross section for double ionization of Berillium due to electron impact.
------ MacFarland’s calculations; Present calculations.
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F1G. 4. Cross section for double ionization of Strontium due to electron impact.
Present calculations.

----- MacFarland’s calculations;

neglecting the contributions from the inner shells lying deeper in the atom. These
contributions, when taken into account are expected to increase the cross-sections,
especially in the higher energy region. Peak value in the cross section curves as
obtained by McFarland is shifted towards the higher incident energy side. According
to McFarland’s calculation, the partial contribution of the double ionization cross
section from the (s + p) shells is higher than the contribution from the valence
s-shell but our calculations do not lead to the same conclusion. McFarland has taken

T as the atomic radius of the atom whereas according to Gryzinski it should be the
average distance between the two knocked out electrons. In fact, the atomic radius

is related with r by the relation mentioned already in the formulation. Moreover,
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Fic. 5. Cross section for double ionization of Barium due to electron impact.
- - - - - MacFarland’s calculations; Present calculations.

it could not be checked what expression McFarland has used for the average kinetic
energy of the field electron.

The results obtained for other alkaline earth atoms viz., Be, Sr, and Ba, are
similar. Therefore, as a representative case, for these atoms, double ionization
cross sections of only valence shell have been a plotted in Figs 3, 4 and 5 alongwith
the corresponding McFarland results.

Though the energy dependence of Q. , for high and low energies of the incident
electron are not yet completely clear, Gryzinski’s classical theory yields an 1/E
energy dependence for Q.. This, as our previous studies have revealed, is in agree-
ment with the experiment. And for the correct threshold law also the same remark
that it can not be given accurately because of the limited amount of experimental
data available at present, holds good.
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