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Preface 

It is perhaps surprising that a process which was one of the first to be studied on an 
atomic scale, and a process which first received attention over seven decades ago, 
continues to be the object of diverse and intense research efforts. Such is the case 
with the (seemingly) conceptually simple and familiar mechanism of electron­
impact ionization of atoms, molecules, and ions. Not only has the multi-body 
nature of the collision given ground to theoretical effort only grudgingly, but also 
the variety and subtlety of processes contributing to ionization have helped insure 
that progress has come only with commensurate work: no pain - no gain. 
Modern experimental methods have made it possible to effectively measure and 
explore threshold laws, differential cross sections, partial cross sections, inner-shell 
ionization, and the ionization of unstable species such as radicals and ions. In most 
instances the availability of experimental data has provided impetus and guidance 
for further theoretical progress. 
If it is surprising that a field so old is still a contemporary, vital research area, it is 
then all the more astonishing that no book has provided a comprehensive review on 
the varied aspects of the kinetics and dynamics of electron impact ionization. There 
is a vast literature of many hundreds (perhaps thousands) of original research 
papers. Books by Field and Franklin, by Reed, and by Peterkop, as well as shorter 
treatments in chapters of books by Massey and Bur hop, by McDaniel, by Hasted 
and by others, are limited in scope or perspective and are not comprehensive in their 
discussion of the electron-impact ionization process. Indeed, since electron-impact 
ionization is so important in the study, analysis, and modeling of physical/chemical 
systems ranging from bodies in intergalactic space to analytical mass spectrometers 
in the laboratory, many limited treatments of the process have been found in books 
on these "user" fields. 
For some time we have felt that continued orderly progress in understanding this 
important collision mechanism would be enhanced if a comprehensive treatment of 
the process were available in a single reference book. Similarly, those in the "user" 
fields would also benefit by having a resource that was not limited in scope and 
perspective. With these goals in mind, this work was undertaken. We have sought 
and obtained participating authors who are experts in the field and who are 
distinguished by their original contributions to their areas. 
Quantum mechanical, semiclassical, and semiempirical methods for calculating 
ionization cross sections are considered in Chapters 1 - 2. Chapter 3 deals with 
experimental and theoretical aspects of the threshold behavior of ionization cross 
sections. Summaries of today's knowledge about differential, partial, innershell, 
and total ionization cross sections make up Chapters 4-7. Chapter 8 deals with the 
active subject of electron-ion ionization; and the final chapter, Chapter 9, deals 
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with applications of quantitative knowledge of the electron ionization process in 
various fields: mass spectrometry, plasma diagnostics, astrophysics, fusion re­
search, aeronomy, gaseous electronics, and radiation physics. It is our hope and 
expectation that researchers and graduate students in these "user" areas as well as 
those working to further understand the intricacies of this fascinating process will 
find this book an important source of information. 
We are grateful to the contributing authors both for the quality of their manuscripts 
and for their patience: some in waiting for the process to come to completion and 
some in bearing the harassment of the editors to complete their parts. We also 
commend the people at Springer Verlag Wien-New York for the quality and speed 
with which they put together the finished product, and for their forbearance. 

January 1985 T. D. Mark 
G. H. Dunn 
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Semi-Empirical and Semi-Classical 
Approximations for Electron Ionization 

S. M. Younger and T D. Mark 
Lawrence Livermore National Laboratory, Livermore, Cal., U.S.A. 
Institut fiir Experimentalphysik, Leopold-Franzens-Universitat, 
Innsbruck, Austria 

2.1 Introduction 

Until quite recently very little information was available concerning electron impact 
ionization. Other chapters in this book amply demonstrate the formidable 
experimental complexities associated with the accurate measurement of electron 
impact ionization cross sections as well as the still unresolved theoretical picture. In 
order to fill the void between data required and data available, a large number of 
attempts have been made to extend our current quantitative knowledge of the 
electron impact ionization process by means of semi-empirical and semi-classical 
prescriptions. The general goal of all these methods is to use one or another basic 
approximation to generate ionization cross section data for a broad class of atoms, 
molecules and ions in some selected energy region. Each method is designed to fit a 
specific need, with some methods more generally applicable than others which 
might be more tightly controlled by empirical evidence. 
Ionizing collisions of electrons with atoms and molecules can be classified by 
comparing the impact electron's velocity with the mean orbital velocity of the target 
electrons in the (sub-) shell under study, i.e.,fast collisions and slow collisions. For 
fast collisions, the influence of the incoming electron upon a target can be treated as 
a sudden and external perturbation. Conversely, for slow collisions, the combined 
system of incoming electron and target system has to be considered. Thus for cross 
section data at high electron energies one might employ a high energy approxi­
mation to the Born approximation (e.g., Bethe 1930, 1932, Inokuti 1971 and Inokuti 
eta/. 1978) while for very low energies a classical scattering theory might be invoked 
(e.g., binary encounter approximation (Thomson 1912)). 

