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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 Burhop, 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. Mirk
G.H. Dunn
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Quantum Theoretical Methods for
Calculating Ionization Cross Sections

S. M. Younger

Lawrence Livermore National Laboratory, Livermore, Cal., U.S. A.

1.1 Introduction

The electron impact ionization of atoms and ions is a topic of both fundamental and
practical importance in modern atomic physics. From a practical standpoint,
estimates of the rates of ionization of highly charged ions in high temperature
plasmas are important components of models of the structure and dynamics of
laboratory and astrophysical plasmas. Theoretical modeling of the complex ionic
transport mechanisms observed in fusion plasma machines demands that rates for
the relevant atomic processes be known. Since the ionization rate along with the
associated recombination rates govern the charge state structure of plasmas, they
are also important for the prediction of the spectral distribution of radiation from
hot plasmas.

From a fundamental viewpoint the electron ionization event is one of the more
complex of electron-atom interactions. In addition to the usual complexities of
electron-atom scattering such as complex coupling effects, resonances, and target
polarization, in electron ionization there is a double-continuum electron final state.
The problem of two free electrons in the field of an ionized atom is a particularly
difficult example of the quantum many body problem and has not yet been
formulated in a manner conducive to practical calculation. Although impressive
progress has been made over the past two decades on many-electron correlation in
bound states of atoms and ions, few of these techniques can be carried over to the
multiple continuum problem. Most of the progress in the theoretical calculation of
electron ionization cross sections of atoms and ions has been associated with the
development of approximation methods which are both numerically manageable
and physically realistic.

The need for estimates of the electron ionization cross sections of atoms and ions has
led to the use of a wide variety of semi-empirical and semi-classical approximations
to the cross section. A detailed discussion of such methods is given in Chapter 2 of
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this volume. In the present discussion we will concentrate on what might be termed
an “intermediate” level approximation to electron ionization which, while certainly
short of a rigorous theory of the process, attempts to incorporate as much physical
insight into the theory as possible. Since the direct knock-out electron impact
ionization cross section decreases with increasing nuclear charge, Z, roughly as Z 4,
the experimental determination of cross sections for highly charged ions is very
difficult (Crandall 1981 a). Thus, the burden of providing the bulk of realistic
estimates of such data falls to theory at least for the forseeable future. Given the need
for information concerning the electron ionization of a wide variety of atoms and
ions, we will concentrate on theoretical methods which have been or can readily be
applied to the widest spectrum of atomic and ionic targets. For a discussion of more
advanced theoretical developments applied mainly to neutral atoms we refer the
reader to several review articles (McCarthy and Stelbovics 1980, Weingold and
McCarthy 1978, Fano and Inokuti 1976, Rudge 1968, Massey and Burhop 1969,
Younger 1982).

1.2 Theory of Electron Ionization of Atoms and Ions

1.2.1 General Theory

It may be said that there currently exists no rigorous theory of the electron impact
lonization of atoms and ions. Indeed, developments since the early work of
Thomson (1912) have concentrated on increasingly sophisticated approximations to
an as yet undefined formal theory. The reason for such a state of affairs, unusual to
atomic physics, is the inherently three-body nature of the electron ionization
process. In the final state of the electron + ion system one has three free particles
interacting via a long range potential, i.e., the Coulomb interaction
R 2,7,
Via(Fi i) = (1-1)
|Fy — 75|

where Z; is the charge on the i-th particle with position vector ;. Atomic units
(e=m=h=1) are used throughout this chapter unless otherwise indicated.
Although very powerful computational techniques have been developed to deal with
atoms containing many bound electrons, or even many bound electrons plus a single
free electron, the extension of such methods to the double continuum electron case
has not yet been satisfactorily accomplished. Fadeev (1961) has recast the three body
problem in terms of an infinity of two body problems, but from a practical
standpoint this has only transformed a formally difficult problem into an
operationally difficult problem in that Fadeev’s equations have not yet been brought
into a useful format.
Considerable effort has been devoted to theories based on optical potentials or
perturbative approaches of one form or another (McCarthy and Stelbovics 1980).
Steady progress has been reported in this direction by several groups, but most of the
work has so far been concentrated on the electron ionization of neutral hydrogen
and helium. Recently some purely numerical studies have been performed using a
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finite element technique which provide a visual display of the progress of the
ionization event given a well defined set of initial conditions (Bottcher 1982).
Although very important progress has been made in the development of a
comprehensive theory of electron ionization during the past two decades, most of
the systematic calculations performed on many-electron atoms and ions have been
made in some variant of the partial wave approximation. Since it is the intent of this
work to discuss the theoretical description of electron ionization for a very broad
class of targets, indeed, the entire periodic table insofar as it is possible to make
reasonable statements, it is on this method that we shall concentrate most of our
attention.

1.2.2 Partial Wave Theories

In the partial wave approximation each free electron with momentum K is
represented by an expansion wavefunction, ¢ (K,r), of the form

@ (K, A=Y ay, ¥;,, (0,0) F (K,r) (1-2)
Im

where / and m are the orbital and azimuthal quantum numbers corresponding to the
spherical harmonic Y, (6, ) which is a solution to the angular part of the
Schrodinger equation. The radial function, F,(K,r), is a solution to the associated
radial Schrodinger equation

[_iﬁ I(1+1)

K
+ +V@) | Fir)=—1F( 1-3
R ()] (r) 5 (r) (1-3)
where V' (r) is the potential in which the free electron is assumed to move. Scattering
approximations based on partial wave expansions are often identified by the
potential, V' (r), used to describe the free electron. There are three common choices
for V(r):

Plane Wave Born Approximation V(r)=0

The effect of the target on the free electron is ignored in the plane wave Born
approximation. The radial functions F,(K,r) are simply spherical Bessel functions.
The plane wave Born approximation has been extensively applied to atoms and ions
by Peach (1966a, 1966 b, 1968, 1970, 1971) and McGuire (1971, 1977a, 1977b,
1979).

Coulomb Approximation

V(r)= where Z is a constant representing an effective nuclear charge

£l

-
experienced by the free electron. The F,(K,r) are regular Coulomb functions,
described in standard mathematical handbooks. Moores (1972, 1978) and Moores
and Nussbaumer (1970) have applied the Coulomb Born approximation to a
number of ionic targets.
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An interesting variant of the Coulomb-Born approximation is the so-called “infinite
Z” or “‘scaled hydrogenic” approximation which makes use of the fact that a change
in the radial scale of the many-electron Hamiltonian yields a zeroth order
Hamiltonian identical to the hydrogenic case plus a perturbation term equal to the
interelectronic interaction times 1/Z. For large Z the perturbation will be small
relative to the zeroth order term which is Z-independent. The Z = oo method ignores
the many-electron perturbation entirely and yields estimates of the electron
ionization cross section for the nl orbital of any atom or ion based on values
computed using only Z=1 Coulomb functions in the matrix element. This method
has been applied to ionization of the orbitals 1 s—4 f and to many excitation
processes as well by Sampson, Golden, and Moores (Golden and Sampson 1977,
1980, Sampson and Golden 1979, 1981, Golden et al. 1978, Moores et al. 1980). For
atoms and ions where the target potential has significant influence on the partial
waves such a simple method understandably fails. A rule of thumb for the
application of the scaled hydrogenic approximation is that the ratio Z/N must be
larger than two or three for accurate results to be obtained, where Z is the bare
nuclear charge and N is the number of electrons in the initial target.

Distorted Wave Approximation
-Z
Vi=——+Vow(r) (1-4)

where Vpy, (1) is some approximation for the potential due to the atomic target
electrons. In the close coupling and R-matrix approximations the atomisallowed to
“relax’ in the presence of the continuum electron yielding a type of “‘self-consistent-
field” solution for the target + electron system. Even in the “frozen core”
approximation where the target wavefunction is fixed the potential V() may be
non-local, and energy dependent. The distorted wave approximation has been
applied to a number of atoms and ions by Blaha and Davis (1980), Jakubowicz and
Moores (1981), Moores (1980), Trefftz (1962), Stingl (1972), and Younger (1980 a,
1980b, 1981a, 1981b, 1981c, 1982a, 1982b, 1982c, 1982d, 1982e, 1982f,
1982 g).

Peak and Golden (1980) have investigated the use of an “average approximation™
for the transition potential by the scattering electron. This method, which is in the
spirit of a WKB approximation developed by Riley (1973), reduces the considerable
computational costs associated with the distorted wave approximation. Preliminary
results of Peek (1980) indicate that such methods may be an accurate and efficient
substitute for full partial wave expansion techniques.

The electron ionization event proceeds as follows : The incident electron approaches
the target with energy T and interacts with the target electrons via the Coulomb
interaction V', (r,,r,). An inelastic transition occurs which scatters the free electron
into the state T, and ejects one of the bound target electrons into state 7,. In first
order perturbation theory the matrix element describing this interaction is

Md:<¢b¢i ¢e¢f> (1-5)

1
Fi2
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where ¢, ¢;, ¢,, and ¢, are the orbital functions describing the bound, incident,
ejected, and final scattered electrons, respectively.

The probability P (bi— ef) for ionization of the target is proportional to the square
of the interaction matrix element

P(bi—ef)~|M,|?. (1-6)

Inserting the appropriate kinematical factors one arrives at an expression for the
electron ionization cross section

16 a2
o(T, T, Tf>=T°z(2L+1>|Md|2 (1-7)

L
where L is the total angular momentum of the electron + target system. In order to
get the total integrated ionization cross section for single ionization® o, it is
necessary to integrate over the possible distribution of energy among the final state
electrons.

Then

T

OI(T)=j dT,o(T,T,,Tj). (1-8)
0

The upper integration limit is given by
1
Tmaxz_z‘(T_I)a (1'9)

the so called “half-range Born™ approximation, where I is the ionization energy.
Since electrons are identical particles it is necessary to consider exchange processes.
One can distinguish between two types of exchange in ionization: potential
exchange and scattering exchange. Potential exchange denotes exchange between a
free electron and a target electron. It is analogous to exchange in a Hartree-Fock
bound state calculation and is easily taken account of in a frozen core approxi-
mation by including the appropriate non-local potential terms in ¥},y. The second
form of exchange, scattering exchange, describes the possible interchange of the two
final state continuum electrons. Considerable attention has been devoted to the
problem of scattering exchange, especially since it is closely involved with the three-
body nature of the final state. Problems arise even at the most elementary level of the
consideration of scattering exchange, however, as will now be shown.

The exchange contribution to the scattering matrix element is

¢f¢e>9 (1-10)

1
Mex: <¢b¢i T
12
so that the total probability for ionization is given by
P(bi—ef)~[ Mg+ M > =My + M |> —a| My| | M,|. (1-11)

! The total ionization cross section here is called total integrated ionization cross section to avoid
confusion with the total cross section introduced in Eq.2-2 and used throughout the book.
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[M,|? is the direct ionization term, | M, |* the exchange ionization term, and
a| M, | M, | the interference term. The phase factor « is related to the relative
phases of the direct and exchange matrix elements and depends on the interaction
between the two final state continuum electrons. Rudge and Seaton (1964) have
examined various choices for o, and the interested reader may examine their paper
for a detailed exposition. For our purpose, we simply identify some of the more
common choices for « which, to be honest, are chosen as much or more for
computational tractability than for physical necessity.

Born-Oppenheimer Approximation: o.=0. The exchange matrix element is computed
by simply switching the two final state orbitals in the scattering matrix element, i.e.,
the same orbitals are used in both the direct and the exchange matrix elements. By
omitting the interference term altogether one usually obtains total integrated
ionization cross sections which are much too large, since the exchange cross section
is often comparable to the direct cross section.

Born-Exchange Approximation [Rudge and Schwartz (1966) formulation]: Here « is
chosen so as to cancel the imaginary part of the scattering matrix element. The result
is that the cross section including exchange is comparable to the direct cross section.

Born-Exchange Approximation [Peterkop (1977) or “maximum interference”
formulation]: «=1. In the maximum interference exchange approximation the
interference term is maximized and the total exchange contribution minimized.

These two formulations of the Born exchange approximation usually yield
comparable cross sections, with the Peterkop theory yielding slightly smaller values
than the Rudge and Schwartz formulation. Since most theoretical predictions of
direct knockout electron ionization cross sections are large compared to experimen-
tal data, it might seem practical to use the Peterkop formulation of exchange, which
minimizes the total integrated ionization cross section. On the other hand the Rudge
and Schwartz formulation has the correct form for electron ionization from systems
with very large effective nuclear charges. One usually finds the differences between
the two approximations to be smaller than the descrepancies between theory and
experiment. Since either choice is essentially arbitrary, and both are within the
confines of the Born exchange approximation, which is itself only a first order
perturbation theory treatment, detailed elaboration on the choice for o is not
particularly illuminating.

One point which must be made regarding the Born-exchange approximation is the
significance of the choice of the potentials in which the final state partial waves are
calculated. In the Born-Oppenheimer approximation the same final state orbitals
are used to compute the direct and exchange matrix elements. In the Born-exchange
approximation, however, it is essential that overlapping orbitals in a matrix element
be computed in the same potential so that orthogonality is maintained between
orbitals on opposite sides of the interaction matrix element (Jakubowicz and
Moores 1980). The slow ejected wave in the exchange matrix element is computed in
the potential of the initial target, an N-electron system, and the fast final state partial
waves are computed in the potential of the residual ion, an (N — 1)-electron system.
Although somewhat nonphysical, this choice does yield total integrated electron
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ionization cross sections in good agreement with experiment for light atoms and
ions.

From a strict perturbation theory point of view one might be tempted to compute all
of the orbitals in the scattering matrix element in the same potential, namely that of
the residual ion. Then the entire ionization event would be between eigenstates of
one Hamiltonian. Further consideration, however, will reveal the existence of large
first order corrections to such orbitals which effectively correct for the nonphysical
occupation numbers of the zeroth order system. The use of different potentials for
the target and scattering orbitals is an attempt to include such first order corrections
in the zeroth order Hamiltonian basis set, albeit in a nonrigorous fashion.

1.2.3 Resonances

Resonances are common in electron-atom scattering, arising from a correspondence
of the energy of an N-clectron bound state plus a free electron with the energy of an
N +1 bound electron system. For example, in a lithium-like ion a resonance will
occur when theenergy of a 1 s ¢ [ state matches that of the 1 s 2 s? 2S state. The latter
is not really an “energy level’ in the traditional sense, since its energy lies above the
ionization limit for the lithium-like system. When E (1 s? ¢ [)~ E (152 s?), there will
be strong mixing between the two configurations with a corresponding change in the
scattering cross section.

Resonance effects in electron ionization may be grouped into two classes:
resonances in the incident electron channel and resonances in the ejected channel.
There are resonances in the final scattered channel as well, but in most theories this
channel is treated so poorly (as it is in the Born-exchange approximation where ¢, is
computed in the potential of the initial target) that resonance effects are a relatively
minor worry. Resonances in the incident channel will appear as sharp spikes in the
total integrated ionization cross section at specific incident electron energies.
Resonances in the ejected channel will appear as sharp spikes in the energy
differential cross section o (7, T,, T;) and as abrupt step increases in the total
integrated ionization cross section, as is illustrated in Fig. 1-1 for sodium-like iron.
In forming the total integrated cross section for electron ionization, one integrates
over all possible ejected energies, thus the same ejected resonance will contribute to
the total integrated cross section at all incident energies above its excitation
threshold. Resonances in the ejected continuum are often called ‘“‘excitation-
autoionization” resonances since they correspond to excitation to an autoionizing
configuration.

Resonances in the ejected continuum result in dramatic enhancements of the total
integrated electron ionization cross section of certain atoms and ions, sometimes by
more than an order of magnitude over the direct (non-resonance) cross section. Since
most ejected channel resonances involve production of a core-excitation, these
effects are most important for alkali-like and alkaline-earth-like ions, where large
inner shells closely underlie a sparcely occupied valence shell (Bely 1968, Cowan and
Mann 1979, Kim and Cheng 1978, Crandall 1981, Falk et al. 1982, Hahn 1977,
Hansen 1975, Henry 1979, Griffin et al. 1981 a, 1981 b). As the number of valence
electrons increases, the relative contribution of the ejected resonances to the total
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integrated ionization cross section dereases with respect to that for ionization from
the valence shell. Thus, for sodium-like ions one might find a factor of two
enhancement in the average total integrated ionization cross section due to ejected
channel resonances, whereas in argon-like such resonances might change the cross
section by only a few percent.

Another important determinant of the importance of ejected channel resonances
is the particular atomic structure of the target. In potassium-like ions, for
example, an important ejected resonance for low ionization stages is
KL3s*3p°3d—KL3s*3p°3d* This An=0, 41= +1 excitation is very strong
and consumes most of the total oscillator strength of 6 allowed for transitions from
the 3 p® subshell. For Ti** this resonance (actually a set of resonances due to the
alternate coupling possibilities) causes more than an order of magnatude jump in the
total integrated ionization cross section at T~40¢eV. For V** the next ion in the
potassium isoelectronic sequence, the KL 3s*3p® 3 d? level is bound. Since it still
consumes most of the available oscillator strength, however, resonance effects in
V#* will be far less dramatic than in neighboring Ti**.

The usual prescription for including ejected channel resonances in ionization cross
section calculations is to first calculate a non-resonant ionization cross section and
add to it the cross sections for excitation of the autoionizing resonances. This
assumes that all of the atoms excited to the resonance “state” will autoionize. For
highly charged ions there is also the possibility of “radiative stabilization™ of the
autoionizing resonance, where it radiatively decays to a true bound state of the N-
electron system. The autoionization rate is roughly constant as Z increases along an
isoelectronic sequence but the radiative rate increases as Z*, thus at large Z only a
fraction of the ejected resonance excitations will actually lead to an ionization event.
In such cases it is necessary to multiply the “excitation” cross section by an effective
branching ratio for autoionization vs. radiative stabilization before adding it to the
cross section for direct (non-resonant) ionization. Due to the complexity of the
autoionizing states, the accurate calculation of the excitation cross sections and the
associated branching ratios can be very difficult task, as is illustrated by the work of
Cowan and Mann (1979) for sodium-like iron.

