Aust. J. Phys., 1996, 49, 93744

Electron Impact Ionisation of Metastable
2s-state Hydrogen Atoms

Sunil Dhar

Department of Applied Mathematics, University College of Science,
92 Acharya Prafulla Chandra Road, Calcutta 700009, India.

Abstract

The triple differential cross section for ionisation of hydrogen atoms in the metastable 2s-state
by electrons of 250 eV incidence energy has been calculated following the multiple scattering
theory of Das and Seal (1993). The results are compared with the first Born results and with
the results of some other theories. Additional features are noted in the cross section curves
of the present calculation. These offer wider scope for the experimental study of ionisation of
hydrogen atoms in their metastable states.

1. Introduction

At present there exist many theoretical calculations of cross sections for
ionisation of hydrogen atoms in the ground state at various incident energies
and under different kinematic conditions (see for example Byron and Joachain
1989; Lahmam-Bennani 1991; Ehrhardt et al. 1988; Das and Seal 1993, 1994;
Konovalov 1994). Ionisation of hydrogen atoms by electrons is the fundamental
and simplest ionisation problem. On different counts its theoretical study is
important. The availability of huge amounts of experimental data makes the field
more interesting. New developments are still being observed in this field (see
Kato and Watanabe 1995; Das 1994). Unfortunately, in comparison, ionisation
from excited states has not been investigated to the same extent. This is mainly
due to the absence of any experimental activity on these problems. It now
appears that the investigation of ionisation from metastable states of hydrogen
atoms by charged particles is equally interesting and the time is not far off
when experimental results will be available in this field. At present, beyond the
first Born results there exists the second Born calculation of Vuéi¢ et al. (1987)
and the BBK calculation of Hafid et al. (1993) for small momentum transfer
asymmetric scattering at 250 eV for the incident electron. Here we add to the
existing theoretical results a few new sets of theoretical data from a calculation
following the multiple scattering theory of Das and Seal (1993). It may be
noted that this multiple scattering theory gives good cross section results for the
ionisation of hydrogen (Das and Seal 1993) and helium atoms (Das and Seal
1994) in their ground states, so the present results for ionisation from the 2s
state may also be expected to be good. The present calculation reveals new
features in the cross section curves which may be confirmed by experiments.
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2. Theory

The multiple scattering theory of ionisation of hydrogen atoms by electrons is
described in detail in the paper by Das and Seal (1993). Here we describe the
method very briefly, particularly for clarification of the notation. The T-matrix
element for direct scattering is given by

Tp = (&7 |Vi|&y) (1)

where
Bi(r1,m2) = pos(r1) e "2/(2m) %,

‘/i(rly'r2) = 1/""127—' 1/7"2 )

and where ¢os(r1) is the hydrogenic 2s wavefunction, p; is the incident electron
momentum, E; is its energy and Wf(_)(rl,rg) is the final three-particle scattering
state with the electrons being in the continuum with momenta p,, p, and energies
E;, E; respectively. Coordinates of the two electrons are taken to be r; and 7s.
Here ¥; ’(ry,72) is approximated by a wavefunction !'Ifo =) given by (Das and
Seal 1993)

277 (r1,m2) = NP1, p) 8 (r1)e®> 7 + 60 (ra)er 7
+ ¢§’—)(,’,)eip.R _ 2€ip1 «T1+ip, .rgl/(27r)3 , (2)

where
r=(re—r1)/2, R=(ro+1r1)/2,

p=(p;—p1), P=(p,+p).
Here q&f,")(r) is the Coulomb wavefunction given by

¢fl‘)(r) = e’“"/zl“(l + ia)eiq” 1Fi(—ie, 1, —-i[gr + q.7]),

where oo = 1/p; for ¢ = p;, a =1/p2 for ¢ =p, and a = —1/p for g = p.
The normalisation constant N(p;,p,) is given by

IN(D1,p2)| 7% = |7 = 2\ + A2 + As] = [2/M1 +2/X2 + 2/A3]
+ [A1/A2 + A1/As + A2/A1 4+ A2/A3 + A3/ + A3/l (3)
where
M= 0 (1 ~iey), o1 =1/p1,
Xo =e™2/2P(1 —iag), ag=1/py,

A3 =¢e"™I(1 —ia), a= —1/p.