Some definitions are in order: 
The counting cross section for electron ionization is the simple sum of the partial 
cross sections 

T. D. Märk et al. (eds.), Electron Impact Ionization
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(jc=L (J= (2-1) 

where CJ 2 is the partial ionization cross section, i.e., the cross section for production 
of a z-times ionized residual ion i by a single collision. The counting cross section, 
however, is only (directly) accessible by experiment if the number of ionization 
events is measured (McClure 1953; Rieke and Prepejchal 1969, 1972). In most 
experiments, however, partial cross sections CJ= are measured or the gross (or total) 
ionization cross section CJ1 is determined by measuring the total ion current produced 
by all different ionization mechanisms, 

(2-2) 

Note: It should be mentioned in this conjunction, that some theoreticians use the 
term total ionization cross section for single partial ionization cross section, because 
the term "total" is used to indicate that integration over all final state electron 
momenta has been carried out. 
We have selected a group of representative and commonly used semi-empirical and 
semi-classical methods and illustrate their performance on a set oftest cases. In this 
manner we hope to demonstrate some of the inherent strengths and weakness of the 
different approaches and perhaps even suggest ways in which they might be 
improved. For more details see also reviews of Seaton (1962a), Kurepa (1963), 
Stafford (1966), Burgess and Percival (1968), Rudge (1968), Vriens (1969), Inokuti 
(1971), Vainshtein eta/. (1973), Peterkop (1977), Kato (1977), Inokuti eta/. (1978), 
Vriens and Smeets (1980), Itikawa and Kato (1981), Sobelman eta/. (1981), Casnati 
et al. (1982), Mark (1982a, b, 1984). Although some of these approximate theories 
give prescriptions for differential ionization cross sections (e.g., Vriens 1964 b, 
1966 a, Flannery 1971), most are concerned with the calculation of either single or 
double (e.g., Gryzinski 1965 a, b, McFarland 1967, Roy eta/. 1972, Roy and Rai 
1973, Chatterjee et al. 1982) partial ionization cross sections or (less commonly) with 
total (or counting) ionization cross sections. The present chapter is confined to the 
discussion of partial and total (counting) ionization cross sections for electron 
impact ionization of atoms, molecules and ions. 

2.2 Empirical and Semi-Empirical Formulae 

The general goal of empirical and semi-empirical formulae is to represent a body of 
observed cross section data by a relatively simple expression containing a few 
parameters determined largely (but not necessarily exclusively) from those data. 
These formulae can then be incorporated into computer models of plasmas, etc. (see 
Chapter 9). Because of the great need for reasonable estimates of ionization cross 
section functions and the present scarcity of accurate data, a number of empirical 
formulas for the ionization cross section function have appeared in the literature, 
including those reported by e. g. Margulis (1934), de Ia Ripelle (1949), Elwert ( 1952), 
Vainshtein (1957), Knorr (1958), Seaton (1959), Lorquet (1960), Dr a win (1961 ), Post 
( 1961), Seaton (1964), Vriens (1965), Green and Barth (1965), Percival (1966), Lotz 
(1967 a, b, 1968, 1970), Rudge (1968), Krinberg (1969), Green and McNeal (1971), 
Vainshtein eta/. (1973), Canto and Daltabuit (1974), Khare eta/. (1974), Jain and 
Khare (1975, 1976), Burgess et al. (1977), Franco and Daltabuit (1978), Djuric eta/. 
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(1981), Casnati eta/. (1982), Strzondola (1983 a, b), Burgess and Chidichimo (1983). 
Some of these formulae are given in Table 2-1. Most of the formulas apply to the 
partial cross section for single ionization (or ejection of at least one electron, i.e. 
counting cross sections), some may also be applied to the description of total 
ionization cross sections. 