Butler and Moores (1981) have recently examined the effects of incident and ejected
channel resonances on total integrated and energy differential electron ionization
cross sections using a quantum defect approach. They treat the resonance in a
scattering formalism including the possibility of emission of a photon rather than an
electron. Their theory allows for interference effects between the ejection of an
electron and emission of a photon which cannot be handled in a simple cross section
addition approximation. Although early applications of the theory to lithium-like
ions yield total integrated cross sections which are in good agreement with the
addition technique, in more complex ions where direct ionization and resonance
lonization cross sections are comparable one might expect the two approaches to
yield substantially different results.

LaGattuta and Hahn (1981) have recently proposed another indirect mechanism for
the electron ionization of atoms and ions whereby dielectronic recombination of the
target ion and incident electron is followed by double autoionization, resulting in
single ionization by a single electron collision. A substantial increase in the total
integrated electron ionization cross section of Fe!® * due to this mechanism has been
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predicted. (See Fig. 1-1.) The relative importance of this contribution to electron
lonization is determined by the existence of doubly-excited autoionizing resonances
at appropriate energies. A systematic examination of the dielectronic recombination
double autoionization mechanism with respect to target atomic structure has not yet
been performed, but preliminary estimates indicate that it is somewhat lesscommon
than the excitation single autoionization indirect ionization process.
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Fig. 1-1. Electron impact ionization cross section of Fe'** as a function of electron energy T showing the

relative contribution of direct ionization (dotted line), direct ionization + excitation-autoionization
(dashed line) and direct ionization + excitation-autoionization + resonant excitation double Auger
ionization (LaGattuta and Hahn 1981)

1.2.4 Target Electron Correlation

One might define electron correlation as the difference between the atomic structure
approximation you are using and the non-relativistic truth. The Hartree-Fock
approximation represents the best possible single particle description of an atom,
since it is variationally optimized, so it is convenient to use it as the reference point
for a discussion of electron correlation in the target and the effect of such correlation
on the electron ionization cross section.

Except in certain cases of very complex atomic structure, the most important
corrections to the Hartree-Fock approximation usually involve pair excitations. For
example, in argonlike ions with the ground state KL 3s*>3p° !S an important
correlation correction involves excitations of the type 3 p* 3 d* 'S, of which there are
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three owing to the different possible couplings between the 3 p* and 3 d? subshells.
The total wave-function, including correlation is then

3
pr=C, do(3p°) + Z C; ¢ (3p*3d%) (1-12)
i=1
where C; are mixing coefficients. The mixing coefficients as well as the 3d orbital are
optimized such that ¢ minimizes the total energy of the system. In this case, and
in most other cases of pair correlation, the resulting 3 d orbital closely overlaps the
3 p subshell. Physically this means that the correlation does not significantly alter
the radial charge density of the atom, only its angular distribution.
Pair correlation effects are very important in calculations of optical transition
probabilities, excitation cross sections and related atomic quantities. That they are
much less important for electron ionization can be seen by the following simple
argument. The electron ionization event is propagated by the 1/r;, interaction, a
two-body operator. This means that the toral wavefunctions on each side of the
interaction matrix element can differ by at most two electrons. One of these electrons
must be the scattering electron, which undergoes a transition from the incident to
the final scattered state. The other must be the bound orbital, which goes to the
ejected wave. If the final state of an argonlike target is assumed to be 3 p°, then
including the correlation terms 3 p* 3 d% in the initial target wavefunction will make
the left and right sides of the interaction matrix element differ by too many electrons,
Le.,
1

M:<3p43[12(/)i 3p5¢e(,bf>. (1-13)

12

Orthogonality of the initial and final state orbitals causes this matrix element to
vanish. One could allow the final target ion to be in the excited state 3 p* 3d, so that
the interaction matrix element would be

1 4
—|3p*3d . Py ). (1-14)

M; <3 p*3d* ¢,

iz
Now the left and right sides of the matrix element differ by only two electrons and the
matrix element does not vanish. Note, however, that this matrix element does not
add coherently to the zeroth order (non-correlated) matrix element, since in M; an
even symmetry d-orbital is being ionized; whereas in M, an odd-symmetry p orbital
is being ejected. When the partial cross sections are added, one obtains

3
0,=1Col?c"+ > |Ci|*d'. (1-195)
i=1

Since C, is approximately 0.2 for argonlike ions while C, ~0.95 the correlation terms
will result in only a small change of the total integrated ionization cross section from
the non-correlated case. Also, since the 3 d orbital closely overlaps the 3 p orbital the
3 d ionization cross section will be very close to that of the 3 p cross section further
reducing the effect of correlation on the total integrated electron ionization cross
section.
The above discussion of electron correlation effects is necessarily qualitative, since
only a few calculations of electron ionization cross sections including such
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corrections have so far been made (Younger 1981c, 1982¢). In cases where the
atomic structure is very complex or where violations of the above assumptions occur
one might expect a much more complex situation to prevail, but for many systems,
particularly highly charged ions, it does not appear as if target electron correlation
effects are as important in electron ionization as in other atomic processes. An
important exception to this pattern is electron ionization from closed subshells with
large orbital angular momenta, which will be discussed in detail below.

1.3 Results of Partial Wave Calculations of Electron Ionization Cross
Sections

Having presented a brief outline of partial wave methods of calculating electron
impact ionization cross sections, we shall now proceed to examine how well these
methods succeed in predicting the total integrated ionization cross sections of real
atoms and ions. Since a persistent worry in the simple theories is the extent to which
the omitted final state continuum-continuum electron correlation affects the final
result, we start with the simplest of test cases, where uncertainty over the accuracy of
target wavefunctions, resonance effects, etc. is smallest. Since the same qualitative
continuum-continuum electron correlation occurs in all cases of electron ionization
of atoms and ions, by choosing a target with simple atomic structure we can assign
most of the discrepancy between theory and observation to the scattering
approximation so that we can get at least a general idea of the adequacy of the
partial wave approximation for describing electron ionization.

1.3.1 One Electron Atoms

As a first choice one might select neutral atomic hydrogen for such a test, since its
target wavefunction is known analytically and since it has a vanishing asymptotic
distorted wave potential in the initial state and no resonance structure in the ejected
channel. Neutral hydrogen is among the most difficult of atoms to deal with
theoretically, however, since the ionized state consists of three particles (two
electrons and a proton) of equal charge magnitude interacting via the long range
Coulomb potential. Even for heavier target atoms, where the atomic structure is not
as simple, the scattering picture might be cleaner, since the partial waves are more
strongly influenced by the higher nuclear charge than by the complex electron-
electron interaction. Heroic attempts have been made to accurately compute the
electron ionization cross section of hydrogen with results that are sometimes in
worse agreement with experiment than is the case for much more complex targets.
Even relatively sophisticated calculations such as the close coupling results of Burke
and Taylor (1965), the pseudostate calculation of Calloway and Ona (1979), and the
calculations of McCarthy (1980) fail to yield accuracy much better than 10— 309 for
incident electron energies below 100eV. A word of caution is in order, however, in
that the experimental results are uncertain to 10 —20%; (Kieffer and Dunn 1966; see
also Chapters 5 and 7), so that a definitive statement of the discrepancy between
theoretical and experimental cross sections is not possible at this time. It is
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interesting to note that the plane wave Born and the distorted wave Born
approximations yield very similar results. This is not surprising since the only
significant departure of the distorted wave orbitals from plane waves occur for very
low [ continuum orbitals which penetrate the 1s charge distribution. Since low-I
partial waves tend to contribute only a minor part of the total integrated ionization
cross section (except at very low incident electron energies) most of the distorted
wave partial cross sections will be identical to the plane wave results.

As a second example of electron ionization from a one-electron target consider He *.
In this case all of the partial waves (incident, final, ejected) see a non-vanishing
asymptotic charge. Since the helium nucleus has two units of charge, all of the
partial wave orbitals involved will be strongly influenced by the electron-nucleus
interaction. One might then expect simple partial wave methods based on the
Coulomb-Born or distorted wave Born approximations to work much better for
He™ than for neutral hydrogen. Almost all of the theoretical approximations
applied to He* yield total integrated electron ionization cross sections in good
agreement with experiment. The plane wave Born results are larger than either the
Coulomb-Born or the distorted wave data. This is expected since the attractive
potentials in the latter approximations effectively “focus” the partial waves toward
the nucleus, increasing their interaction with the target and hence increasing the
total integrated cross section. By the same reasoning one might expect the distorted
wave cross sections to be larger than the Coulomb-Born, since the former have a
stronger effective potential near the nucleus than the latter, which assumes a fixed
effective charge equal to the asymptotic charge of the distorted wave potential.
(Exceptions may occur for more complex targets where the overlap between partial
waves and bound orbitals with complex nodal structures can make the cross section
very sensitive to small changes in the distorted waves.) Note that the effect of
exchange in the final state is to reduce the total cross section by approximately
0—25%. Such a figure is typical of the effect of exchange noted in many other
calculations, although in some cases one finds the cross section including exchange
to be larger than the no-exchange result in the near threshold incident electron
energy range (Younger 1980a, 1981 b).

1.3.2 Two Electron Atoms

Neutral helium is an interesting test for theories of electron ionization since it has a
simple atomic structure which is fairly accurately described by a Hartree-Fock level
of approximation and since a large amount of experimental data is available for
comparison purposes. A number of theoretical calculations have been made for the
electron ionization cross section of neutral helium in variants of the plane wave Born
(Bell and Kingston 1969, 1975, Economides and McDowell 1969, Robb et al. 1975,
Sloan 1965) and distorted wave approximations (Brandson etal. 1978, 1979,
Madison et al. 1977) with generally similar results. For very low incident electron
energies (u<1.25, with u= T/I, and I, the binding energy of electrons in n-th
subshell) the theoretical estimates generally underestimate the experimental results,
whereas at higher energies they exceed the measured cross sections by 25% or
more.
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Several very detailed calculations have been performed on the angular and energy
distributions of ejected and scattered electrons following electron ionization of
neutral helium (Bell and Kingston 1975, Bransden et al. 1978, 1979, Madison et al.
1977, Tweed 1980). These calculations generally agree well with available experi-
mental data for incident electron energies above 150 eV but become increasingly
inaccurate as the energy is reduced. Since 150eV is more than six times the
lonization energy of neutral helium this is an indication that quantitative agreement
of the total integrated ionization cross section with measured values is obtained at
significantly lower energies than for differential ionization cross sections. Put
another way, a triple integration (two angles, one energy) forgives many sins.

1.3.3 The Neon Isoelectronic Sequence

So far we have shown that although partial wave methods are only qualitatively
successful at predicting the electron ionization cross sections of light neutral atoms,
they are surprisingly accurate for ions. One might expect that such behavior would
extend to moderately heavier systems with simple atomic structures such as
neonlike ions but unfortunately this is not the case. The failure of neonlike ions to
follow the classical scaling law (which predicts that the quantity uI? ¢ is constant
along an isoelectronic sequence) was recognized some time ago when measurements
of the electron ionization cross section of Na™ +e—Na?* were compared to results
for neutral neon (Peart and Dolder, 1968). Further studies of Mg?* confirmed the
failure of classical scaling for ten-electron ions (Peart et al. 1969).

Theoretical studies of the Ne-sequence have not yet explained the breakdown of
classical scaling. Structurally, the neonlike system has one of the simplest of atomic
configurations with a completely closed shell ground state. In this case (and also in
the case of heliumlike ions) there are no excited states having the same principal
quantum number as a ground configuration orbital. Thus target electron correlation
effects in the Ne-like ground state should be much weaker than in other noble-gas
systems where the lowest nd excited orbital mixes strongly with the ground
configuration.

From an ab initio standpoint then, a neonlike ion should be an excellent candidate
for a successful application of distorted wave methods since it represents a many
electron system with a simple atomic structure which should not be significantly
affected by ejected channel resonances. Fig. [-2 illustrates the results of several
calculations of the electron ionization cross sections of Ne-like ions. For neutral
neon the distorted wave method yields o, in excellent agreement with measurements
in the near-threshold incident electron energy range, and is only about 209, too large
at u=>35. Simple plane wave Born calculations are also in good agreement with
experiment, especially at higher energies. For Na™, however, a qualitatively
different situation is found. Here all of the theoretical predictions are in poor
agreement with experimental results, especially in the near threshold energy range.
Furthermore, there is a significant difference between the results of the plane wave
Born, the Coulomb-Born, and variants of the distorted wave approximation. It has
been found that the theoretical o, is very sensitive to the details or the potential in
which the low-energy ejected partial waves are computed (Younger 1981 a).
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Fig. 1-2. Comparison of the results of various theoretical methods for computing electron impact

ionization cross sections of neonlike ions for which classical scaling of the cross section breaks down.

————— plane wave Born, distorted ejected waves (McGuire 1971, 1977); —.—.— Plane wave Born,

Coulomb ejected waves (Peach 1971): —— Coulomb Born, distorted ejected waves (Moores 1972):

— — distorted wave (Younger 1981); Experiments: ¥V Rapp and Englander-Golden 1965; O Hooper
etal. 1966: A\ Peart and Dolder 1978: [J Peart et al. 1969

Relatively minor modifications of the ejected wave potential can result in factor of
two changes in the total integrated cross section. In particular, the inclusion of
potential exchange terms in the ejected channel potential was found to be important.
For Mg?™ the disagreement between theory and experiment is not as pronounced
as it is in Na*, and one might hope for a convergence of predicted and measured
results at still higher charge states. Qualitatively, one might argue that for neutral
neon the distorted wave potential is not sufficiently strong to significantly modify
those partial waves most important in determining an accurate total integrated
electron ionization cross section. For Na™ the potential is strong enough to cause a
significant interaction between the partial waves and the ion. For higher charge
states this complex interelectronic interaction will be dominated by the effective
nuclear charge, resulting in more accurate total integrated cross sections. Such a
tentative explanation should be viewed suspiciously, however, since it glosses over
several very complex interelectronic interactions such as angular coupling, and since
it is based only on comparisons of total integrated cross sections. The possibility of
fortuitious agreement of theory and experiment for neutral neon due to cancellation
of several important interaction mechanisms cannot be excluded. Still, one does
expect the partial wave approximation to become more accurate for higher ionic
charges where the scattering potentials approach the pure Coulomb potential limit.
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1.3.4 The Argon Isoelectronic Sequence

Argonlike ions differ from heliumlike and neonlike systems in that the KL 3 s 3 p®
'S configuration is only a closed subshell configuration and not a closed shell
configuration. Calculations of photon excitation and ionization cross sections have
shown that the in-shell pair correlation excitation 3 p*3d* 'S has a significant
influence on transition matrix elements. Furthermore, the dipole excitation channel
3 p? edis strongly influenced by a term-dependent exchange interaction between the
3 p® subshell and the ¢ d ejected wave. In particular, a large positive coefficient for the
(3 p,&d) dipole potential exchange term in the wave equation effectively repels the
ejected ¢d wave from the vicinity of the 3 p subshell. Since the scattering matrix
element is dependent on the overlap between the 3 p and ed orbitals it follows that
this exchange interaction will have a strong influence on the cross section.
Furthermore, the strong perturbation of the 3 p> ¢d 'P channel will result in non-
zero overlap integrals between the ¢d wave and the 3 d correlation orbital, which
being varationally optimized to minimize the ground state energy, closely overlaps
the 3 p ground state orbital. This non-zero overlap of the 3 d and e d orbitals allows
ground state pair correlation to affect the 3p—¢d partial cross section by the
introduction of correlation terms within the scattering matrix element itself. This
situation contrasts with the usual scenario described in Section 1.2, where target pair
correlation was found to have a relatively minor influence on the total electron
ionization cross section.
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Fig. 1-3. Theoretical approximations for the electron impact ionization cross section of neutral argon.
— — —central field distorted waves: — -— — distorted wave with term-dependent Hartree-Fock ejected
waves: distorted wave with term-dependent Hartree-Fock ejected waves and ground state
correlation: ——solid curve plus contribution due to 3 s subshell (Younger 1982): A plane wave Born

with central field distorted ejected waves (McGuire 1971); x plane wave Born with Coulomb ejected
waves (Peach 1971): O experiment (Asundi and Kurepa 1963)
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Fig. 1-3 illustrates the results of several partial wave calculations of the total electron
ionization cross sections of neutral argon (Younger 1982e). As expected from
previous work on the photoionization of neutral argon the use of term-dependent
ejected d-waves in electron ionization calculations substantially changes the neutral
argon cross section from results obtained with a “configuration averaged” potential.
Further improvement of the theory by allowing for target electron correlation yields
a total integrated cross section in reasonably good agreement with experiment
considering the complexities of the calculation. Note in particular that the distorted
wave results correctly predict the location of the cross section maximum with a
respectable estimate of its amplitude as well. Based on results of photoionization
cross section studies of argonlike ions the influence of the term-dependent potential
and target electron correlation on the total integrated electron ionization cross
section are expected to diminish rapidly with increasing nuclear charge beyond K .

1.3.5 Indirect Mechanisms for Electron lonization

Recently several dramatic demonstrations of the importance of indirect mechanisms
for the electron ionization of ions have been reported (Falk eral. 1981, Crandall
1981, 1982). As was discussed in Section 1.2, indirect mechanisms are most important
for 1ons with one or only a few valence electrons outside a many-electron closed
shell. Griffin and Bottcher (1981) have studied the location and relative importance
of ejected wave resonances in a wide variety of ions and have been able to at
least qualitatively explain much of the structure observed in several recent
measurements.

Of particular interest from a theoretical standpoint in the case where the matrix
elements for direct and indirect ionization are comparable in magnitude. In this
situation one might expect coherent interference of the total integrated ionization
scattering amplitude to occur with a very noticeable effect on the total integrated
ionization cross section. Such a case has been analyzed by Pindzola et al. (1982) in
calculations of the electron ionization of Ga™. They found that although the rotal
integrated distorted wave cross sections for electron ionization of Ga™ with and
without resonances are similar, the cross sections differential in the ejected electron
energy were quite different, the resonance ionization cross section containing an
impressive Feshbach resonance at 7,=2eV.