Most of the integrals which occur in the T-matrix elements may be exactly
evaluated. The few remaining integrals can be reduced to one-dimensional integrals.
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These are numerically evaluated using the Gaussian quadrature formula. The
direct scattering amplitude is then calculated from

f(1,p;) = —(27)°T5 4)
and the exchange amplitude is approximated by

9(p1,P2) = f(P2,P1) - (5)

The triple differential cross section is finally given by

do P1P2.3 2 1 2
= p—4 —_— i . 6
d21d2,dE;  pi [31f = 9" +3lf +4I] (6)

3. Results

The triple differential cross section results of our calculation are presented
in Figs la-1f for scattering in a plane. Here the incident electron energy is
E; = 250 eV, the ejected electron energy is Ey = 5eV and the scattering angles
are 0y = 5° (la), 7° (1b), 9° (l¢), 11° (1d), 15° (le) and 20° (1f) and the
ejection angle 6, varies from 0° to 360° (measured oppositely from the forward
direction compared to that for scattering angle 62). We also include here the
first Born results and, whenever available, those of the second Born and BBK
calculations. For 65 = 5° (Fig. 1a) there are gross differences among the results
of various calculations. The binary peak value of the present calculation is lowest
among all calculations and is about half of that of the first Born calculation. In
the ‘recoil region’, instead of peaks (as in other calculations) there is a strong
minimum. The minimum value is about two orders smaller than results of other
calculations. For 6 = 7° (Fig. 1b) there is also a strong minimum in the recoil
region. Here the first Born calculation gives a flat minimum while the second
Born shows slight fluctuations in the cross section values. For this case the
binary peaks of all calculations practically coincide with each other. For 6, = 9°
(see Fig. 1c) the cross section curve of the present calculation changes shape in
the recoil region. Here the minimum is less pronounced and moves to a larger
angle, and a peak develops between the forward direction and the minimum. The
binary peak in this case becomes the most strong and sharp. As the scattering
angle Ay increases the peak height again decreases.

The characteristic features of the cross section curve of the present calculation
slowly change as the scattering angle increases further (see Figs 1d, le and 1 -
For larger scattering angles, the results of the present calculation are many times
larger than the first Born results. All these results offer good scope for the
experimental investigation of these problems and offer a new test for different
theories of ionisation.

We present the binary peak values against the corresponding scattering angles
in Fig. 2. Here it is clear that the peak values of the present calculation agree
with the first and second Born results only in the interval 6°—9°, say. Outside this
interval there are gross differences, the present results being the minimum. Beyond
15° the binary peak value of the present calculation becomes larger than that of
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Fig. 1. Triple differential cross section versus ejection angle 01 for electron impact energy
E; = 250 eV, ejected electron energy E1 = 5 eV and for scattering angles 62 = 5° (1a), 7° (1b),
9° (1c¢), 11° (1d), 15° (le) and 20° (1f). Continuous curve, present calculation; dash—dot
curve, first Born approximation; dash—-double-dot curve, second Born calculation; and dashed
curve, BBK theory.
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Fig. 1 (Continued)
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Fig. 2. Binary peak values versus peak angles for the triple differential cross section for
electron impact energy 250 eV and ejected electron energy 5eV. Continuous curve, present
calculation; dash—dot curve, first Born calculation; and dash—double-dot curve, second Born
calculation.

the first Born calculation. Experimental measurements of the peak values will
give an additional test of the validity of different theories.

4. Conclusions

The present calculation reveals additional possible features of the cross section
curves for small momentum transfer in the ionisation of the hydrogen atom in
the metastable 2s state by 250 eV electron impact. New experimental results
will be valuable and will add a new dimension to the study of the ionisation
problem. Calculations for other kinematic conditions or for other atomic species
will also be interesting.
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