Table 2-1. Selected formulae for electron impact ionization 

Thomson (1912): 

( R)2 u-1 u,.=4na~ ~. - - 2-
I. u 

Elwert (1952): 

u,.=2na~~.(~)2 
u-: 1 [1+0.3(u-1)] 

I. u 

Gryzinski (1959) - Stabler (1964): 

u,.=4na~~.(~)2 
(-u-)

312 
g(u) 

I. u+ 1 

g(u)=(~-2_) u~2 
3u u2 

= 4Vl (1-~)3/2 1::o::u<2 
3u u 

Post (1961): 

u,.=4na~ (fJ a.g(u) 

e 
g(u)=-ln(u), e=2.7183 

u 

Drawin (1961): 

u,. = 2.66n a~ ~. (!!.-)2 f 1 u-: 1 In (1.25 f 2 u) 
I. u 

f 1 and f 2 are adjustable parameters ("" 1) 

Seaton (1964): 

u,. = 2.2 ~. n a~ (!!.-)2 u - 1 
I. u 

Gryzinski II (1965) (Single ionization): 

u,.=4na~ ~. (fJ g(u) 

g(u)=_!_ (~)312 
{1 +2_ (1-~) ln[2.7 +(u-1)112]} u u+1 3 2u 

Gryzinski II (1965) (Double ionization, McFarland 1967): 

. =(4na~R2 )2 ~.(.;.-1) (-T-) u,. 2 g 
E1 E2 nr E1 +E2 
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Table 2-1 (continued) 

Vriens (1966)-Burgess (1963): 

"'" = 4n a5 ~. R
2 [(_1__- _1__) + ~ E, (!,--~)- cp ~] 

T+l,+E, I, T 3 I, T T+l. 

¢=1 I.>R 

cp=O l,<R 

Lotz (1967): 
lnu 

11· =a ~ -- [1-b e-<.<u-tlJ 
1n nnT.Jn n 

a., b., c, variables 

Vainshtein. Sobelman. Yukm (1973): 

with 

~ (R)2 (u-1)'12 c 
11'" = n a5 21 ~ 1 f.. -u- u - 1 + <P 

c, <P variables 

N, 

(ji= I O'in 

n=l 

"' "Total" partial cross section for ion i 
"'• Cross section for electron impact ionization of a target leading to ion i considering only 

electrons from n-th subshell 

T Energy of incident electron 
Ionization potential of target 

R Ionization potential of H 
I" Binding energy of electrons in n-th subshell 

u = T/I, 
~. Number of equivalent electrons in n-th subshell 
Z Nuclear charge 
N Total number of electrons in target 
E, Kinetic energy of target electron 
N, Number of subshells 
E 1 Binding energy of the first ejected electron for the case of double ionization 
E 2 Binding energy of second ejected electron in the field left by the removal of the first 
~e Number of electrons in a specific energy state for which a transfer from the incident electron of 

a quantity of energy, E 1 + E2 , would give rise to double ionization 
Mean radius of the atomic system having ~' electrons 

Bell et al. (1982) have recently compiled a set of recommended ionization cross 
sections for some light atoms and ions. They fitted all cross sections to a formula 
with several fitting parameters ensuring the correct behavior at both low and high 
incident electron energies, i.e., 

1 { N, ( / )"} a(l)=- Aln(u)+ L Bn 1--"- . 
T-1 n=l T 

(2-3) 

(For notation see Table2-1. See also Eq.8-16 and Table8-2 for parameters 
recommended for use by Bell et al.) 
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2.2.1 The Lotz Formulae 

Perhaps the most widely used empirical formulae are due to Lotz (1967 a, b, 1968, 
1970), who attempted to extract from the then available experimental partial 
ionization cross section data a set of parameters describing the electron ionization of 
all atoms and ions. For atoms where experimental data is available he provides 
individual parameters giving a very close fit to the data for that ion. For the 
remainder of the periodic table he provides a set of recommended parameters 
depending on the principal quantum number. 