1.3.6 Ionization from Inner Shells

In most of the preceeding discussion we have concentrated on electron ionization of
the outermost subshell of the target. In many-electron atoms and ions, however, one
can also eject an inner shell electron. Consider, for example, the sodium-like ions
Mg* and Ar’* (Younger 1981b). With a ground configuration of K2s*2p°®3s
sodium-like ions have a single valence electron outside of an 8-electron inner L-shell.
For Mg™ the effect of inner shell ionization is to produce a “‘shoulder” on the total
ionization curve for u;,> 5. Except for very high incident electron energies ejection
of the 3 s electron is the dominant single ionization mechanism for Mg*.InAr’ * the
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situation is quite different. In this ion the stronger nuclear charge results in a
contraction of the 2 pand 3 s subshells so that for u > 3 the total integrated electron
ionization cross section is dominated by the 2 p-subshell contribution,

Inner shell ionization will be most important in atoms and ions with a sparsely
occupied valence shell and a many-electron inner shell with a comparable ionization
energy (Hahn 1977, Hansen 1975, Cowan and Mann 1979, Bely 1968, Henry 1979).
Since the ionization cross section of a subshell is roughly linear in the number of
subshell electrons large inner shell contributions will be found for closed subshells
with high orbital angular momentum. From a geometrical point of view, even
though an inner shell orbital has a smaller mean radius than a valence orbital the
larger occupation number of the inner shell can more than make up for the smaller
cross section per inner shell electron.

There are two qualifications which limit the contribution of inner shell ionization to
single ionization cross sections. First, as the number of valence electrons increases
the threshold energy for ejection of an inner shell electron increases relative to the
valence shell ionization energy. Since the ionization cross section goes roughly as
I~ % more deeply buried subshells will yield smaller relative contributions to the total
electron ionization cross section. Second, when a deeply buried electron is ejected
from an atom the resulting ion may be left in an autoionizing state, which can emit
one or more electrons in a cascade of Auger transitions (Abouaf 1970). We will not
discuss multiple ionization here, except to say that such processes are expected to be
very important for heavy many electron ions which have many subshells available
for multiple ionization cascades.

An interesting side effect of inner shell ionization is its role in the formation of
populations of ions in metastable excited states of the final ion (Kupriyanov and
Latpov 1965). For example, in ionization of the 2 s subshell of boronlike ions one can
produce substantial numbers of berylliumlike ions in the K2s2p *P metastable
state. For low-Z berylliumlike ions where electron excitation of the triplet states
from the berylliumlike singlet ground state is very weak innershell ionization can be
an important mechanism for the population of the metastable manifold.

1.3.7 Ionization from Excited States

For the purpose of discussion, one might classify excited states into three groups
according to the degree of excitation: First, there are the metastable excited terms
within the ground configuration, where they exist. In carbonlike ions for example,
one has a 1s?2s?2p? 3P ground state and excited states 'D and 'S. Second, there
are metastable terms associated with excited configurations, such as the 1 s*2s2p
*P term in berylliumlike ions. Third, there are Rydberg excitations such as the 1 s> n
states in lithium-like ions. Very little information, either theoretical or experimental,
is available on the electron ionization of atoms and ions in excited states (Ton-That
etal. 1977, Kupriyanov and Latypov 1965, Rosner et al. 1976, Shearer-Inumi and
Botter 1974, Vriens et al. 1968). Experimentaly only metastable states usually have
lifetimes long enough to allow scattering cross sections to be measured.

Electron ionization from excited terms within the ground configuration produces
non-zero cross sections at incident electron energies below the threshold for
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ionization of the ground state. Such behavior has been observed, for example, in
measurements of the electron ionization cross sections of triply ionized rare gases,
which have the ground configuration terms *S, 2D, and P in order of increasing
energy. Griffin et al. have shown that the population of excited terms within the
ground configuration can dramatically influence the resonance structure in the
ejected channel of Fe* * since several important resonances are associated only with
the excited terms (Crandall 1982). Since the population of the excited terms is
equivalent to a non-zero temperature of the target, such effects can be viewed as an
illustration of the dependence of the electron ionization cross section on the
temperature of the target.

Only a few measurements of excited configuration metastable state cross sections
have been reported and these are mostly for noble gas neutral atoms and for the 2 s
state of hydrogenic ions (Defrance et al. 1981). Theoretical estimates of such cross
sections typically yield the same qualitative level of accuracy as is found for the
corresponding ground state cases.

Preliminary calculations of electron ionization cross sections from highly excited
Rydberg states in Be* and O>* using a distorted wave method are in good
agreement with the results of scaled hydrogenic theory. At present there are no
experimental data available on the electron ionization of highly excited Rydberg
orbitals.

1.3.8 Electron Ionization of Heavy Atoms and Ions

Given the modest success of partial wave theories in predicting the single electron
ionization cross sections of light atoms and ions it is of interest to see how well such
methods perform for more complex targets. Many-electron atoms and ions offer a
particularly strong test of distorted wave methods due to the large difference
between the bare nuclear charge and the effective asymptotic charge. Unfortunately,
only a small number of heavy atoms and ions have been studied experimentally so
that comparison data is limited. Belic’ et al. (1982) describe crossed-beam measure-
ments as well as distorted wave theoretical results for Hg™.

McGuire (1971, 1977a, 1977 b, 1979, 1982) has performed a large number of
calculations of electron ionization cross sections of heavy atoms and ions using a
plane wave Born approximation with Hartree-Fock-Slater target wavefunctions.
Except at low incident electron energies McGuire is generally able to predict the
single ionization cross section to within about a factor of two, and sometimes much
better.

Calculations for heavy atoms and ions are complicated by the extremely complex
atomic structure of the target. In the lanthanides and actinides, for example, many
hundreds of energy levels associated with several different configurations occur very
near the ground state.
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1.4 Discussion

In the preceeding sections we have attempted to give an overview of current
theoretical methods used to compute electron impact ionization cross sections for
atoms and ions. We have concentrated on methods which have actually been
applied to the calculations of cross sections for several different targets, although
there has been a great deal of additional work done on the application of advanced
theoretical methods to simple atoms such as hydrogen and helium.

The present state of electron ionization theory allows us to make several
observations on the kinds of effects encountered in the electron ionization of atoms
and ions:

1. For the calculation of total integrated electron ionization cross sections of light
neutral atoms partial wave methods are usually accurate to better than 50%,.

2. For light ions the Coulomb-Born and distorted wave methods accurately
reproduce measured cross sections over a very extended energy range. For light
ions the Coulomb-Born and distorted-wave cross sections are very similar. There
are currently no experimental measurements of the angular or energy distri-
butions of final state electrons associated with the electron ionization of ions.

3. For moderately complex ions such as argonlike ions, the ejected partial waves
may be strongly perturbed by term-dependent potential effects. Target electron
correlation can also affect the cross section, particularly in combination with
such partial wave potential effects.

4. Inner shell cross sections are sensitive to correlation between the ejected electron
and diffuse valence orbitals.

5. Resonances in the ejected electron continuum can produce abrupt increases in
the total integrated ionization cross section by an order of magnitude or more.
These resonances are most important in alkali-like ions or other ions where a
many electron inner subshell occurs in conjunction with a sparcely occupied
valence shell. Complex resonant structures can severely perturb the ejected
electron energy distribution in complex ions.

6. Heavy atoms and ions suffer from all of the above complexities and can also have
large cross sections for multiple ionization by a single electron impact.
Relativistic effects may be important even for valence shell ionization, although
this point has not yet been systematically explored (Ndefru and Malik 1981).

7. For few-electron isoelectronic sequences the classically scaled electron ionization
cross section u I? o has been found to vary smoothly with the nuclear charge. For
targets with more complex atomic structures, there can be large deviations from
classical scaling for the first few ions of the sequence due to target electron
correlation and distorted wave potential effects. A guide to the adequacy of
simple partial wave methods for electron ionization may be found in the
extensive literature on photoionization, where similar problems in dealing with
the ejected electron are treated in a simpler computational framework.

8. For sufficiently highly ionized ions the classically scaled cross section u I* ¢ for
direct ionization of a given subshell has been found to be roughly linear in the
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number of bound electrons in that subshell, although the cross section, g, itself
may not scale in such a manner.

The past several years have brought major advances in our understanding of the
electron ionization of atoms and ions. It is important to recall, however, that most of
the theoretical results discussed here were computed in relatively simple partial
wave approximations which only crudely account for final state continuum-
continuum interaction, target polarization, etc. Partial wave methods can be
improved only to a point-further tinkering with the details of the calculation could
amount to little more than a complex method of fitting experimental data. Theorists
have been able to explain and predict much, but not all, of the observed features of
electron ionization. Improvement of these predictions from a qualitative to a
quantitative level of accuracy requires a continued attack on the difficult problem of
the many body quantum scattering problem.
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Semi-Empirical and Semi-Classical
Approximations for Electron Ionization

S. M. Younger and T. D. Mirk

Lawrence Livermore National Laboratory, Livermore, Cal., U.S.A.
Institut fiir Experimentalphysik, Leopold-Franzens-Universitit,
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.

Tonizing 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
et al. 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. Mirk et al. (eds.), Electron Impact lonization
© Springer-Verlag Wien 1985
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o.=20

c z

(2-1)

where ¢, is the partial ionization cross section, i.¢., 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 ¢, are measured or the gross (or total)
ionization cross section g, is determined by measuring the total ion current produced
by all different ionization mechanisms,

0,=Xz.0,. (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 of test 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 et al. (1973), Peterkop (1977), Kato (1977), Inokuti et al. (1978),
Vriens and Smeets (1980), Itikawa and Kato (1981), Sobelman et al. (1981), Casnati
et al. (1982), Mirk (1982a,b, 1984). Although some of these approximate theories
give prescriptions for differential ionization cross sections (e.g., Vriens 1964b,
1966 a, Flannery 1971), most are concerned with the calculation of either single or
double (e.g., Gryzinski 1965 a, b, McFarland 1967, Roy et al. 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. Morgulis (1934), de 1a Ripelle (1949), Elwert (1952),
Vainshtein (1957), Knorr (1958), Seaton (1959), Lorquet (1960), Drawin (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 et al. (1973), Canto and Daltabuit (1974), Khare et al. (1974), Jain and
Khare (1975, 1976), Burgess et al. (1977), Franco and Daltabuit (1978), Djuric et al.
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(1981), Casnati et al. (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):

2
g‘”)=<3—u7 U2
41/2 1\3?
= < _~> 1<u<?2
3u u

Post (1961):

R 2
T=4naj <1—> a, g ()

g(u)=iln(u), £=2.7183
u

Drawin (1961):

u

-1
S In(L25 )

R 2
0in=2.66 a3 ¢, <I_) N
/i and f, are adjustable parameters (1)
Seaton (1964):
R\ u—1
On=22¢&, naz T

u

Gryzinski II (1965) (Single ionization):

R 2
Oin=4na3 ¢, <[~> g

1 (u—1)%? 2 !
9(u)=—< > {1+—(1——>ln[2~7+(u-1)”2]}
u \u+l 3 2u

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

<47'“13 R2>2 (-1 ( T )
Tin= g
E E, nr? E +E,
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Table 2-1 (continued)

Vriens (1966)-Burgess (1963):

At R? [<1 1> 2E<1 1) d)lnu]
aiﬂ= na n‘_— T +_ t T 5 - e
" rrr+E \1, T) 3\ T T+1,

Lotz (1967):

=1 I,>R
¢=0 I,<R
¢ Inu [1=b, e-exts= )
Oin=0yCn —b,e” "
7.1, ¢ ]

a,, b,, c, variables

Vainshtein. Sobelman, Yukov (1973):

s (R)Z <u—1>3/z ¢
Tin=Ta, —
©21+1 \1, u u—1+¢

¢, @ variables

with g
0= z Oin
n=1
o; “Total” partial cross section for ion i
Oin 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
I Ionization potential of target
R Ionization potential of H
I, Binding energy of electrons in n-th subshell
u= T/1,
¢ 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, Binding energy of the first ejected electron for the case of double ionization
E, Binding energy of second ejected electron in the field left by the removal of the first
I Number of electrons in a specific energy state for which a transfer from the incident electron of

a quantity of energy, E, + E,, 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 Ng In n
G(D=ﬁ{Aln(u)+ S B, (1—7> } (2-3)

n=1

(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
lonization 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-lnu
Ui = 5" _— 2'4
ngl ’ T. In ( )
with a=4.5x10""*cm? (eV)? (Lotz 1967a,b). This formula has been recently
extended to account for autoionization effects and threshold behavior and
successfully applied to complex ions (Burgess et al. 1977, Burgess and Chidichimo
1983).

2.2.2 The Seaton Formula for Highly Charged Ions

Based on some theoretical work and experimental data for some neutral atoms and
ions Seaton (1964) suggested (see Table 2-1) 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 to Ni. 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 do (T, E)/d E (with E the energy loss
suffered by the incident electron in the ionizing collision (e.g., see also Khare 1969,
Green and Sawada 1972, Khare et al. 1974)) and of the total ionization cross sections
of molecules, using a combination of the Born Bethe approximation (describing high
incident electron energy collisions with small amount of energy transfer: soft
collisions) and of the Mott-M®aller formula (describing collisions with fast secondary
electrons: hard collisions), i.e.:

do  4na2R? [ (1 af | TC>+f <1 Lot ) ]
—_— —_— _ S
dE T \Ed4E " 2N e(T—e)  (T—ep

(2-5)
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with df/dE the differential oscillator strength, ¢ 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), ¢, a parameter (see
Jain and Khare 1976, chosen so that the theoretical results are in best agreement
with the experimental data for do/d E at T=500¢V). R is the Rydberg constant, and

1 [1 P 1n(1—C(T—I))}

Ti+pT | T=I  InC.T
L= (1=1/D/E + &) (2-7)

The empirical functions f; and f, extrapolate the Born-Bethe and Mott-Mdller 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,0, CO, and CH, are in
fair agreement with experimental data. Djuric et al. (1981) have recently extended
these calculations introducing a better fit for the low energy regime of df/dE (e.g.,
see Fig. 14 in Mirk 1982 b).

N (2-6)

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, /)
(Otvos and Stevenson 1956; Batabyal etal. 1965; Mann 1967, 1970; and Tiwari
et al. 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 et al. 1957; Stevenson and Schissler 1961 ; Batabyal
et al. 1965; Schram eral. 1965; Harrison et al. 1966; Pottie 1966; Drowart and
Goldfinger 1967; Beran and Kevan 1969; Grosse and Bothe 1970; Stafford 1971;
Flaim and Ownby 1971; Center and Mandl 1972; Blackburn and Danielson 1972;
Alberti et al. 1974; Arai and Hotta 1975; Rao etal. 1979; Mirk 1982 a; 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.,

R 2
O max * Umaxy=cONSt. & <T> (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 quantal 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 atrest, 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 ) 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
o~ (In T)/ T rather than 6 ~ 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 & (u)

2
ouw)=¢, (?) G. (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 et al. (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,



Semi-Empirical and Semi-Classical Approximations for Electron Ionization 31

Abrines et al. 1966, Catlow and McDowell 1967, 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; Mirk 1982 a). Ton-That and Flannery
(1977), Ton-That et al. (1977), McCann et al. (1979) and Flannery eral. (1981) have
also evaluated the ionization cross sections for metastable rare gas atoms (see also
Hyman 1979), rare gas dimers, N, 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

Ny o
;=Y ¢, 1_2 (2-10)

where ¢, 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” partialionization 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
quantal 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 Parametey (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
quantal treatment (interference between direct and exchange terms) into the BEA
approximation. Both, Burgess and Vriens, have given formulas for the partial
ionization cross section g;,, 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 Vriens not clear, although Vriens uses essentially the
same model as Burgess. The result of Vriens (1966 a, b, 1969) on carrying through the
procedure suggested by Burgess is given in Table 2-1. Roy and Rai (1973a), Kumar
and Roy (1978a,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 hydrogenic 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 1N (¢ d 1
.= |Aln@@+D|1-— | +|—+—5)[1-— (2-11)
u .u Uu u

where A4, D, ¢ and d are parameters given in Table 2-2. The authors of this method
have proposed a variety of scaling laws to relate o_ _ , to crosssections for individual
ions.

Table 2-2. Values for the parameters in the fits to the reduced infinite Z approximation cross section
0.~ (nl u) for various sublevels nl (Moores et al. 1980)

nl A'(nl) D’'(nl) c¢"(nl) d’(nl)
1s 1.13 441 -2.00 3.80
2s 0.823 3.69 0.62 1.79
2p 0.530 5.07 1.20 2.50
3s 0.652 3.83 0.64 2.10
3p 0.551 4.38 1.83 1.90
3d 0.280 5.70 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. 2-1. Absolute partial ionization cross sections for He+e—He* +2e after Mirk (1982a).
Experimental: Full dots: Stephan et al. (1980). Theoretical: Curve 1: Elwert 1952 (given by Pitchford et al.
1980), Curve 2: Gryzinski 1965 (Pitchford et al. 1980), Curve 3: Burgess 1964-Vriens 1966 a, b (Pitchford
et al. 1980), Curve 4: 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 Mirk (1982a).

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

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

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

Cross sections for rare gases have recently been reviewed in detail by Mirk
(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 quantal calculations by Peach (1966, 1971); see also Fig. 5-31 for Ar. The
Gryzinski (1965a) 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 Midrk (1982a).

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

Curve 2: Gryzinski 1965 (Pitchford et al. 1980), Curve 3: Burgess 1964-Vriens 1966 a, b (Pitchford et al.
1980), Curve 4: Born approximation by McGuire (1977)
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Fig.2-4. Absolute partial ionization cross sections for He+e—He?" +3e after Mirk (1982a).