The Lotz formula for the "total" electron ionization cross section for atoms and 
atomic ions is given in Table 2-1. The sum extends over the outermost two or three 
subshells, according to rules given in Lotz's papers. For ions with charge greater 
than or equal to three Lotz approximates the cross section by a rough fit to the 
Coulomb-Born cross section for a high Z hydrogenic 1 s orbital: 

N, a -ln u 

f5;= I ~·~~ 
n:::: 1 n 

(2-4) 

with a=4.5xl0- 14 cm2 (eV)2 (Lotz 1967a,b). This formula has been recently 
extended to account for autoionization effects and threshold behavior and 
successfully applied to complex ions (Burgess eta/. 1977, Burgess and Chidichimo 
1983). 

2.2.2 The Seaton Formulafor Highly Charged Ions 

Based on some theoretical work and experimental data for some neutral atoms and 
ions Seaton (1964) suggested (see Table2-1) a renormalization of a cross section 
formula proposed by Thomson (1912). Jordan (1969) used this relation to calculate 
the ionization equilibrium in a hot thin plasma for the atoms C toNi. Note that 
Seaton's formula does not have the correct functional form at high energies and only 
applies to near threshold collisions. 

2.2.3 The Jain-Khare Formula for Molecules 

Recently, Jain and Khare (1975, 1976) have reported a semi-empirical formula for 
the calculation of the energy loss cross section dri ( T, E)/dE (withE the energy loss 
suffered by the incident electron in the ionizing collision (e. g., see also Khare 1969, 
Green and Sawada 1972, Khare eta/. 1974)) and of the total ionization cross sections 
of molecules, using a combination of the Born Be the approximation (describing high 
incident electron energy collisions with small amount of energy transfer: soft 
collisions) and of the Mott-Moller formula (describing collisions with fast secondary 
electrons: hard collisions), i.e.: 

dri 

dE 
[ ( 1 df ) ( 1 1 1 ) J --lnTC + -- +--- s 

/ 1 E dE fz e2 e(T-e) (T-t:)2 

(2-5) 
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with df/dE the differential oscillator strength, B the energy of ejected secondary 
electron, s the number of electrons which can participate in hard collisions, C a 
collisional parameter as defined by Miller and Platzman (1957), B0 a parameter (see 
Jain and Khare 1976, chosen so that the theoretical results are in best agreement 
with the experimental data for dajdE at T= 500 eV). R is the Rydberg constant, and 

r = 1 . [ 1 __ a_ln(1-C(T-J))J 
Jl 1+1/T T-1 lnC.T (2-6) 

(2-7) 

The empirical functionsf1 andf2 extrapolate the Born-Bethe and Mott-Moller cross 
sections to low incident electron energies and control the mixing of the soft and hard 
collisions. The results of Jain and Khare (1976) for CO, H 20, C02 and CH4 are in 
fair agreement with experimental data. Djuric eta/. (1981) have recently extended 
these calculations introducing a better fit for the low energy regime of df/dE (e.g., 
see Fig. 14 in Mark 1982 b). 

2.2.4 Additivity Rule and Maximum Ionization Cross Sections 

Another semi-empirical approach to obtain quantitative information on relative 
atomic and molecular total ionization cross sections is based (Fano 1946) on a result 
by Bethe (1930) that the ionization of an atomic electron with quantum number (n, /) 
is approximately proportional to the mean square radius of the electron shell (n, I) 
(Otvos and Stevenson 1956; Batabyal etal. 1965; Mann 1967, 1970; and Tiwari 
eta!. 1969). This leads to proposed correlations of(in some cases maximum) electron 
impact total ionization cross sections with polarizability, diamagnetic susceptibility, 
and also to the (modified) additivity rule for atomic ionization cross sections (Otvos 
and Stevenson 1956; Lampe eta!. 1957; Stevenson and Schissler 1961; Batabyal 
eta/. 1965; Schram etal. 1965; Harrison etal. 1966; Pattie 1966; Drowart and 
Goldfinger 1967; Beran and Kevan 1969; Grosse and Bothe 1970; Stafford 1971; 
Flaim and Ownby 1971; Center and Mandl1972; Blackburn and Danielson 1972; 
Alberti etal. 1974; Arai and Hotta 1975; Rao eta/. 1979; Mark 1982a; Bartmess 
and Georgiadis 1983; Fitch and Sauter 1983). None of these correlations, however, 
seems to be generally valid, but each appears to be valid for certain molecular 
classes. For instance, the concept of additivity applies to hydrocarbons (Otvos and 
Stevenson 1956) and there is a single linear correlation with diamagnetic suscepti­
bility for all nonfluorine-substituted compounds (Beran and Kevan 1969). 
Moreover, there is an excellent correlation with polarizability for aromatics, ethers 
high, nitroalkanes low, chlorocarbons, ketones, alcohols and thiols (Bartmess and 
Georgiadis 1983). In addition, Franco and Daltabuit (1978) (see also Franco 1981) 
pointed out a simple empirical relation between the maximum ionization cross 
section, its position and the ionization potential, i.e., 