Experimental: Full dots: Stephan et al. (1980). Theoretical: Crosses: Gryzinski 1965 (Roy et al. 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 K, 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 ionization cross sections for Kr+e—Kr?* +3e after Mirk (1982a).
Experimental: Full dots: Stephan et al. (1980). Theoretical: Crosses: Gryzinski 1965 (Roy etal. 1972),
Curve 1: Burgess 1964-Vriens 1966a,b (Kumar and Roy 1978a)

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),
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Fig. 2-6. Calculated ionization cross sections (Deutsch 1982) for C,H, using the formulae of Gryzinski
(1965) and Lotz (1967) as compared to the measured total ionization cross sections (Rapp and Englander-
Golden 1965, Schram et al. 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, (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,, O,, CO, NO, see Fig.5-32 in Chapter 5) and
larger molecules (e.g., see Fig. 2-7 and Figs. 14 and 15 in Mirk 1982b). 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 C,H, and CF,.
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Fig.2-7. Calculated ionization cross sections (Stephan et al. 1983 a) for CF, 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 et al.
(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 > He’* 4+ 2e the good agreement between theory and experiment
typical of light ions. Fig.2-9 illustrates a somewhat more complex example,
Si** +e—Si** + 2, 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 (Xe®* + e—Xe** +2¢) 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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where v is the velocity of the ions. This energy can be tuned from 1.63 to 15.6¢eV by
varying o.

The yield shown in Fig.3-1 has two components, one from the photo-double-
detachment process (3-3) and the other from the two-step process in which highly
excited H atoms are produced,

hv+H™ ->H*+e (3-56)

and are then ionized by the motional electric field which they experience when they
pass through a region of magnetic field that forms part of the detection system. This
field ionization occurs for states that have n>15 and hence binding energies less
than B,, where B, =60meV. Because of this extra contribution the yield is not
proportional to E". However, Read (1984) has shown (see also Sections 3.4.1 and
3.5.1) that the yield should be approximately proportional to (E+B,)". In fact
Donahue eral. (1982, 1984) fitted their results to

o~(E+E)" (3-57)

and found that E,=47 + 5meV and n=1.15+0.04. This value of nis consistent with
that expected for the Wannier law, 1.127.

Earlier direct tests of the Wannier law (e.g. McGowan and Clarke 1968, Brion and
Thomas 1967, 1968 a,b, Krige et al. 1968, Marchand et al. 1969) were made by
studying the electron-impact ionization process (3-2) and all of these indicated that
the power-law exponent is slightly greater than unity. A weakness of these studies
was that the spread in energy (typically >70meV) of the incident electrons caused
the measured ionization yield to be rounded-off at threshold, so that even a cross-
section that rises linearly from threshold would have given a measured yield that
starts with a power-law exponent greater than unity. Nevertheless in the most
accurate of such experiments, that of Marchand et al. (1969), it was possible to allow
for this effect in the analysis of the results and to deduce that n=1.16£0.03.

In a test of the Wannier law for Z =2, Van der Wiel (1972) used a simulated photon
technique to measure the yield of the reaction

hv+He—He"“+e+e. (3-58)

He found that the exponent is approximately 1.06, which is consistent with the value
1.056 given by equation (3-31).

The most accurate (although indirect) measurement of the Wannier exponent n
remains that of Cvejanovi¢ and Read (1974a). In a preliminary experiment
(described in more detail in Section 3.4.1) they established that the partitioning in
energy of the two outgoing electrons is approximately uniform at low E, as had been
predicted by Vinkalns and Gailitis (1967a). In other words the probability
distribution of the energy E, of one of these electrons is uniform between the limits 0
and E (see also Section 3.4.1). They then used the “penetrating-field technique” (see
also Cvejanovi¢ and Read 1974 b) to measure a partial yield — the yield of electrons
having an energy E, between 0 and E,,, where E,, is constant and is approximately
20 meV. Their result is shown in Fig. 3-5.
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Fig.3-5. The yield of very low energy electrons ( <20 meV) resulting from electron-helium impact, as a
function of the incident energy. The curve drawn through the points above the ionization energy I is
proportional to E°*27, where E=E;—I. From Cvejanovi¢ and Read (1974)

The ratio of the partial yield to the total ionization yield is equal to E, /E if the energy
partitioning is uniform, in which case the measured yield above the ionization
energy has the energy dependence

yield oc E"71, (3-59)

The line through the data in Fig. 3-5 has n— 1 =0.127. An analysis of this and other
spectra gave

n=1.1314+0.019. (3-60)

This dependence holds for values of E from 0 up to at least 1.7 ¢V. The validity of this
analysis does not depend on the assumption of uniform energy partitioning (see
Section 3.4.1).

The part of the spectrum of Fig.3-5 that lies below the ionization threshold is
approximately a mirror image of the part above the threshold, if an average is taken
through the peaks that lie at the energies of discrete excited states. An “ionization
cusp” is therefore formed. The significance of the part below the ionization threshold
will be discussed in Section 3.5. Ionization cusps have been seen subsequently in
many threshold electron yields for a variety of atoms and molecules (e. g. Spence
1975, Hammond et al. 1984 b). The dependence of the depth of the cusp on the

energy of the detected electrons is shown for helium in Fig. 3-6 (Spence 1975). This
result will be discussed further in Section 3.5.
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SCATTERED ELECTRON CURRENT (ARB. UNITS)

21.0 23.0 250 27.0
ACCELERATING VOLTAGE, Vq (volts)

Fig. 3-6. Spectra showing the total yield of scattered electrons form He with final energies e W, as a
function of the incident energy e(¥,+ W). The ionization threshold is marked I. From Spence (1975)

3.2.5 Trajectory Integrations

Computational studies in which the classical equations of motion are integrated
numerically serve two functions: they confirm the analytical treatment outlined in
Section 3.2.3, but more importantly they provide additional information about
certain details of the near-threshold ionization process and also the near-threshold
excitation process that it has not yet been possible to obtain analytically. These
details are dealt with in Sections 3.4 and 3.5. In the present section we discuss only
how the computational studies confirm and illustrate the analytical treatment.

The change in behaviour when the system of two electrons and an ion passes from
the Coulomb zone to the outer zone is illustrated by the results of a numerical
integration of the collinear equations of motion (3-13) (the computational details
being essentially as described by Read (1984)). Rather than plot E 2 v, versus Ery,
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as in Fig. 3-3, it is more instructive to remove the leading term in the expression (3-
30) for v, so that the behaviour of the second and higher terms can be seen more
clearly. This can be done effectively by considering the velocity difference

5 12
Avy=v,— I:E + 7(2 - l/4):| . (3-61)

1

107 107 10° 10’ 102

Fig.3-7. Computed dependence of E~ 2 Ar, on Er, for collinear motion and for Z=1, where Ar, is
defined by equation (3-61)

Fig. 3-7 shows the dependence of E~'2 Av, on Er, for Z=1 and for four different
initial conditions. The boundary between the Coulomb and outer zones lies at
Er, ~ 1. Wesee that for three of the trajectories this boundary does indeed mark the
transition from the dependence

Avl o rln~1‘/2 :’,10.627 (3-62)
given by equations (3-29), (3-30) and (3-31), to the dependence
Av, =constant (3-63)

that applies asymptotically when the electron is free. For the fourth trajectory the
electron fails to escape from the field of the ion.
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Approximate confirmation of the Wannier law itself has been provided, for Z=1, by
the numerical results of Banks er al. (1969), Peterkop and Tsukerman (1969, 1970),
Gruji¢ (1972), Cvejanovi¢ and Gruji¢ (1975) and Boesten et al. (1976). In all these
studies the initial configuration is taken to be an incident electron moving towards a
classical target atom. One initial parameter, such as the impact parameter or the
initial position of the target electron in its Keplerian orbit, is varied, and the range of
values of this parameter that lead to ionization is found for various values of E. The
ionization cross-section is taken to be proportional to the length of this range. The
results are then fitted to a power law.

Higher accuracy is obtained when the initial configuration is the collision complex
consisting of an ion and two nearby electrons (Read 1984). This reproduces the
“half-scattering” problem that is treated analytically by Wannier (1953). The main
advantage of this approach is that the ranges of initial conditions can be chosen to
ensure that all the integrated trajectories lead to the final conditions of interest. By
taking seven values of E in the range from 5 x 10™* to 3.2 x 1072 au, and by almost
completely covering the initial phase-space distribution according to the ergodic
hypothesis, Read (1984) finds that the Wannier law is indeed reproduced. Other
results of this approach will be described in detail in Section 3 4.

3.2.6 Core Screening

Klar (1981) has considered the form of the threshold ionization law when the central
ion acts as a screened charge that has a magnitude Z (r) at a distance r from the
centre. Z(r) varies from the charge of the nucleus when r is small to an asymptotic
value equal to the change of the ion. Klar finds that the Wannier exponent is still
given by equation (3-31), where Z is the charge of the ion, provided that a certain
condition is satisfied. This condition concerns the rate of charge of Z (r) at the critical
radius R, that separates the Coulomb and free zones. Taking r=2"'/2 R (equation
(3-35)) and using equation (3-50) for the critical radius, we see that R, is the root of

R.=2?[Z(27'?*R)-"/,]JE. (3-64)
Putting
r,=2"'2R, (3-63)
Klar’s condition becomes
AN (3-66)
Z(r) dr |n

The WKB treatment that he uses to derive the threshold law is then valid.

As an experimental test Hippler et al. (1983) have measured the energy dependence
of the electron-impact cross-section for ionization of the Ar K shell and the Xe L,
shell. They find for example a constant exponent nup to 70 eV above threshold for
Ar. At this energy r,,~0.078 nm, Z(r,,)~2.2, and condition (3-66) is approximately
satisfied. The wavelength of the electron at r=r,, is approximately 0.021 nm, which
although smaller than r,, is perhaps not sufficiently small for the Wannier model to
be applied with confidence.
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3.2.7 Multiple Ionization

Two years after his work on single ionization Wannier (1955) went on to consider
processes that result in an ion and N electrons, where N >3, such as

e+A-ANTDY Lo 4ty (3-67)
and
hv+ A-ANY +e, + ... +ey. (3-68)

He argued that in the absence of long-range electron-electron interactions the cross-
section is governed by the volume of phase-space that is available to the N electrons.
If the electrons have final energies E,, E,, ... Ey, and the total energy is E, this gives
(see also Rau 1971, 1984b)

g o jé(E—El—Ez...—EN)dEldEz...dEN. (3-69)
For example when N =2
g oC jé(E—El—Ez)dEldEZ:jdEl=E. (3-70)

More generally,

g oc ENTE, (3-71)
for N>1. Therefore the threshold cross-section for simple photoionization is a
constant, as is well-known, that for photo-double-ionization or for electron-impact
ionization is proportional to E (in the absence of long-range correlations), and that

for photo-triple-ionization or for electron-impact double-ionization is proportional
to E?, etc.

Ey

46+ =E
E,+E,=E E,

a b E,

Fig. 3-8. The volume of phase-space available (in the absence of long-range electron-electron interactions)

for the outgoing electrons in the reaction e+ 4—-AY"Y* 4 ¢, + .. +e, a When N=2 the volume is

proportional to the length of the full line that represents E, +E, =E. b When N=3 it is proportional
to the shaded area on the surface that represents E, + E, + E;=E
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A pictorial representation of these results is given by considering the hypersurface
defined by the equation E, +E,+...+Ey=E in the multidimensional space
E,,E, ... Ey. The integral in equation (3-69) is the area occupied by this surface in
the energetically accessible region, defined by E > E; >0 for all i. For example when
N =2 the surface is the line shown in Fig.3-8a, and when N=3 it is the two-
dimensional surface shown in Fig.3-8b. We see that the dimensionality of the
hypersurface is N—1 and that its area is therefore proportional to E¥ ',
These results are modified when the long-range interactions and correlations
between the outgoing electrons are taken into account. When N=2 the work of
Wannier (1953) shows that an instability in the potential function causes a reduction
in the ionization probability, leading to the threshold law E" where n is now greater
than unity. The difference (n — 1) decreases as Z increases, since the electron-electron
interactions then become less significant compared to the electron-ion interactions.
The threshold law is similarly modified in the general case of N outgoing electrons.
The exponent is therefore

n>N-1 (3-72)
and the difference {n—(N — 1)} decreases as Z increases.
The triple-escape process (i.e. N = 3) has been considered in more detail by Klar and
Schlecht (1976), Dimitrijevi¢ and Gruji¢ (1981) and Gruji¢ (1983 a). Klar and
Schlecht (1976) used a WKB-like approximation and established that triple-escape
is possible only when the electrons recede with approximate triangular symmetry, so
that their three radius vectors approximately form an equilateral triangle. The
effective (screened) charge seen by each electron in the symmetrical configuration is

(Z— 1/[5). Klar and Schlecht found that the threshold law is E" where

1 T13Z37 — 1142108224+ 1) 2 1
"= i : A - (3-73)
2 3127 1 5

This exponent is 2.826,2.270 and 2.126 for Z=1, 2 and 3 respectively. The difference
(n— 2) is therefore quite large, especially for Z =1, indicating the strong influence of
the long-range electron-electron interactions. In deriving this result it was assumed
that the spin-state of the electrons is such that the spatial wavefunction does not
have a node at the position of triangular symmetry, and so the result applies to a S
state.

Other aspects of the triple-escape process, such as the distributions in energy, angle
and angular momentum, have been considered by Dimitrijevi¢ and Gruji¢ (1981)
and Gruji¢ (1983 a). The only experimental test of the threshold law appears to be
that of Brion and Thomas (1968 b), who measured the yield of He* * ions in the
reaction

e+He—He™ " +e+e+e, (3-74)

and found that n~2 in the energy region E=0 to 25 V. There is clearly a need for
further experimental studies.

Gruji¢ (1983 b) has considered the threshold law for N =4. In the zero-energy limit
(E=0) the four outgoing electrons recede with maximum symmetry, in the
tetrahedral configuration. The effective charge that each experiences is then
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Z —(27/32)"*. When Z = 3, corresponding to electron-impact triple-ionization of a
neutral target, n=3.525. There are no experimental tests of this.
Gruji¢ (1983 b) has defined the “fractional exponent™

ky=nf(N—1) (3-75)

for reaction (3-67) on a neutral target. Its magnitude is 1.127, 1.135 and 1.175 for
N =2, 3 and 4 respectively. Similar trends exist for non-neutral targets.

3.3 Semiclassical and Quantum-Mechanical Treatments

In the earliest quantum-mechanical studies of the ionization process (e.g. Geltman
1965, Rudge and Seaton 1964, 1965, Rudge 1968) the special effects of the iong-range
electron-electron interaction were not taken into account, and a linear law was
obtained. This would also follow from the general phase-space argument presented
in Section 3.2.7, without a detailed treatment of the wavefunction involved (see also
Rau 1971, 1984b).

In the present section we start by considering the semiclassical treatment of
Peterkop (1971), in which the electron-electron correlations are taken into account
by using hyperspherical coordinates. The wavefunction is expressed in a semi-
classical form and the wave equation is solved using a WK B-like approximation. We
then describe the work of Rau (1971), who used a similar wave function and a similar
approximation. In Section 3.3.2 we describe the studies that are based on more
conventional quantum-mechanical techniques and finish in Section 3.3.3 by con-
sidering the effects that the symmetries of the spatial and spin wavefunctions have on
the cross-sections.

3.3.1 Semiclassical and WKB-Like Treatments

Peterkop (1971, 1977) used the WKB approximation to investigate the threshold
ionization law, following an earlier one-dimensional study (Peterkop and Liepinsh
1969). The wavefunction for L =0 is expressed in the semi-classical form (in atomic
units)

P, = Pl2iS (3-76)
where P is the classical density and S is the classical action. Substituting this in the

Schrodinger equation and ignoring terms that contain differentials of P, we find that
S is a solution of the Hamilton-Jacobi equation

(V,SP2+(V,8)?=2(E—-V) (3-77)
and that P is a solution of the continuity equation
Vi(PV,8)+V,(PV,S)=0. (3-78)

Peterkop took S and P to be functions of the hyperspherical coordinates (equations
(3-35), (3-39) and (3-40)), and expanded each in terms of 2 and 7*. He established
that in the asymptotic region ¥, has the form

W, =P, (R)? expi[(2E)">R—(Q2E) Y2 C(x, 0,,)InR] (3-79)
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where C is given by equation (3-37), and that in the Coulomb zone it has a form that
involves the Wannier exponent n (equation 3-31) and the quantity p (equation 3-49).
Matching the two forms he found that the normalization condition

P,(R)»R™ 3 as R—» (3-80)
implies that
Py (R)=R™°E'""g(E,R), (3-81)

where g tends to a constant value as E tends to zero at fixed R.