(J max • Umax = COnSt. c; ( ~ ) 2 
(2-8) 

which is the high energy limit of the classical Thomson formula. 
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2.3 Semi-Classical Formulae 

2.3.1 The Binary Encounter Approximation (BEA) 

Semi-classical methods are used in an attempt to circumvent the formidable 
theoretical problems associated with electron impact ionization by making classical 
approximations to the quantum scattering problem. For some semi-classical 
methods an attempt is made to improve their accuracy by the use of adjustable 
parameters determined by comparison of the basic theory to known ionization cross 
section data. The use of classical mechanics (with the incorporation of certain 
features of the quanta! treatment) to describe electron impact ionization is useful, 
because the final state lies in the continuum (a state which is a defined both 
classically and quantally) with a significant number of possible angular momenta. 
According to Rudge (1968) three basic approximations must be used in treating 
electron impact ionization by classical methods: 

a) A classical description must be found for the initial state of the bound electron. 
Several descriptions have been used assuming the electron to be at rest, to have a 
fixed velocity or to have some prescribed velocity distribution (e.g., see Tripathi 
and Rai 1972). 

b) The collision has to be described in the frame of classical laws of motion. 

c) Since even for the simplest case (e. g., H + e---> H + + 2 e) the collision is a difficult 
three-body problem, in most treatments the collision process has been described 
as though it were a two-body one (binary-encounter approximation). 

The earliest treatment (see also Davis 1918 and Rosseland 1923) of ionizing 
collisions using the classical binary-encounter approximation and assuming that the 
target electron is at rest, is due to Thomson (1912) (e.g., see Table 2-1 ). Thomson's 
model gives too sharp a peak in the cross section at too low an energy, and the cross 
section decreases too rapidly at high electron energy, where the correct behavior is 
CJ ~(In 7)/ T rather than CJ ~ 1/ T. A useful prediction of the Thomson theory is that 
ionization cross sections obey a scaling law expressed by a reduced ionization cross 
section ii ( u) 

CT(U)=(n (~Y if. (2-9) 

Comparison of this reduced ionization cross section with experimental data have 
been effected by e.g., Elwert (1952), Seaton (1962, 1964), Bauer and Bartky (1965), 
Rudge ( 1968). Thomas ( 1927), Williams (1927) and Webster eta/. ( 1933) refined the 
Thomson theory by partly taking into account the velocity of the target electron. 
Thomas (1927) also argued that the binary encounter takes place in a region small 
compared to the atomic dimension (hard collision) and hence the incident electron 
must gain energy from the atomic field (symmetrized binary encounter). New 
progress was made by Gryzinski (1959, 1965a,b) and other authors extending 
Gryzinski's derivations (e.g., Ochkur and Petrunkin 1963, Stabler 1964, Kingston 
1964. Vriens 1964 a, b. c, 1966 a. Mapleton 1966, McDowell 1966. Gerjuoy 1966, 
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Abrines et al. 1966, Catlow and McDowell1967, Garcia et al. 1968, Flannery 1970, 
1971, Tripathi and Rai 1972). This simple approximation yields cross sections in 
remarkable agreement with experimental data for a broad range of target atoms 
(Stafford 1966, 1968; Lin and Stafford 1968; Mark 1982 a). Ton-That and Flannery 
( 1977), Ton-That et al. (1977), McCann et al. (1979) and Flannery et al. (1981) have 
also evaluated the ionization cross sections for metastable rare gas atoms (see also 
Hyman 1979), rare gas dimers, N 2 and CO. 
Thomas and Garcia (1969) have extended Gryzinski's formulation to include 
ionization of positive ions. They found that they could represent ionic cross sections 
reasonably well by the very simple formula 

N, a 
a;= I~. I; 

n n 
(2-10) 

where a. is a universal scaled cross section. Salop (1976) has applied this method to a 
number of highly ionized atoms, including some account of excitation-auto­
ionization processes. 
Bauer and Bartky (1965) and Prok et al. (1969) extended the Gryzinski theory to the 
ionization of molecules (see also Stafford 1968). This involves the use of Franck­
Condon factors to permit the calculation of cross sections for the excitation of an 
individual vibrational level. According to these authors it is not generally necessary 
to take into account the Franck-Condon factors if one asks for the behavior of the 
"total" partial ionization cross section function for electron energies large enough so 
that all the vibrational levels of an electronic state can be excited. 
All of these classical, improved-classical approximations and their relation to 
quanta! approximations have been reviewed in several excellent reviews, e.g., by 
Williams (1945), Bohr (1948), Drawin (1961), Burgess and Percival (1968), Rudge 
(1968) and Vriens (1969). For this reason, we do not reproduce here these classical 
derivations, however, the most important formulae are given in Table 2-1 for the 
interested user. 

2.3.2 The Exchange Classical Impact Parameter (ECIP) 
Approximation 

Burgess (1963, 1964), Burgess and Summers (1967) and Vriens (1966 a, b) followed 
from the outset a more elegant approach, which allows for long range interaction 
("symmetrical treatment"; Thomas, 1927) and including certain features of the 
quanta! treatment (interference between direct and exchange terms) into the BEA 
approximation. Both, Burgess and Vriens, have given formulas for the partial 
ionization cross section a;., however, the results do not appear to coincide, the 
formula given by Vriens being much simpler than those by Burgess. The reason for 
this discrepancy is according to V riens not clear, although Vriens uses essentially the 
same model as Burgess. The result ofVriens (1966a, b, 1969) on carrying through the 
procedure suggested by Burgess is given in Table 2-1. Roy and Rai (1973a), Kumar 
and Roy (1978 a, b, 1979), and Chatterjee et al. (1982) extended this procedure to 
single ionization of ions and to double ionization of atoms and ions (proceeding via 
two binary encounters), including exchange effects and using a Hartree-Fock 
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velocity distribution function for the target electron (see also Roy and Rai 1973 b, 
1983). Kunc (1980, 1981) has recently applied this model to targets with a one­
electron outer shell in both the ground and excited state. 

2.3.3 The Scaled Hydrogenic Formula 

Although the scaled hydro genic method or "infinite Z approximation" (Golden and 
Sampson 1977, 1980, Golden et al. 1978, Moores et al. 1980) is actually a quantum 
mechanical rather than a semi-classical approximation we include it here because of 
its general applicability to the calculation of cross sections for multiply-charged 
ions. In this model a cross section is computed in a Coulomb-Born-exchange 
approximation in which all continuum and bound orbitals are Z = 1 Coulomb 
functions. The resulting cross sections scale with Z, the nuclear charge, and can be 
accurately represented by the analytic expression: 

1 [ ( 1 ) 2 
( c d ) ( 1 )J rJ = ~ x =- A In ( u) + D .1 -- + I - + - 1 --

u . u \ u u2 u 
(2-11) 

where A, D, c and dare parameters given in Table 2-2. The authors of this method 
have proposed a variety of scaling laws to relate rJ = = x to cross sections for individual 
lOllS. 

Table 2-2. Values for the parameters in the jits to the reduced infinite Z approximation cross section 
rr,~"' (nl, u) for various sublevels n I (Moores et a/. 1980) 

n I 

1 s 
2s 
2p 
3s 
3p 
3d 

A" (n [) 

1.13 
0.823 
0.530 
0.652 
0.551 
0.280 

D"(n /) 

4.41 
3.69 
5.07 
3.83 
4.38 
5.70 

c"(n /) d"(nl) 

-2.00 3.80 
0.62 1.79 
1.20 2.50 
0.64 2.10 
1.83 1.90 
2.21 2.65 

It should also be mentioned that McGuire (1977 a, 1979) has calculated cross 
sections for a wide spectrum of atoms and ions using a plane wave Born 
approximation and has developed a scaling formula to approximate the results. 