The wave function ¥ in the inner zone is not given by the WK B approximation but is
assumed to be approximately independent of E when E is small. At some value R, of
R this inner wave function matches the WKB wave function, so that

¥ (Ro)=f %o (Ry), (3-82)
where f'is a matching coefficient. The differential cross-section corresponding to the
final coordinates « and 6,, is then

o (o, 0,)=(E/I)'? | f12, (3-83)
where I is the ionization energy. Since ¥ (R,) must remain finite as E tends to zero, it
follows that

| f Py'? | —const., (3-84)
and hence

[ f1?— oc E"7 L. (3-85)
Therefore

o(a,0,,) oc E""12, (3-86)

The range of final values of 0, , is proportional to E'/* (see Section 3.4.2) and so the
corresponding solid angle is proportional to E /2. Integration over the final values of
2 does not introduce any further dependence on E, and so the “total” ionization
cross-section is proportional to E", thus reproducing the Wannier law.
In the treatment of Rau (1971) the wavefunction for L =0 is written as

¥ (R,o,0)=R *?cosec2ad(R,a,0,,). (3-87)

Substituting this in the Schrodinger equation shows that ¢ satisfies

2 1 e
I:E—RZ+ZF+2E+—I?2 ﬁ + (3_88)
4 oI o1 200,
* RZsin?2asin0 20, [Sme” 5012]_ R }WR’“’B“):O

where C is the potential function defined by equation (3-37). After expanding C in
the vicinity of the Wannier point, as given by equation (3-38), an inspection of
equation (3-88) shows that in the “Coulomb zone”, defined here by

R<2°?(Z-Y)E™ !, (3-89)
¢ has approximately the form of a single-particle Coulomb wave-function for zero
energy. Substituting a modified form of this wave-function, namely

O (R, B, v)=exp[icRY (1 +af*+iby")]7(R), (3-90)
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it is found that the lowest-order terms in equation (3-88) cancel when
=247 o)1,
a= ="/, 2(n+"), (3-91)

b="s4(i+2p),
where nand p are the constants that appear in Wannier’s classical treatment and are
given by equations (3-31) and (3-49) respectively. The two values of a are

a=n, a,=-—n—"'/, (3-92)
and in analogy with the Wannier treatment it is the positive value, a,, that causes
divergent behaviour and thus governs the form of the threshold law. This is
illustrated in Fig. 3-9, which shows surfaces, in the (R, ) plane, that have a constant
value of the phase ¢ R!/? (1 4+ a 3?) that appears in the expression for ¢. The figure also
shows the curves that are orthogonal to these surfaces, corresponding to the classical
trajectories.

a= a=a,

34
R
Fig. 3-9. Sketch of surface of constant phase in the (R, ) plane, with corresponding classical trajectories.
for the positive (a,) and negative (a.) values of a (adapted from Rau (1971))

The equation for the radial function 7(R) is
d? 1 ic d 2a+16ib-1/,

When E =0 the solution of this, at large R, is
Z(R):R—Zaf16ib+1'4. (3_94)

Substituting this into equation (3-90), ¢ is obtained as a sum of two independent
terms, corresponding to the two values of a. The relative amplitude of these terms is
determined by the form of the solution in the inner reaction zone and is independent
of E. By considering the dependence on E of the amplitudes of these terms in the
Coulomb and outer zones at finite E, and by matching the solutions across the zone
boundaries, Rau established the normalization of the divergent term, and was thus
able to verify that the ionization cross-section follows the Wannier law. A weakness
in Rau’s normalization procedure has been pointed out and corrected by Peterkop
(1983).
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Rau (1971) laid particular emphasis on the role played by what he termed the
“dynamic screening” of the two electrons. This refers to the fact that the effective
core screening that each electron provides for the other changes with time. This
dynamic screening had been considered in the work of Wannier (1953) but it had not
been considered in conventional quantum-mechanical treatments since in these the
effective charges Z, and Z, seen by the two electrons had been assumed to be
independent of time or position.

To see the effect of dynamic screening let us consider two electrons that start at the
same distance from the central ion, so that they both experience the same effective
charge, but with velocities that are slightly different. Because the slower electron
moves less far from the ion it becomes less well screened from the ion than the faster
electron, which results in an enhancement of the velocity difference. Thus the slower
electron will be progressively slowed down and will perhaps be prevented from
escaping. Dynamic screening thus causes the probability for excitation to be
increased, at the expense of the probability for ionization. Dynamic screening is of
course directly related to the instability in o, as given by equation (3-38) and
illustrated in Fig.3-4.

Yet another WKB-like approach is that of Klar and Schlecht (1976). They expressed
the wavefunction in the form

¥ =R"exp[i(8R)'"2 Q(x,0,,)]. (3-95)

Substituting this in the Schrodinger equation and neglecting terms in R™% and
higher-order terms they found that Q is a solution of the WK B-like equation

0*+4(VQy +C(2,0,,)=0 (3-96)
and that
9  A2Q
o 0% , 3-97
" 4 Q x= ji),lsn ( )

Here A2 is the grand angular momentum: it is a function of « and 6,, only and is
proportional to the terms in equation (3-88) that involve differentiation with respect
to x and 0,,. They verified the Wannier law and were able to extend their technique to
cover the triple-escape process (see Section 3.2.7). More recently Feagin (1984) has
used a WKB-like method based on relative Jacobi coordinates to investigate the
energy dependence of the Coulomb break-up of the general 3-particle system with
arbitrary angular momentum. He verifies the Wannier law for L =0. Other aspects
of Feagin’s treatment will be dealt with in sections 3.3.3 and 3.4.2.

The classical and WKB-like treatments discussed so far have all (except that of
Feagin 1984) been concerned only with ionization processes for which the angular
momentum L is zero. Roth (1972) has shown however, using an extension of Rau’s
technique, that the Schrodinger equation for L=11is equivalent to that for L=0 for
threshold purposes, so that the threshold law is unchanged. Peterkop and
Tsukerman (1969) have shown similarly that the threshold behaviour of the classical
ionization cross-section is the same for L=0 and L=1. A discussion of later more
detailed studies of the effect of non-zero values of L will be given in Section 3.3.3.
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3.3.2 Quantum-M echanical Treatments

A treatment that does not give the Wannier law is that of Temkin (1966, 1969, 1974,
1982, 1984) and Temkin and Hahn (1974). For example, Temkin (1982) treats the
two-dimensional model, with Z=1. The potential energy is (in atomic units)
1 1 1
-——+

ry ry S o Y

(3-98)

When r; >r, this can be expressed as

yo—t ol Ly [_] (3-99)

T Pt w=2 L 11

Temkin (1982) suggests that only the first two terms need be retained when ry > 2r,,
and that these two terms can be interpreted as the sum of a Coulomb and a dipole
potential, seen by the inner and outer electrons respectively. It is argued that
threshold ionization takes place predominantly in the part of space for which
ry>2r, (or r,>2r;), and so the description “Coulomb-dipole theory™ is given to
this approach. The condition r, >2r, is assumed to be maintained for all values of r,
and r,, and so the process of dynamic screening (which would allow the electrons to
start with r; ~r, but finish with r; >2r,) is not taken fully into account. The wave
function is expressed as a product of a Coulomb wavefunction for the inner electron
and a dipole wavefunction for the outer electron, and the near-threshold ionization
cross-section is found to be

o o EAnEY [1+Y C,sin(A, InE+ By)] (3-100)
I

where A4;, B, and C, are adjustable parameters. A similar form,
o oc E[1+Csin(A InE+ B)] (3-101)

has also been proposed (Temkin 1974, Temkin and Hahn 1974). We see that in this
latter form a linear dependence is modulated by the sine term. Fig. 3-1 b shows a fit
of Temkin’s modulated linear law (101) to the results of Donahue et al. (1982, 1984).
Although the oscillations in the solid curve appear to follow the data more closely
than the power-law fit of Figure 1(a), Donahue et al. (1982, 1984) point out that there
are more parameters in the fit of Figure 1 (b) (six versus four), and that the confidence
level for the second fit is only marginally higher (259, versus 19%,).

Temkin (1974, 1984) points out that although in his opinion the modulated linear
form applies to electrons that originate from a limited region of phase-space, the
Wannier law still applies to the remainder of the ionization yield. He emphasises
that the ratio of the linear to Wannier contributions is proportional to E~°'27 and
that the linear contribution, if it exists, must therefore dominate at sufficiently small
E. The possibility of the existence of a linear contribution is also indicated by the
work of Bottcher (1982), who studied the evolution in time of a wave-packet
representing an electron incident on an atom.
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3.3.3 Wavefunction Symmetry Effects

The two main restrictions in the analyses of Wannier (1953), Peterkop (1971) and
Rau (1971) are that the total angular momentum is zero and that the symmetry of the
spin state of the two electrons does not introduce any antisymmetry in the spatial
wavefunction at the Wannier point. The total spin is therefore S =0 and the system is
in the 'S¢ state. In this section we consider the form of the threshold ionization law
for other states of the system. We start by outlining the theoretical work of Klar and
Schlecht (1976), Greene and Rau (1982, 1983), Stauffer (1982) and Feagin (1984) and
then consider the results of experimental investigations.

The starting point in the treatment of Greene and Rau (1983) is to express the
wavefunction of the state having quantum numbers L, S and IT (representing the
total orbital and spin angular momenta and the parity respectively)in the form used
by Klar and Schlecht (1976),

¥ isu >~ flo)R"exp [ (8 R)' 2 Q(w)]. (3-102)

This is a generalization of equation (3-95). Here w denotes the set of five angular
coordinates consisting of the two hypershperical coordinates ff(=mn/4—«) and
7 (=n—0,,) and the three Euler angles that define the orientation in space of the
triangle formed by the vectors r; and r, (see Section 3.2.3). The Euler angles do not
enter the problem when L= 0, because the wavefunction is then isotropic in these
angles, but they must be considered when L #0.

The symmetry of the spin state determines the symmetry of the spatial wavefunction
with respect to exchange of the two electrons,

Vo) =(=1" ¥ 5 (ry,12). (3-103)
Similarly the parity of the state imposes the condition
Vosul=ry —r)=I1"¥ ¢(r.ry). (3-104)

A wavefunction that satisfies these conditions can be constructed by making use of
the coupled spherical harmonics Y, ,, 1 (0, ¢1.0, ¢,). These represent the angular
wavefunctions of states having the quantum numbers L and M, formed from
electrons having angular momenta [/; and /,, and have the symmetry property
(Edmonds 1974, Stauffer 1982)

YlllzLM(Oz (152,91 ¢1):(_ l)llﬂz_L lellLM(gl (/)1,92 ¢2)~ (3-105)

The angular function f(w) is now expressed in the form (Greene and Rau 1983)

fl@)=3 [g,,R;B) Y1, 1m0 ¢1,0,0,)+

<l
+(— 1)1'+12+L+391112 (R; =P) YIleLM(Hl ¢y, 0, (bz)]- (3-106)

Since Q (w) is symmetric with respect to the operation r, «>r,, we see from equation
(3-105) that condition (3-103) is satisfied with this form of f(w). Condition (3-104) is
also satisfied, provided that the summation is limited to [ values that satisfy

(—1)l=11. (3-107)
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The dependence of f (w) on the coordinate § is particularly importantin determining
the threshold law. If f(w) is even under f— — 8 the threshold exponent # is still as
given by equation (3-31), but if f(w) is odd under f — —f there is a node in the
wavefunction at the Wannier point. Peterkop (1983) and Feagin (1984) show that
the threshold exponent is then

m=3n. (3-108)

This has the value 3.381 when Z = 1. The exponent is not affected by the symmetry of
the wavefunction under the operation y — — v, although this symmetry can affect the
magnitude of the cross-section, as we shall discuss later.

The symmetry of f(w) with respect to the operation § — — ff can easily be extablished
for states that have IT= +1 and L=0 or 1 (i.e. for the states 1S¢, 3S¢, ' P¢ and 3P?),
because then only terms that have [, =1, can appear in equation (3-106), which thus
becomes

j(a))zz [glz(Rlﬁ)+(—1)L+sgll(R§ —B)] Yurm (0, 01,0, ¢5). (3-109)

The operation f— — f then gives
f(@)=(=DF"S f(w). (3-110)

Therefore the 'S¢ and P states are symmetric in  and give rise to the threshold
exponent 1.127, whereas the 3S° and 'P° states are antisymmetric and give the
exponent 3.381. For all other states the function f(w) is neither even nor odd with
respect to the operation §— — f5, but can be expressed as a linear combination of
even and odd components. For example the even component is

1
filw)=— Z [Ql,lz(R§ﬁ)+g1112(R; _ﬁ)] X

2 L <l

(3-111)
X[V, (01 1,05 02)+(=)"TETEES Y, (0, 4.0, ¢,)]
This component gives the exponent m=1.127 while the corresponding odd
component gives m=13.381. The lower value dominates of course. Therefore the
exponent 3.381 would only be observed for the 3S¢ and ' P¢ states.
The symmetry in  determines the value of the exponent but the symmetry in y can
influence the magnitude of the cross-section. This happens because for certain
combinations of L, S and IT the even component f, () (which is the only one of
interest, except for the 3S° and 'P¢ states) in odd with respect to the operation
7 — —7, and hence is zero at the Wannier point. In fact it follows from equation (3-
111) and the properties of the functions ¥ (Edmonds 1974) that [, () is non-zero at
the Wannier point only when L, S and IT are either all even or all odd (i.e. when the
state symmetry is 'S¢, 3P°, 'D¢, etc). In all other cases there is a node in y at the
Wannier point, and as a consequence the cross-section is expected to be reduced.
Therefore the threshold ionization process, and also double excitation of atoms to
highly excited states (see Fano 1976 and Section 3.5.3), are dominated by the 'S¢,
3P° 'De, etc. states of the two outgoing electrons. All these results have also been
obtained, using similar reasoning, by Stauffer (1982).
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The simplest forms of the angular functions of the dominant part of f () are shown
in Table 3-1 for all states having L < 2. These forms are derived from those given by
Greene and Rau (1983). Also shown in the table are the corresponding values of the
exponent m and the lowest-order behaviour of the wavefunction near the Wannier
point. The lowest-order behaviour illustrates all the points made above: only f_ (w)
exists for the 35¢ and ! P¢ states, which thus have a node in f# and a higher value of m,
there is nonode in y in the £, (w) of the 1S¢,3P% and ! D¢ states, and there isanode in y
for all the remaining states.

Table 3-1. The simplest forms of the angular functions of the dominant part of f(w) for each type of state
(up to L =2), together with the corresponding exponent (for Z=1) and the lowest-order behaviour near the
Wannier point

State Angular function of dominant part Exponent Behaviour near
Wannier point

1ge f.=1 1.127 const.
s¢ f_ =cos?a~sina 3.381 B
tpe f_ =sin2oacos2asinf, sin 0, sin(¢, — ¢,) 3.381 By
3pe f, =sinf, sin0,sin(¢, — ¢p,) 1.127 y
Lpo f. =cosf, +cos b, 1.127 y
3pe f,=cosf, —cos b, 1.127 const.
D¢ f.=(Bcos?*f, —1)+(3cos? 0, —1) 1.127 const.
3pe fr=(3cos?*f, —1)—(3cos? 0, —1) 1.127 y
1p° f+ =sin26, sin6,sin($p, — ;) +sin26,sin b, sin(p, —,) 1.127 ¥y
3p° £, =sin20, sin 6, sin (¢, — ) —sin 26, sin 6, sin (P, — P,) 1.127 y

The ! P° state is particularly important since it is the only state formed in photo-
double-detachment of H™ or He. The exponent is 1.127 but the final state has a node
in 7 and hence the cross-section is reduced.

Before the work of Greene and Rau (1982, 1983) and Stauffer (1982), Klar and
Schlecht (1976) had erroneously predicted that an exponent 3.881 would apply to all
triplet final states of the two electrons. This prediction gave rise to several
experiments (Alguard et al. 1977, Hils and Kleinpoppen 1978, Hils et al. 1980, Baum
et al. 1981 and Gay et al. 1982) in which spin-polarized electrons are used to ionize
spin-polarized atoms that have only one valence electron. The total spin state of the
initial electron-atom system becomes the spin state of the two outgoing electrons. A
measurement of the asymmetry parameter

A=(c""—a"fc' T+ ™) (3-112)

thus allows the ratio of triplet to singlet cross-sections to be deduced. According to
the prediction of Klar and Schlecht 4 was expected to be unity near the ionization
threshold. The experimental results of Alguard et al. (1977) on electron-impact
ionization of H atoms are shown in Fig. 3-10, together with the results of various
non-threshold theoretical calculations. At 2¢eV above threshold the value of A4 is far
from unity. The experiments of Hils and Kleinpoppen (1978), Hils etal. (1980),
Baum et al. (1981) and Gay er al. (1982), on K. Na, Li and H respectively, have also
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shown that 4 converges to a threshold value that is not unity. In fact this is the
expected result since the dominant components (S, ' D etc. for the singlet cross-
section, and *P°, *F° etc. for the triplet cross-section) all have the exponent 1.127. In
the most recent experiment of this type Kelley et al. (1983) measured 4 and also the
unnormalized total cross-section for electron-impact ionization of sodium from the
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Fig. 3-10. Values of the asymmetry parameter A4 for electron-impact ionization of H atoms, measured by
Alguard et al. (1977), together with the results of various non-threshold theoretical calculations (see
Alguard et al. 1977 for details)
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Fig.3-11. Unnormalized values of the spin-state asymmetry parameter A (equation (3-111)) and the
cross-section (circles) for electron-impact ionization of sodium. From Kelley et al. (1983)
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threshold to 2 eV above. Their results are shown in Fig. 3-11. It can be seen that A is
almost constant.

The experiment of Kelley et al. (1983) also shows that the total cross-section follows
a power law up to about 0.8eV above threshold, and that the exponent is
1.09740.17, consistent with that expected for the Wannier law. The range over
which the power law holds for sodium is somewhat less than the range 1.7 ¢V used in
the experiment of Cvejanovi¢ and Read (1974) on helium. There are as yet no
indications (see for example Marchand et al. 1969, Donahue et al. 1982) that the
range of validity of the Wannier law is less than approximately 1 eV, except when
autoionizing levels are present (as in the experiments of Hammond et al. (1984 b), on
Ar, Kr and Xe). This is in stark contrast to the range of validity of the Wigner
threshold law for processes in which the final state consists of a neutral atom and a
free electron, which can be as small as 6 ueV (Mead et al. 1984). The reason for the
large range of validity of the Wannier law is presumably that the law is governed by
the Coulomb force and that this force dominates any others that may be present
(such as the dipole, centrifugal, polarisation and quadrupole forces), except at very
short distances.

3.4 Differential Ionization Cross-Sections

So far we have considered only the total (integrated, see page 5) cross-section for
near-threshold ionization. We now turn out attention to more detailed aspects of the
near-threshold ionization process, starting with the way in which the two outgoing
electrons share the available energy and then going on to consider the relative
directions and individual angular momenta of the two electrons.

3.4.1 Energy Partitioning

In this section we consider the differential cross-section o (E,)dE, for producing
two free electrons at the excess energy E, one having an energy in the range E; to
E, +dE,, the other having an energy in the range (E— E, —dE;) to (E—-E,). The
discussion is restricted to systems in which (i) the total angular momentum is zero,
(ii) the electrons are in a singlet spin state, since no account is taken of the
antisymmetries discussed in Section 3.3.3, and (iii) the ion charge number is unity.
We start by describing the results of a recent computational study (Read 1984) and
then consider the results of other computational and experimental studies.