2.4 Some Comparisons and Applications 

2.4.1 Atoms 

Calculated and experimental ionization cross section functions for atomic hydrogen 
and nitrogen are shown in Figs. 5-32 and 5-42, respectively, in Chapter 5 of this 
book. 
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Fig. 2-l. Absolute partial ionization cross sections for He+e->He+ +2e after Mark (1982a). 

Experimental: Full dots: Stephan eta/. (1980). Theoretical: Curve 1: Elwert 1952 (given by Pitchford eta/. 

1980), Curve 2: Gryzinski 1965 (Pitchford eta/. 1980), Curve 3: Burgess 1964-V riens 1966 a, b (Pitchford 

eta/. 1980), Curve4: Gryzinski 1959 (Ochkur and Petrunkin 1963), Curve 5: Ochkur 1964 (Peach 1966) 
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Fig. 2-2. Absolute partial ionization cross sections for Ne+e->Ne+ +2e after Mark (1982a). 

Experimental: Full dots: Stephan et al. (1980). Theoretical: Curve 1: Elwert 1952 (Pitchford eta/. 1980), 

Curve 2: Gryzinski 1965 (Pitchford et al. 1980), Curve 3: Burgess 1964-Vriens 1966 a, b (Pitchford eta/. 

1980), Curve 4: Born approximation by Wallace eta/. (1973), Curve 5: Eikonal closure approximation by 
Wallace eta/. (1973), Curve 6: Ochkur 1964 (Peach 1966) 

Cross sections for rare gases have recently been reviewed in detail by Mark 
(1982 a, b). (See also Nagy et al. 1980.) For single ionization of He (Fig. 2-1) and Ne 
(Fig. 2-2) there is good agreement between the experimental results of Stephan et al. 
(1980) and quanta! calculations by Peach (1966, 1971); see also Fig. 5-31 for Ar. The 
Gryzinski (1965 a) and Vriens (1966)-Burgess (1964) methods give too high values. 
For Kr (Fig. 2-3) the semi-classical approximations are superior to the plane wave 
Born calculation of McGuire (1977 b). In the case of double ionization the situation 
is much less encouraging. Figs. 2-4 and 2-5 compare theory and experiment for the 
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Fig.2-3. Absolute partial ionization cross sections for Kr+e-+Kr+ +2e after Mark (1982a). 
Experimental: Full dots: Stephan eta/. (1980). Theoretical: Curve 1: Elwert 1952 (Pitchford eta/. 1980), 
Curve 2: Gryzinski 1965 (Pitchford et al. 1980), Curve 3: Burgess 1964-Vriens 1966a, b (Pitchford eta/. 

1980), Curve 4: Born approximation by McGuire (1977) 
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Fig. 2-4. Absolute partial ionization cross sections for He+e-+He2 + +3 e after Mark (1982a). 
Experimental: Full dots: Stephan eta/. (1980). Theoretical: Crosses: Gryzinski 1965 (Roy eta/. 1972), 
Curve 1: Burgess 1964-Vriens 1966 a, b (Roy and Rai 1973 a), Curve 2: Born no shielding approximation 

(Tweed 1973), Curve 3: Born spherical average approximation (Tweed 1973) 

double ionization of He and Kr, respectively, illustrating the poor agreement one 
might expect from relatively simple approximations to such very complex processes. 
For the ionization of certain other atoms (especially alkalis and alkaline earths) 
semi-empirical, classical and semi-classical calculations are in good agreement with 
the experimental data (e.g., McFarland 1967, Lin and Stafford 1968 and references 
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therein, Roy and Rai 1973 b, 1983, Karstensen and Schneider 1978, Dettmann and 
Karstensen 1982, Chatterjee et al. 1982 (i.e., see Figs. 5-4 and 5-6 in Chapter 5)). 
Still, there appears to be no generally applicable rule governing the accuracy of 
semi-empirical and semi-classical prescriptions for the calculation of electron 
ionization cross sections of atoms. Consequently the most conservative candidates 
would appear to be those most closely tied to actual experimental data, such as the 
parameterizations of Lotz. 
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Fig. 2-5. Absolute partial 10mzation cross sections for Kr + e-+ Kr2 + + 3 e after Mark (1982 a). 
Experimental: Full dots: Stephan et al. (1980). Theoretical: Crosses: Gryzinski 1965 (Roy et al. 1972), 

Curve 1: Burgess 1964-Vriens 1966a, b (Kumar and Roy 1978 a) 

2.4 .2 Molecules 

Little emphasis has been directed towards calculations of the ionization cross 
sections of molecules, e.g., including the studies of Lorquet (1960), Drawin (1961), 
Prasad and Prasad (1963), Vriens (1965), Green and Barth (1965), Bauer and Bartky 
(1965), Watson et al. (1967), Stolarski et al. (1967), Stafford (1968), Prok et al. (1969), 

Electron energy (eV J 

Fig. 2-6. Calculated ionization cross sections (Deutsch 1982) for C2 H4 using the formulae of Gryzinski 
(1965) and Lotz (1967) as compared to the measured total ionization cross sections (Rapp and Englander­

Golden 1965, Schram eta/. 1966, Beran and Kevan 1969) 
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Peterson et al. (1969), Neckel and Sodeck (1972), Tannen (1973), Jain and Khare 
(1975, 1976), Ton-That and Flannery (1977), McCann et al. (1979), Flannery et al. 
(1981), Djuric etal. (1981), Deutsch and Schmidt (1982), Deutsch (1982), and 
Stephan et al. (1983 a, b). Some of these calculations have proven to be in reasonable 
agreement with experimental results, e.g., for H 2 (e.g., see Drawin 1961, Bauer and 
Bartky 1965, Prok et al. 1969) and hydrocarbons (e. g., see Fig. 2-6), and to a lesser 
degree for other molecules (i.e., N 2 , 0 2 , CO, NO, see Fig. 5-32 in Chapter 5) and 
larger molecules (e.g., see Fig. 2-7 and Figs. 14 and 15 in Mark 1982 b). In addition 
there exist various approaches for estimation of maximum ionization cross sections 
(additivity rule). In Figs. 2-6 and 2-7 we compare the results of several approxi­
mations with experimental data for C2 H4 and CF4 . 
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Fig. 2-7. Calculated ionization cross sections (Stephan et al. 1983 a) for CF4 using the formulae of 
Gryzinski (1965) and Vriens (1966)-Burgess (1964) as compared to the measured total ionization cross 
section of Beran and Kevan (1969) and the counting ionization cross section function of Stephan eta/. 

(1983 a, b) 

2.4.3 Ions 

The non-zero asymptotic Coulomb charge of ions makes them easier to deal with 
theoretically than the more complex neutral systems. Simple formulae such as the 
Lotz formula for ions and the infinite Z approximation compare favorably to 
experimental data over a wide class of ions where complex resonance structures 
or other special atomic structure effects are absent. Fig. 2-8 demonstrates for 
He+ + e --> He2 + + 2 e the good agreement between theory and experiment 
typical of light ions. Fig. 2-9 illustrates a somewhat more complex example, 
Si3 + + e-->Si4 + + 2 e, where inner shell ionization from the 2 p subshell is important. 
Finally Fig. 2-10 demonstrates the poor performance of simple prescriptions in a 
moderately heavy ion (Xe3 + +e-->Xe4 + +2e) where complex resonance structures 
dominate the cross section for u = 1-4. The high energy tail of the cross section is 
adequately described by most theories, but it is the threshold region that governs the 
calculation of ionization rate coefficients determining the charge state of such ions in 
a plasma. 
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Fig. 2-8. Absolute partial ionization cross sections for He+ +e->He2 + +2e. Experimental: Full dots: 
Peart et al. ( 1969). Theoretical: ----- Scaled hydrogenic formula, ------ Seaton formula, - -­
Burgess ECIP formula, --- Lotz formula for ions, ------ Binary encounter approximation 

(Thomas and Garcia, 1969) 
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Fig. 2.9. Absolute partial ionization cross sections for sP+ +e->Si4 + +2e. Experimental: Full dots: 
Crandall et al. (1982). Theoretical: ----- Scaled hydrogenic formula, ------ Seaton formula, 
---Burgess ECIP formula,--- Lotz formula for ions,------ Binary encounter approximation 

(Thomas and Garcia, 1969) 
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