The main feature of the differential cross-section o;(E,) can be explained by
referring again to Fig. 3-3. It was shown in Section 3.2.2 that the asymptotic density
of the trajectories that lie between those labelled a and b (which mark the limits of
the ionization process) is proportional to E”, where n is given by equation (3-31).
There is no a priori reason to suppose however that this density is constant in the
interval between a and b, although it will be a constant function of the ordinate

y:E_l/zvlf:(2E1/E)1/2. (3-113)
The differential cross-section must therefore have the form
op(E\)=E"" ' f(E,/E), (3-114)

since the integral of this over the interval E; =0—E is proportional to E".
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The form of the function f has been determined (Read 1984) by accurate trajectory
integrations of the classical equations of motion
.. z ri—F; . ..
rl-=—| E r+— i=1,2, j#i. (3-115)
¥

|"i_"j|3,

The result is shown in Fig. 3-12. The figure also shows the form of f(x) when x> 1,
and the form of an analogous function f. that applies when E<O0: this extra
information is relevant to near-threshold excitation processes, and will be discussed
in Section 3.5. At present we are concerned only with f. (x)in the range x=0—1.
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Fig.3.12. The points are computed values of the universal functions f. and f. from which the classical

cross-sections for near-threshold excitation and ionization process can be derived, for negative and

positive values respectively of the total energy E. E, is the asymptotic energy of the more energetic of the

two final electrons. The curves are the empirical fits given by equations (3-117), (3-145)and (3-146), except

and where these fits are inappropriate arbitrary curves have been drawn through the points. The classical
cross-sections are proportional to | E|°*27 f(E,/| E|). From Read (1984)

To compute the form of f it is necessary to select a set of initial conditions that
represents a uniform distribution in phase space. This is achieved by using
hyperspherical coordinates (equations (3-35), (3-39) and (3-40)) and using the fact
that the volume element of phase space for fixed values of R and E is(Wannier 1953)

dt=dfdpydydp, (3-1106)
(see also equation (3-53)). Here p; and p, are the generalized momenta defined by
equations (3-42). In practice the initial value of 8 is set equal to zero (i.e.ry;=r,;) and
uniform intervals are taken in the remaining three parameters y, p,and pg, or p; is set
equal to zero (i.e. v, ;= v,;) and uniform intervals are taken in f8, 7 and p,. The initial
conditions are then expressed in terms of cartesian coordinates and the equations of
motion integrated to obtain the asymptotic energy E;, using a library code based on
the Runge-Kutta-Merson method. Three different values of E have been used
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(5x107*,10"*and 2 x 103 au), to confirm that the dependence on E is as given by
equation (3-114).
As can be seen in Fig. 3-12, /- (E,/E)is not uniform in the interval E; =0—E, as had
been previously supposed (see for example Vinkalns and Gailitis 1967 a,b,
Cvejanovi¢ and Gruji¢ 1975), but is approximately 5%; higher at the centre of the
interval than at the ends. In other words the energy partitioning between the two
electrons in the threshold ionization process is not uniform: instead the probability
decreases as the electron energies become more dissimilar. Another feature is that at
the ends of the interval, where the process of excitation is approached, the slope of [
is large: in a detailed study of this region using closely spaced initial parameters for
the trajectories it has not been possible to place an upper limit on this slope, which
may therefore be infinitely large. An empirical formula that fits the computed results
well in the interval E; =0 to E is
e omeon[ (3]
S> (E{/E) oc 095+0.1 | ——|— . (3-117)
E E

A possible cause of the non-uniformity of the energy partitioning lies in the
definition of the critical radius R, equation (3-50). Although this definition is
appropriate over most of the interval E, =0 to E, it may not be appropriate near the
ends of the interval. Consider for example the situation in which E, ~ E, and hence
E,~0. In the outer zone r; (i= 1 or 2) is approximately proportional to r;, which in
turn is proportional to E;'/2. Hence

(ry/r)~(E,/E)"2. (3-118)
Assuming that this is also true at the critical radius, equation (3-35) implies that
ry. >R (E,/E)". (3-119)

Therefore when E,/E is very small r, . may be small enough to invalidate the
assumption that 4, . <r, .. This problem can perhaps be overcome by taking R, to
be larger when E, is small. The range of the parameter a, defined by equations
(3-48), (3-51) and (3-52) would then be reduced, causing a reduction in the ionization
yield.

The earlier numerical and theoretical studies of energy partitioning in the threshold
ionization process (Vinkalns and Gailitis 1976a,b, Cvejanovi¢ and Gruji¢ 1975,
Yurev 1977, Peterkop and Liepinsh 1981) were not accurate enough (see Read 1984)
to have revealed the existence of a small non-uniformity. This is also true for the
experimental studies, of which there have been three. In the first of these Cvejanovi¢
and Read (1974) investigated the partitioning function by a time-of-flight technique.
They measured the difference A ¢ in the time taken for the two ionization electrons to
travel from the electron-helium collision centre along field-free paths of length /
(=10mm) in opposite directions. This time difference is related to the velocities of
the electrons by

1 1
At:l[_——]. (3-120)

vy U
Since the excess energy E was known in these experiments, each measurement of At
gave the velocities, and hence the energies E, and (E —E,), of the two electrons.
Analysis of the time-of-flight spectra then gave the probability distribution for E;.
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Fig. 3-13. Energy-partitioning probability deduced by Cvejanovi¢ and Read (1974) from time-of-flight
measurements. The excess energy E is 0.37¢V and 0.60 eV for the upper and lower results respectively.
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Fig. 3-14. The yield of electrons resulting from e — He impact, as a function of the energy (labelled residual

energy) of the detected electrons. The incident electron energy is 2.4 eV above the ionization threshold

and the angle of scattering is 90°. When the residual energy is less than 2.4 eV the detected electrons arise

from the ionization process e + He—He* + e+ ¢, and when the residual energy is greater than 2.4 ¢V they
arise from the excitation process e + He—He* +e. From Pichou etal. (1978)

Fig. 3-13 shows the results obtained at two values of E. The energy partitioning is
seen to be uniform to within approximately 5%. The form of the partitioning near
the ends of the range (i.e. at E,; ~0 and E, ~ E) could not be tested however since
there one of the electrons has a very low energy and hence is susceptible to small
stray fields of unknown strength. The second experiment is that of Pichou et al.
(1978), who looked at the energy spectrum of the ionization or scattered electrons
resulting from electron impact on helium at a constant value of E. Their spectra, one
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of which is shown in Fig.3-14, should therefore give the function f(E,/E) directly,
but in practice the sensitivity is limited and also the behaviour at small E, is masked
by a strong dependence on E,; of the efficiency of the electron detection system. They
found that fis approximately uniform at small values of E but that it has a minimum
in the centre of the range when E > 3.6 eV. On the other hand in the third, similar
experiment Keenan etal. (1982) found that f is approximately uniform up to
E=5.5¢V, but again did not have the sensitivity and accuracy to be able tosee a 59,
non-uniformity at smaller values of E. A definitive experiment is therefore awaited.

3.4.2 Angular Distributions

The two electrons in the near-threshold ionization process emerge asymptotically
with an angle 0, , between their directions of motion. In this section we consider the
form, and dependence on E, of the probability distribution function for 6,,.
The dependence of the relative angle 8, , on the excess energy E was first established
by Vinkalns and Gailitis (1967 a). Rather than use their line of reasoning we can
make use of the equations already presented in Section 3.2.3. From equations (3-40),
(3-45) and (3-48) we see that when E=0,
y=n—0;,=a3(R/b)"*cos(*/,pIn(R/b)+a,), (3-121)
where b is an arbitrary constant, a; and a, are constants that are determined by the
initial conditions, and p is the constant given by equation (3-49). Assuming that
equation (3-121) remains valid, in the Coulomb zone, when E is finite but small, it
follows from the energy-dependence of R, (equation (3-50)) that the value of y at the
outer limit R, of the Coulomb zone is

7. o¢ as EM* cos(*/, p In(R,/b)+ay). (3-122)

Although y may change slightly in the outer zone, no further dependence on E is
expected to be introduced by the motion in this zone. The width y, ,, (FWHM) of the
asymptotic probability distribution of 7 is therefore proportional to E'4,

Y12 =aEY*. (3-123)

This is the result derived by Vinkalns and Gailitis (1967 a).

Read (1984) has shown that it is possible to go further and to use equation (3-122) to
deduce the form of the classical probability distribution P (). It is also necessary to
use equation (3-54), which shows that the probability of finding the parameters a
and a, in the intervals da; and da, is proportional to a;dasda,. The result,
expressed in terms of

y=yE"'4, (3-124)
is 5
P(x)=ny 5 O =292, (3-125)

where y,, s the maximum value of | y | and is determined by the initial range of values
of 7. This probability distribution has a maximum at y =0 and has sharp cut-offs at
2=+ 7, E}*. Itis shown as the full curve in Fig.3-15, where it has been used to fit
the results obtained from trajectory integrations. It is found that

Y =279 (3-126)
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Fig. 3-15. The histogram gives the result of a computational study to find the probability distribution of
the asymptotic angle § between the directions of the two outgoing electrons. The full and broken lines are
fits to the functions [(0,, — 7)> —(0 —n)*]' ? and exp [ —x (0 — n)*] respectively. From Read (1984)

and that the corresponding width is
712=483. (3-127)

The results given by equations (3-125), (3-126) and (3-127) should be treated with
some caution however since although the classical approach is valid in the sense that
the electron wavelengths are much smaller than the inter-particle distances at
sufficiently small E, the motion in the 6,, direction may nevertheless be non-
classical. This would arise if the wavelength for the motion in this direction is not
much smaller than the excursion in the same direction. For example if we take as an
approximation that the motion in the 0,, direction is governed solely by the final
potential energy term on the right-hand side of equation (3-38), giving simple
harmonic motion, and that the maximum excursion is 7,, E*'#, we find that the ratio
of the classical energy to the quantal zero-point energy is of the order of E, and is
therefore smaller than unity when E is small. This type of failure in the classical
picture would not however affect the deductions concerning the total ionization
cross-section or the forms of f_ and f. (see equations 3-143 and 3-144).

The energy dependence given by equation (3-123) has also been obtained by the
WK B-like and quantum-mechanical treatments of Rau (1971, 1976), Altick (1984)
and Feagin (1984), but each of these treatments also gives the result that the
distribution function has a Gaussian shape,

ny 2
P(y) o exp [—a <Ei,4> } (3-128)

Rau (1971, 1976) (see also Section 3.3.1) finds that the width (FWHM) of the
distribution is
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641n2 |2 ,
[75171 E'# =338 E'* (=85"(E/eV)'*). (3-129)
Altick (1984) suggests that the asymptotic part of the wavefunction is such that
| (.75, 0)]2 oc e 7R, (3-130)

where k,, (=k, —k,) is the difference between the asymptotic wave-numbers of the
two electrons. When E is small the resulting width of the angular distribution is

321n 2712 |
[ ! } E'4=2.66EV*. (3-131)

I

Feagin (1984) has used relative (Jacobi) coordinates to represent the correlated
three-particle motion, and has found, amongst other things, that the width of the
angular distribution is 2.71 E1/#.

Fitting the computational results shown in Fig. 3-15 to a Gaussian distribution (the
broken curve in the figure) gives the width 3.55E**. This result and the three
theoretical results mentioned above are therefore within 309, of each other.
These predictions can be tested against the experimental evidence of Cvejanovi¢ and
Read (1974), who measured the ratio of the yields at two values of 6,, (180° and 1507,
with 0, =0,=90" and an out-of-plane geometry) for five values of E, from 0.2 to
3.0eV. If a Gaussian form is assumed then the measured ratios imply that the
constant «a in equation (3-123) has the value 2.14+0.1 at 0.2 ¢V and 1.82+0.02 at
3¢V, and is therefore significantly smaller than the results quoted above. On the
other hand if the form given by equation (3-125) is assumed then a has the value
3.1240.01 at 0.2¢V but 1.82 +0.04 at 3eV. As well as being significantly different
from each other, these values are also significantly smaller than that given in
equation (127). More recently Fournier-Lagarde et al. (1984) have measured the
dependence on 0, and 0, of the electron impact ionization cross-section of helium at
E =1 to 6 eV. Their in-plane geometry does not allow ¢, and ¢, to be varied. The
results show that values of L up to at least 2 contribute at these energies, and a
preliminary analysis shows that the dependence on 6, is consistent with the width
given by Rau (1971, 1976), equation (3-129). Further experimental studies, and also
theoretical and computational studies on the effects of higher values of L, are clearly
needed.

3.4.3 Angular Momenta

When the total angular momentum L7 of the system is zero the two electrons emerge
in the threshold jonization process with the angular momenta [ and —Ih
respectively. In this section we consider the form and the energy dependence of the
probability distribution P(/) for I.

As with the form of P (y) discussed in the previous section, it is possible to extend the
Wannier treatment to find the form of P(l). For example when a=mn/4 (i.e. r| =r,,
E, = E,) the magnitude of [ at the critical radius is

1
I=— R, (3-132)

where 7y, is given by equation (3-122). Repeating the reasoning used to obtain
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equation (3-125) it follows (Read 1984) that

4
P)=—5 (> =)', (3-133)
where "
l,=aE ™' (3-134)

and a is a constant. Equation (3-133) fits the probability distribution resulting from
trajectory integrations very well, as can be seen in Fig. 3-16. The resulting value of a
is 4.53. The root-mean-square value of | is

leus="/2ly=227TE" "%, (3-135)

To find the form of P(I) for a#nr/4 (i.e. E, #E,) Read (1984) has made certain
approximations and has found that equation (3-133) is still valid, but with [, being
replaced by

4E,(E—E,)
:ﬁl .
n Ez m

\

u \——E1/E=0——1

I (3-136)
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Fig.3-16. The two histograms show the results of a computational study to find the probability

distribution of the angular momentum  of each of the outgoing electrons. The full and broken histograms

correspond to E; =0.5E and E=0 to E respectively, and the full and broken curves correspond to the

functions given by equation (3-133) and by equation (3-136) averaged over the range of values of E,,
respectively. From Read (1984)

Averaging the resulting probability distribution over all values of E, in the range
from O to E gives the broken curve shown in Fig. 3-16. This distribution is singular at
[=0 (it is proportional to In(2/l) at small I) and so does not give a good fit to the
histogram resulting from the trajectory integrations. The cause of this discrepancy
can be traced to the value of | when either E, or E, is approximately zero. We see
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from equation (3-136) that/,,and hence /, is then proportional to E, or E,, whichever

is the smaller. This proportionality follows from the classical behaviour of [ at

R=R_, namely (Read 1984)
[~ EiE, R0

c ¢ Yes
E2

(3-137)

and from the assumption that / does not change appreciably in the outer zone, and it
gives rise to the singularity. As mentioned in Section 3.4.1 in connection with the
non-uniform energy partitioning, the definition of R, given by equation (3-50) may
not be appropriate when either E, or E, is small, and it may then be necessary to use
a larger value of R,. This would cause /, to be increased, which would presumably
remove the singularity.

The computational results show that the root-mean-square value of [, averaged over
the interval E;, =0—E, is

lans = 1.82 E71/4. (3-138)

Previous computational studies of the energy-dependence of | in threshold

ionization are those of Cvejanovi¢ and Gruji¢ (1975), Boesten et al. (1976) and van

der Water et al. (1978). Cvejanovi¢ and Gruji¢ (1975) found the dependence
[ax=225E" 14, (3-139)

The exponent is that given by equation (3-134) but the constant of proportionality is
approximated halved. On the other hand Boesten et al. (1976) found

[~036E°3 (3-140)
and van der Water (1978) found the similar result
[~030E°55, (3-141)

All these authors have integrated trajectories from an initial condition that
represents an electron moving towards a classical target atom, and have varied only
one initial parameter, and so have been able to obtain /-values for only a small
number of trajectories leading to the ionization condition.

As mentioned above in connection with the classical calculation of the probability
distribution for 6, ,, the motion in 6, , may be non-classical even at low values of E, in
which case the classical treatment of the angular momenta would also be inaccurate.

3.5 Related Excitation Cross-Sections

Information has alrady been presented in Figs. 3-5, 3-12, and 3-14, that relates to the
near-threshold excitation process

e+ A— A* (high-n)+e. (3-142)
Here one electron escapes with a small positive energy E; while the other is left
bound to the A" ion, in a high-n Rydberg state, with a small but negative total
energy E,. The excitation process can be viewed, in theoretical terms, as an analytic
continuation of the ionization process, to which it is therefore closely related. This
close relationship also exists in many experimental measurements, the yield of the
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excitation process appearing as a continuation of that of the ionization process. Of
particular relevance to the present Chapter is the fact that the high degree of
electron-electron correlation that is present in near-threshold ionization must also
be present in near-threshold excitation of high-n states. Fano (1974) was the first to
point out this connection and to argue that strong evidence for it is given by the
existence of the nearly-symmetric “ionization cusp’ that can be seen in the spectrum
of Fig. 3-12.

In this section we consider firstly the energy-dependence of the near-threshold
excitation process and then the distribution of /-values (of the free and bound
electrons) to which it gives rise.

3.5.1 Differential Excitation Cross-Section

We see from equation (3-114) that when E >0 and when the ion core has Z=1, the
differential cross-section for ionization processes in which E, is in the range E; to
E,+dE,, where 0< E, <E, is

o (E\)dE, oc E°'?7f (E,/E)dE;. (3-143)
The function f, (E,/E) is shown in Fig. 3-12. Also shown in the figure is the form of
the function for E, > E (and hence E, <0). This part of the function gives the yield of
the process (3-142) when the atom is excited to states that have binding energies in
the range| E, [to| E, | + d E,. In other words the high-n excited states are regarded as
a continuum, and the function f (E,/E) gives, through equation (3-143), the cross-
section for exciting a band of width dE, in this continuum.
High-n states of binding energy | E, | can also be excited at negative values of E,
provided that E> —| E,|. Read (1984) has shown that the yield has a form
analogous to that given by equation (3-143), namely

op(E))dE, o |E|*"?7f(EE|E,, E<0 (3-144)

where f_ (x) is different from f. (x). The form of /. (E,/| E|) has been derived from
trajectory integrations and is shown in Fig. 3-12. Earlier numerical studies of the
form of /. (E,/| E|) (Vinkalns and Gailitis 1967 b, Cvejanovi¢ and Gruji¢ 1975) are
significantly less accurate (see Read 1984).

The spike in f_(E,/| E|) at E, =0 is caused by trajectories that initially evolve
towards the “forbidden” condition E; <0, E, <0. If such a final condition could
exist the function . (E,/| E |) would exist in the region —'/,| E|<E; <0 (remember-
ing that we take E,>E,), but because the condition is unstable the yield
corresponding to it is redistributed to positive values of E;. In fact the trajectory
integrations show that when the two electrons initially evolve towards the forbidden
condition they usually both perform many orbits about the ion before one of them
eventually emerges with a value of E, that is typically much smaller than | E|. Hence
the redistribution is concentrated at the smallest positive value of E;, as shown in
Fig. 3-12. The states of oscillation of the quasi-forbidden trajectories presumably
correspond to the “Wannier-ridge” resonances, to be discussed in Section 3.5.3.
The broken curves in Fig. 3-12 show the empirical fits

F.(x) o (x—0.3)°127 x>1.3, (3-145)
F_(x) o (x4+0.3)%127 x>0.2. (3-146)
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The corresponding differential cross-sections are then
o o (E,—0.3E)°"!7, (3.147)

This is valid, with the same proportionality constant, for negative and positive
values of E and for excitation and ionization processes. It is therefore an expression
that is useful for interpreting a wide range of experimental measurements. The
constant 0.3 is empirical, and equally good fits are obtained if it lies in the range 0.29
to 0.31.

Expressions (3-146) and (3-147) are not valid when E <0 and E; <0.2| E|, but the
average value of the cross-section in this region is approximately twice that given by
equation (3-147). Similarly expressions (3-145) and (3-147) are not valid when E >0
and E; <1.3E, but for E; <E it is possible to use equation (3-117) or to take the
simpler, less accurate approximation

. oc E®127 0<E,<E. (3-148)
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Fig. 3-17. Near-threshold excitation functions of Rydberg states having the indicated bands of n-values.
The experimental energy resolution is 30 meV. The threshold onsets are consistent with the cross-sections
being finite at threshold. From Hammond et al. (1984 a)



80 F. H. Read:

The threshold electron spectrum of Cvejanovi¢ and Read (1974), shown in Fig. 3-5,
provides an experimental test of the validity of equation (3-144) for the excitation
process, as well as of equation (3-143) for the ionization process. In this experiment
the yield of electrons that have E, in the range O to E,,, where E,, is constant and is
approximately 20meV, is measured as a function of E, as E is swept through
negative and positive values. A dip, or “ionization cusp” is seen at E=0. The yield
above the cusp should be proportional to E°-'?7 f_ | according to equation (3-143),
where the average of f. is taken over the appropriate range of E,/E. Since this
average varies by less than 39 over the range of E studied, the yield is expected to be
nearly proportional to E°-'27. This is confirmed by the excellent fit of the data points
to the curve, shown in Fig. 3-5, that has the form E®!27. This evidence has already
been discussed in Section 3.2.4. Below the ionization cusp the yield is proportional to
| E|°-127 7, according to equation (3-144). In fact /- and f. differ by less than 15°,
(see Read 1984), which is consistent with the observation that the cusp is
approximately symmetric.

The experiment of Spence (1975) also provides confirmation of the validity of
equations(3-143)and (3-144). In this experiment the yield of electrons having a fixed
but comparatively large value of E, is measured as a function of E. The ionization
cusp is again seen, but with a reduced amplitude, and the reduction is consistent with
that expected from equations (3-143) and (3-144) and from the forms of . and f. .
Another relevant experimental result is that of Hammond et al. (1984 a), who have
investigated the near-threshold cross-section for excitation of Rydberg states of high
n (in the band from n =16 to 43) and have found that these cross-sections appear to
be finite at threshold. This indicates that /. (0) is non-zero, as found in the numerical
studies. Some of the excitation functions measured by Hammond et al. (1984 a) are
shown in Fig.3-17. A detailed analysis of the excitation functions in terms of the
empirical functions F_ and F., equations (3-145) and (3-146), has been given by
Hammond et al. (1984 a).

3.5.2 Angular Momentum Distributions

Fano (1974) was the first to suggest that in near-threshold excitation of high-n states
the presence of electron-electron correlations causes the angular momentum
quantum number ! of the excited states to be high. This suggestion is supported
qualitatively by the experimental results of Hammond et al. (1984 b) and also by
those of Hammond et al. (1984 a), mentioned above, and by the results of the earlier
similar experiments of Tarr eral. (1980, 1981) carried out at a lower energy
resolution. The even earlier experiments of Heideman and co-workers (see for
example Heideman et al. 1976 and the review by Heideman 1984) on electron-
impact optical excitation functions of helium also indicated that the correlations
affect the form of the excitation functions of the higher-I states and the degree of
polarization of the decay radiation, when the incident energy is near the ionization
threshold.

Quantitative information on the distribution of Il-values and of the energy-
dependence is provided by the theoretical studies of Drukarev (1982) and Rau
(1984a) and the numerical studies of Read (1984). Drukarev (1982) considered the
form of the wavefunction of a state of principal quantum number n when it is excited
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at threshold by electron impact. He used a parabolic coordinate frame for the
description of the atomic electron and took the correlation between the excited and
scattered electron to haveits strongest form, so that the wavefunction of the excited
electron is directed as far away as possible from the direction of the outgoing
scattered electron. Decomposing this wavefunction into those that are characterized
by the angular momentum quantum number /, he found that the distribution in [ is
given by

Ql+1)[(n-11]?

= . 3-149
(n+Dl(n—1-1)! ( )
When n>1 and [ >1 this can be approximated by (Drukarev 1982)
21+1
W~ 2 gmtae (3-150)
n
from which we find that
LU 3-151)
=~ St (3-
1 [”]1/2 : 3-152
max B 2 5 ( = )
72
IRMS:nUZ—TW'i_ (3-153)

Using a technique that involves reduction of the four-dimensional rotation group

that has been shown to give a good description of angular correlations in two-

electron states (see Section 3.5.3 and Wulfman 1973, Herrick and Sinanoglu 1975,

Crance and Armstrong 1982), Rau (1984a) has found that
2n—1)QI+1)[(n—1)!1]*

= = (3-154)

This can be approximated by
2(21+1
w,~ 22D

= =211+ 1)/n (3_155)
giving
T ["”Tu o 3-156)
=% SR (3-
1 1
L= n? 3-157
max = 1 5 ( )
n 1/2 n.l/l

lems>| — 1 - -+ ... 3-158
2] st

The higher terms in equations (3-151), (3-153), (3-156) and (3-158) are significant, at
the 10%, level, if n<20.
Using classical trajectory integrations Read (1984) has found that for the range of
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n-values from approximately 10 to 22,
lrags =0.49 n0-82. (3-159)

Using Drukarev’s distribution (3-149) to find the n-dependence of I, over the
same range and then fitting to a power-law in n gives

lens ~0.33n°82, (3-160)
while Rau’s distribution gives
lpas =043 n%°1. (3-161)

Clearly the values of n in this range are too small for the n'’? dependence of the first
terms in approximations (3-153) and (3-158) to hold.

3.5.3 Wannier-Ridge Resonances

The high degree of electron-electron correlation that exists in the processes of near-
threshold ionization and near-threshold excitation of high-n states can also exist in
systems in which two electrons have a small energy but are bound, namely in
doubly-excited atomic states of high excitation energy. The electrons in such atomic
states will reside in the vicinity of the Wannier point (i.e. with r; ~ —r,) and will be at

r\ n=3 r;l:ﬁ
2 b -
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Fig. 3-18. Yield of metastable Helium atoms resulting from electron impact on Helium, taken over three

ranges of the incident electron energy. In each region a sloping background has been subtracted and the

vertical scale has been expanded by an arbitrary factor. The energies of the more prominent He™

resonances are indicated, as well as those of the 1sns, Isnp and 1snd states of He, for n=3 to 7. From
Buckman et al. (1983)
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large distances from the central ion core (r; , > 0.1 nm). If the distances become
sufficiently large the motion of the electron will become approximately classical.
Clear evidence for the existence of highly-correlated doubly-excited states is given
by the spectrum shown in Fig. 3-18 (Buckman etal. 1983). The structures in the
spectrum correspond to He™ resonances formed as short-lived intermediate
complexes in the reaction

¢+ He—He —He*+e. (3-162)

In these resonances one electron is in the 1s state but both the other two are in
Rydberg states. For the lower member of each group of resonances the two Rydberg
electrons have the same value of n, while for the higher members (for example the
highest of those identified in Fig. 3-18 and those lying still higher) one Rydberg
electron will have a higher value of n than the other. Earlier, less precise observations
of these resonances had been made by Heddle, Keesing and co-workers (see Heddle
1976, 1977) and Brunt etal. (1977).
Three properties of the He ™ resonances show clearly that they have a structure that
is dominated by strong electron-electron correlations. The first property concerns
the energies of the resonances. In particular we consider the energy of the lowest
member of each group. These energies are well approximated (Buckman et al. 1983)
by the modified Rydberg formula (Read 1977)

2R(Z ..~ 0)*

! (n=0,)

where [ is the ionization energy (i.e. the energy required to remove both electrons,
24.586 ¢V for He™), R is the Rydberg energy (13.602¢eV for He), Z_,. is the charge
number of the ion core (1 for He™), o is an effective screening constant and J,, is an
effective quantum defect. Formula (3-163) is based on the grandparent model (see
also Read (1982)) in which the two outer electrons, treated as being equivalent,
couple to form a pair state that interacts with the central ion core only through the
effective Coulomb potential provided by the core. Although ¢ and , can be treated
as adjustable parameters a good fit to the observed He ™ energies is obtained if o is
given the value 0.25 that corresponds to two electrons at the Wannier point (see
equation (3—38)) and if §, is put equal to the spin-averaged quantum defect of the ns
electron in the 1sns configuration of the He atom. Equation (3-163) then contains no
adjustable parameters. The resonances thus form a Rydberg series, but with a
structure different from that of singly-excited atomic Rydberg series since the
effective charge is non-integral and is equal to that expected for an electron pair at
the Wannier point. This is therefore strong evidence that the wavefunctions of these
resonances are peaked at the Wannier ridge, on or near the Wannier point.
Buckman etal. (1983) have therefore described them as “Wannier-ridge re-
sonances”’. The associated theoretical evidence will be discussed separately below.
In passingitisrelevant to note that the modified Rydberg formula (3-163) accurately
reproduces the energies of a wide range of atomic states that have the configuration
[core](ns)?, including negative ions, highly stripped positive ions, autoionizing
states and resonances, if ¢ is taken to be 0.25 and , is put equal to the spin-averaged
5, of the atom that has the configuration [core]ns (Read 1977). The significance of
this choice of §, is however not yet explained.

(3-163)

’
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The second property of the He™ resonances that underlines their correlated
structure is the fact that their intensities are observed to be approximately
proportional to n=¢ (Buckman et al. 1983). This is markedly different from the
(n*)™3 proportionality obtained for excitation cross-sections of unperturbed
singly-excited states (Fano and Cooper 1968), where n*(=n-4¢) is the effective
principal quantum number. Rau (1983) has pointed out that the grandparent model
(mentioned above) can account for an (n*) ~® dependence, since this can be viewed as
the product of two (n*) ™2 factors, one for each of the electrons. More rigorously,
Feagin and Macek (1984) have considered the n-dependence of the normalization of
the resonance wavefunctions, and have found that the wavefunction amplitude at
small R is proportional to n~32~™ where m(=1.127) is the Wannier index. The
intensities (and also the widths) of the resonances are proportional to the square of
this amplitude, namely n~3 2™ =pn"3-2%* which is consistent with the experimental
observations. Feagin and Macek (1984) also arrive at this n-dependence by arguing
that the average intensity of the resonances should be given very near threshold by
the Wannier law for two-electron escape just above threshold. They refute an
argument used by Rau (1983) based on the dimensionality of the Coulomb function
that describes the resonances.

Yet another property of the He ™ resonances that is different from the corresponding
property of singly-excited states is the behaviour of the energy spacings within the
groups of resonances. These spacings vary approximately as (n*)~2, and thus do not
have the (n*) 3 proportionality that would be expected for conventional groups of
unperturbed singly-excited Rydberg series (Fano and Cooper 1968). This difference
also manifests itself in the fact that neighbouring groups of resonances begin to
overlap at high n (n > 6), a behaviour that is impossible for conventional groups of
Rydberg states. The reasons for this behaviour, and the possible relevance to the
correlated structure of the resonances, have not yet been explained. By contrast,
Wulfman (1973)and Herrick, Sinanoglu, Kellman and co-workers (e. g. Herrick and
Sinanoglu 1975, Kellman and Herrick 1978, Herrick and Kellman 1980, Herrick
et al. 1980) have had some success in accounting for the energies and symmetries of
many of the high-lying doubly-excited states of H™ and He in terms of a new
supermultiplet classification scheme, but these studies have not yet been extended to
cover atoms such as He ™, in which the central core is not a bare nucleus.
Finally we discuss the relevant theoretical work that has not already been
mentioned. Rau (1983) has considered the wavefunction of the He™ resonances in
terms of hyperspherical coordinates and has proposed the formula

E :I_SR(Zcore_U_l/ét)z
n 3 2
-5
(" 2 )

for the resonance energies, where I, R and Z_,. are defined as in the modified
Rydberg formula (3-161), and ¢ and 6 are adjustable parameters. He obtains a good
fit to the energies of the lowest member in each group by taking 6 =0.354 and
0=1.67. More recently (Rau 1984 c) the energies of the doubly excited states of H~
and He with n<5 have been fitted by equation (3-164), but with

(3-164)
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1
62?2—0.164,
(3-165)
33
YA

Equation (3-164) then becomes

2R(Z—-0.172)
E,=]-—""— (3-166)

n 3 2 b
('Hzoz)

which is close to the modified Rydberg formula (3-163). Other recent theoretical
work that is relevant to the understanding of the Wannier-ridge resonances and of
analogous high-n doubly-excited states is that of Watanabe et al. (1982), who have
used the hyperspherical formalism (Macek 1968) to study the n=3 multiplet of He ™,
and that of Crance and Armstrong (1982), who have developed the approach of
Herrick and co-workers to obtain an approximate operator expression for
|r, —r,| !, from which they obtain an expression for the doubly-excited states of
He. There is also a considerable amount of work on the lower-lying doubly-excited
states of H™ and He (see Lin 1982, 1983 and references therein), using the
hyperspherical formalism. The nature of the correlations between the two excited
electrons in these atoms is shown clearly for example by the surface plots of charge-
density distributions that Lin (see for example Lin 1982) has presented. Berry and
co-workers (see for example Yuh et al. 1981, Ezra and Berry 1983) have presented
similar plots of wavefunctions calculated by more conventional techniques.

3.6 Conclusions

Threshold ionization is one of those rare subjects in physics for which classical,
semiclassical and quantum-mechanical treatments all have some validity. The value
of the interplay of these treatments is a theme that has run throughout the present
Chapter, and there is now little dissent from the view that convergence has been
reached on all the major aspects of the subject. Some differences in detail remain and
clearly these need to be investigated further, although the necessary experimental
and theoretical work will almost certainly present considerable difficulties.
Doubtless new facets of the subject will emerge from these further studies. But there
remains also a wider problem not yet solved — the development of a comprehensive
theoretical technique that can embrace and explain all the phenomena associated
with near-threshold ionization and excitation processes, a technique in which the
classical, semi-classical and quantum-mechanical treatments merge, rather than
overlap. Perhaps this aim is unrealistic, but should such a technique be developed it
would surely find ready application in the wider class of problems concerning long-
range correlations between three or more particles.
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4.1 Introduction

Ionization cross sections play such an important role in so many branches of
physical science that a considerable amount of effort has been devoted both to the
theoretical and experimental determinations of these cross sections.

The theoretical problem can be summarised by the observation that the final state of
the system consists of at least three bodies all of which interact through the long
range Coulomb force. Thus a description of the ionization mechanism requires a
solution to the many body problem. It is not surprising that there has been only
limited success in providing even total cross sections at energies less than those at
which the Born approximation is valid.

The most complete description of an ionization event is provided by determining the
energy and momentum of all particles involved in the collision. The triple
differential cross section thus defined is given by (Ehrhardt et al. (1972a))

do
dEdQ,dQ,

Where the scattering angles are defined in Fig. 4-1, E, is the incident energy and E ,
the energy of one of the electrons. The energy of the other electron Ej is determined
by the conservation of energy which also allows for the separation energy or
ionization potential of the electron in the target. This cross section depends on five
variables and therefore is sometimes referred to as the five-fold differential cross
section. More recently the term (e, 2 e) cross section has been used to describe these
processes. The measurement of this cross section requires the coincident detection of
both post collision electrons.

The cross section depends not only on a description of the ionization mechanism but
also on the structure of the target and the ion. In certain regions of phase space the
jonization mechanism can be described accurately, thus the (e, 2 ¢) cross section can
be used to provide structural information. Such is the case for certain symmetric

:f3(EOaEA’0A7()B7 ¢B)- (4'1)



90 P.J. O. Teubner:

collision geometries and the differential cross section has been used to probe the
momentum space wavefunctions of valence electrons in atoms and molecules
(McCarthy and Weigold (1976)). The other limiting case concerns ionizing events in
which the ion core plays a significant role in the collision. This class of events
provides a very sensitive test of the details of the ionization mechanism and it is here
that most theoretical studies have been singularly unsuccessful. Triple differential or
(e, 2 e) cross sections will be discussed in Section 4.2.

The double differential cross section is obtained by measuring the intensity
distribution of one of the electrons as a function of energy and angle. This is
equivalent to integrating the (e,2¢) cross section over the solid angle of the
unobserved electron with a consequent loss of information about the ionization
process. These cross sections will be discussed in Section4.3.

Information about electron impact ionization can also be gained in principle by
observing the energy and angular distribution of the ions arising from the collision.
McConkey er al. (1972) have studied the angular distribution of singly charged ions
arising from electron collisons with helium and argon. These distributions showed
similar features to the triple differential cross section measurements in helium by
Ehrhardt eral. (1972). In electron molecule collisons which lead to dissociative
ionization the situation is more complicated than in the atomic case because of the
potentially large number of intermediate states which can participate in the
collision. Dunn’s selection rules (Dunn (1962)) have been used as a basis to predict
energy and angular distribution of the fragment ions emitted in the dissociative
ionization. These rules have stimulated a significant experimental effort in the area
which is discussed in Section 4.4.

Inner shell processes near the K shell edge in molecules which lead to the formation
of shape resonances and to ionization are discussed in Section 4.5.

4.2 Triple Differential or (e, 2e) Cross Sections

Ionizing collisions between electrons and neutral targets in which the kinematics of
both outgoing electrons are completely determined, yield triple differential or (e, 2 e)
cross sections. Such measurements have provided an increased understanding of the
ionization mechanism and of momentum distributions of target electrons over the
past decade. If the energy of the incident electron is known and the kinematics of the
outgoing electrons is determined completely by coincidence techniques, then the
following general relationships apply.

Eq—¢=E + Ej (4-2)

where E,, E, and Ey are the energies of the incident and two outgoing electrons
respectively; ¢ is the binding energy of the electron in the target atom or molecule.
The momentum transfer ¢ in this case is given by

q=(ky+kp)—ko (4-3)

where ko, k , and kg are the momenta of the incoming and outgoingelectrons defined
as above. Conservation of momentum requires that g is equal to the recoil
momentum of the ion.
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Thus one is faced with all of phase space in which experiments can be done. However
three particular regions have emerged as being particularly tractable to measure-
ment over the past decade or so. These regimes are characterized by the choice of the
kinematic variables in equations (4-2) and (4-3) and can be further divided into
symmetric geometries (E ;= Ep) 6 , =05 =45" and asymmetric geometries where E ,
is chosen to be very much greater than E, and consequently 6,=0°.

Some insight into the relative importance of collision dynamics in these regions can
be gained from the following intuitive description (Weigold 1982). Three limiting
types of ionizing events can be described; namely those in which the electron
interacts predominantly with the core, those in which the electron makes a distant
collision with the target and those in which the electron interacts directly with the
target electron.

In general, interactions with the core give rise to one class of electrons of low energy
and momentum which will be emitted in the backward directions. It is conventional
when discussing the electrons involved in these collisions to ignore the principle of
indistinguishability and to describe the slow electron as the “ejected” electron whilst
describing the fast electron as the “scattered” electron. Such ionizing collisions
contribute predominantly to the “total” cross section (Ehrhardt et al. (1982 a)).
These events give rise to asymmetric kinematics in energy obviously but also in
geometry since the fast electron is scattered in the forward direction (0 < 10°).
Those events involving distant collisions also give rise to fast electrons scattered at
very forward angles (0 ,=0). The slow electron can then be observed in coincidence
at =90°". Such measurements have been shown (Brion (1975)) to be equivalent to
the absorption of a photon of energy E, —E ,: where E , is the energy of the electron
in the forward direction. Binding energy spectra obtained from these asymmetric
experiments compare favourably with photoelectron spectra (Brion (1975)). To date
it has not been possible to deduce momentum distributions.

In collisions involving direct interaction between the electrons, the ion core plays the
role of a spectator. At incident energies E, >> ¢, the electron-electron interaction can
be considered elastic, and thus the angle between the two outgoing electrons would
be 90°. Such collisions were initially described by Glassgold and Ialongo (1968) as
quasi-elastic scattering. Clearly the theoretical description of such collisions
requires an adequate description of both the electron-electron interaction and the
momentum distribution of the electron in the target. We shall see that for a certain
geometry — the symmetric non coplanar geometry — such a description exists and
has proven very successful as a probe for atomic and molecular wavefunctions.
Weigold (1982) has given a semi-classical argument which illustrates the way in
which this third class of collisions can yield information on the momentum
distribution of the struck electron. In the case of atomic hydrogen it is assumed that
the proton enters the interaction only via the conservation of momentum. Then the
differential cross section is given by the Rutherford cross section multiplied by the
probability that the electron has momentum ¢, defined in equation (4-2) which is
required by momentum conservation.

Thus the (e, 2e) cross section in this semi-classical argument is given by

4
o (@) OIS (4-4)
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where the Rutherford cross section « K ~# and the square of the momentum space
wavefunction is | ¢, ;(¢)|>. Such an experiment has been performed (Lohmann and
Weigold (1981)) and will be described in more detail in Section (4.2.1.4).

(e,2¢e) experiments which yield momentum space information then demand
symmetric conditions i.e. E ,=Ey and 0,= 0.

4.2.1 Symmetric Kinematics
In this case the indistinguishability of the electron leads to an advantageous
experimental situation in which 8,=0;=0 and E ,=E,.

Here the magnitude of the recoil momentum can be shown from equation (4-3) to be

1
q=[(2k,cos 0—ko)* +4k%sin’ Osin®(?/,)]> (4-5)

where the angles 0, ¢ and the momenta are defined in Fig. 4-1.

Fig.4-1. Schematic diagram of the kinematics which apply to (e, 2 ¢) measurements. The momentum of
the incident electron is ko, whilst k,, k, are the momenta of the scattered electrons. The angles 0, 0p
measure deviation from the incident beam direction whilst ¢» measures the out of plane angle

Two symmetrical experimental situations have been used to obtain differential cross
sections. The coplanar symmetric case (see e. g. Weigold et al. (1979), Camilloni et al.
(1977), van Wingerden et al. (1979)). Here E,=Eg, k,=kg, ¢=0. For a given
binding energy ¢=E, — E , — E, different values of ¢ are chosen by varying the
angles 0 about the quasi free scattering angle 6 =45°.

The first experiment in the coplanar symmetric geometry was carried out by Amaldi
etal. (1969). This followed early suggestions of Baker et al. (1960), Smirnov and
Neudatchin (1966) and Glassgold (1967). The early experiment was improved by
Camilloni et al. (1972) who measured momentum distributions from the 1 s state in
carbon.

More recent experiments on various other targets have demonstrated serious
difficulties in the theoretical description of the ionization mechanism in this
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geometry. Thus quantitative descriptions of the momentum distributions of
electrons in target atoms are clouded by uncertainties in the electron-electron
interaction, that is the Mott scattering ¢ matrix, which depends very strongly on the
polar angle 6.

On the other hand the Mott scattering t matrix is only weakly dependent on the
azimuthal angle ¢. This leads to the other symmetric geometry which has been
employed with much success in (e, 2 ¢) experiments on a wide range of atoms and
molecules (see for example Weigold and McCarthy (1978)). This geometry is
described as the non coplanar symmetric geometry. Here k ,=kg, 0,=05 and the
values of g are chosen by varying the azimuthal angle ¢.

The potential of this method for the determination of the momentum distributions of
the valence states in atoms was first demonstrated by Weigold et al. (1973) in an
(e, 2 e) experiment on argon. In an experiment on methane, Hood etal. (1973)
showed that the technique could also be applied to molecules.

4.2.1.1 Theory

The theory of the (e, 2 e) reaction for symmetric geometries has been developed most
fully by McCarthy and collaborators and has been reviewed extensively by
McCarthy and Weigold (1976), Weigold and McCarthy (1978) to which one should
refer for more than the brief summary which is presented here.

Early calculations based on the Born approximation by Glassgold and Ialongo
(1968) and by Smirnov and Neudatchin (1966) were sufficient to show that
momentum distributions could be determined from symmetric (e,2¢) geometry.
These theories have been modified most significantly by the incorporation of
distorted waves in the theory.

The differential ionization cross section for an (e, 2 e) reaction can be written, in
atomic units. McCarthy and Weigold (1976),

kakg

o (ko kq kp)=(2 my* Z | Mf (ko> k4, kp) ,2 (4-6)

0  av

where ) denotes the sum and average over degeneracies.

M =0 (k) s (k) W) T TE) Y5 167 (o) (4-7)

Antisymmetry is implicit throughout.

T(E) is the antisymmetrized two electron Mott scattering 7 matrix. ¥ is the
eigenfunction describing the ground state of the target and y} ' describes the final
state of the ion. The y'*’ describe the incoming and outgoing electron waves
respectively.

For symmetric collisions the 7" matrix depends only on the incident electron (a) and
the initially bound electron (b). This assumption, which is called the binary
encounter approximation, assumes that the state vector commutes with 7'(E) since it
contains neither electron (a) nor (b). Therefore

M= 05 I TE) W o) 16 (4-8)
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Two major approximations have been used to proceed from this point. The plane
wave impulse approximation (PWIA) arises by replacing electron waves with plane
waves. The two electron t matrix replaces 7" and factorizes giving

M=k (B KD g~ gy (4-9)
where
k! =% (ky—kg), (4-10)
1
k Z*z(ko_ﬁ) (4-11)

and ¢ is given by equation (4-3).
The cross section in atomic units is

kk
Ko
The Mott scattering factor

o,=Q2n)?*

P Lo 1 <qu Ty 12 (4-12)
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|k+k' P

cos 77ln l—L\—_?P (4-14)

where

1

n
The Mott factor is essentially independent of the azimuthal scattering angle ¢. Thus
in the non coplanar case, where 6 is fixed, f,, is a constant and the differential
ionization cross section is proportional to the square of the momentum repre-
sentation of the overlap amplitude. On the other hand f,, varies rapidly with 6 thus
differential cross sections measured in the coplanar symmetric case test the validity
of the description of the interaction mechanism as well as structural information on
the initial and final states. Indeed inadequacies in the PWIA have been demon-
strated in coplanar symmetric experiments on atomic hydrogen by Weigold et al.
(1979). Thus information on the wavefunctions has in general been restricted to
experiments in the non coplanar symmetric geometry.

An alternative description of the interaction is provided by the Distorted Wave
Impulse Approximation (DWIA) (McCarthy and Weigold (1976)). In this approxi-
mation, the electron-electron ¢ matrix is again used for 7 in equation (6) but the
distorted waves z; (k;) are computed in relevant optical model potentials. f,, is
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factorized out and the differential ionization cross section becomes

2)4

Z 1< s 1 W 1Wo)/o >\2 (4-16)

The major improvement which is seen by this approximation in the non coplanar
symmetric geometry is that it provides a more accurate description of the cross
section at regions of large momentum transfer ¢. These regions are equivalent to the
inner regions of the atom where the role of distortion is expected to be more
significant. Although some improvement over the PWIA in the coplanar case is
observed by Weigold et al. (1979) such improvement is not sufficient to supplant the
non coplanar geometry as a test of the properties of the initial and final state
wavefunctions.

For molecules it is usual (McCarthy and Weigold (1976)) to make the Born-
Oppenheimer approximation. In this approximation the molecular wave function is
the product of separate electronic vibrational and rotational functions. The
experiments do not resolve the final vibrational and rotational states thus closure is
used in the analysis. Under these conditions the PWIA reduces to (Weigold (1981))

_ 4 o kA B N~1 2
=2n)" fe. dQ | dv[Kqyy 1yl (4-17)

where the spherical averaging over the molecular orientations €2 is done by invoking
closure. The complications of the multicentre scattering problem have so far
prevented the applications of the DWIA to the study of molecules (McCarthy
(1984)).

For cases in which the ground state wavefunction can be represented by a Hartree
Fock configuration, McCarthy and Weigold (1976) show that the differential cross
section is proportional to the spectroscopic factor SV, This is the probability of
finding the configuration involving a single hole in the orbital ¢ in the ion state f.

SU) =[14"]? (4-18)

where the t/ are the CI coefficients for the ion. These authors also show that the
spectroscopic factor satisfies a sum rule derived from the normalization and closure
properties of the wavefunction i.e.

Y sO=1. (4-19)
S

4.2.1.2 The Experiments

The majority of (e,2e) experiments in symmetric geometry which have been
performed have measured relative differential cross sections. Such experiments can
however accurately measure ratios, thus tests with the theory involve only one
normalization. Many descriptions of the general experimental detail have been
given by Weigold and collaborators (McCarthy and Weigold (1976)). A schematic
view of typical apparatus is shown in Fig.4-2. A beam of electrons is directed at the
neutral beam of particles under study. Two electron spectrometers 4 and B view the
interaction region and are set to pass electrons with energies E, and Eg. In
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symmetric geometries E , = Ez=FE/2 where E = E_ — ¢ from equation (4-2). Various
types of electrostatic energy analysers have been used in (e, 2 ¢) experiments. These
include cylindrical mirror, hemispherical and 127° analysers.
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Fig.4-2. Schematic diagram of the apparatus used in a typical (e,2e) experiment

In the non coplanar case 0,=0;=45° and the momentum transfer g is varied by
changing the azimuthal angle ¢ in accordance with equation (4-5). This can be
achieved by rotating one spectrometer out of the scattering plane defined by the
momentum of the incident beam and the momentum of the other electron. Other
techniques have been used to vary ¢ most notably that by the group at the
University of Maryland (Moore et al. (1978)) who have used the focussing properties
of a cylindrical mirror electron spectrometer to advantage.

In the coplanar case the angle ¢ is held constant to ¢ =7 and the momentum
transfer ¢ is varied by rotating both spectrometers together about the incident beam
direction such that 6 ,=0,.

Electrons arising from ionizing collisions in the interaction region pass through the
spectrometers and are detected with electron multipliers. In the original experi-
ments channel electron multipliers were used, however more recently micro-channel
plates have been employed with some advantage. In the usual (e, 2 e) experiments
these latter devices have proven to be able to cope with greater rates and have much
faster rise times than the channel multipliers. Pulses from the detectors are
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amplified, delayed, processed by standard fast timing electronics and act asstart and
stop pulses for a time to amplitude converter (TAC). An alternative timing network
has been described by Van der Wiel and co-workers(1971) and has some advantages
in situations where low signal to noise ratios are encountered.
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Fig.4-3. A typical timing spectrum recorded in a conventional (e, 2 e) apparatus using channel electron
multipliers as detectors. The signal is contained in the region “c” whilst the background is determined
from the region “‘b”

The output of the time to amplitude converter can be monitored with a multichannel
analyser. A typical timing spectrum is shown in Fig. 4-3, where the coincidence peak
can be seen on top of a background of accidental coincidence counts. The
experiments then involve the measurement of the number of counts in the
coincidence peak as a function of g in experiments which measure momentum
distribution or as a function of E, for experiments concerned with the measurement
of binding energy spectra. In practice the true coincidence count, N,, rate is
established with two single channel analysers which monitor the output of the time
to amplitude converter. One single channel analyser is set to scan the channels
which hold the coincidence peak, i.e. N, and the other to scan the random
background, N,. Usually the background is monitored over R times more channels

N t{.‘ . . .
than that containing the peak. That is R:tw the ratio of the window widths
b

N
N,=N,— 7zi (4-20)

and the statistical error in N, i.e. one standard deviation is

Ny
g,= N(+E{

M=

(4-21)
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if the relative error in R is ignored. In practice R can be determined to arbitrary
accuracy by measuring the number of counts in the two single channel analysers
arising from two uncorrelated electron signals. The use of equation (4-20) assumes
that there is no slope in the background that is that the background rate is
independent of the time between start and stop. This is essentially a feature of the
TAC but it can lead to systematic errors when large singles count rates are
encountered in situations with poor signal to noise ratios.

The accidental coincidence count rate N, in a window of width ¢; is given by

N,=N,Ngt, (4-22)

where N,, N, are the single count rates in each spectrometer. In the region
containing the coincidence peak t; = twice the FWHM of the coincidence peak. The
ratio of true coincidence counts to randoms ultimately governs the signal to noise
ratio in the experiment. Clearly benefits in the signal to noise ratio can be gained by
minimizing t;. The advantage of microchannel plates in this regard is seen by
comparing t, for these devices at ~ 1 nsec wheras t; for channel electron multipliers
are typically ~5nsec.
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Fig.4-4. Differential cross sections for the electron impact ionization of argon at a total energy E of

400 eV (McCarthy and Weigold 1976). The peak at a separation energy of 15.76eV was taken at ¢ =10

and corresponds to the ejection of electrons from the 3p shell. The arrows at increasing separation

energies indicate the positions of the 353 p%, 3s? 3p* 3d and 3 s 3 p* 4d ion states respectively: the cross
sections were measured at ¢ =0"

The use of the technique in the determination of binding energies of valence
electrons in an atomic target can be seen in Fig.4-4. Here the number of true
coincidence counts arising from the ionization of argon at a total energy E=400¢eV
is shown as a function of the incident energy which is varied from 400 eV to 450 eV
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(McCarthy and Weigold (1976)). Dramatic increases in the coincidence count rate
are observed when the incident energy is such that equation (4-2) is satisfied for
various binding energies ;. The data in Fig. 4-4 were taken in the symmetric non
coplanar geometry at two polar angles ¢ =0 and 10°. Peaks corresponding to the
ejection of electrons from the 3 p and 3 s single particle states are seen at binding
energies of 15.75 and 29.3 eV respectively. The structure at higher binding energies
corresponds to the presence of correlation in the final ion state. Such spectra can be
compared at least superficially with binding energy spectra which can be obtained
from x-ray photoelectron spectrometry (XPS). However the advantage of (e, 2 ¢)
spectroscopy over XPS is demonstrated by the observation that it is possible to
identify the peaks in the binding energy spectrum by the shape of the differential
cross section as a function of the momentum transfer g. Equation (4-12) shows that
the differential cross section @ (q) is proportional to the square of the momentum
space wavefunction of the struck electron. This can be seen in Fig. 4-4 where the
coincidence count rate is plotted as a function of ¢ for the 3 p hole state and the 3 s
hole state. The difference in shape of the two peaks is obvious and characteristic of
the general predictions of equation (4-12).

Such a feature is perhaps trivial in the case of the main features of Fig. 4-4 as it could
be argued that the states are clearly represented by their binding energies. However
the major strength of the technique can be seen in the identification of the satellite
structure in Fig.4-5. In this case the angular correlations clearly identify these
structures as arising from configuration interaction in the 3s hole state. These
correlations will be described in more detail in Section4.2.2.

Comparison with the theory for such experiments is complicated by the fact that the
data are relative. However although the absolute value of the components of the
experiment which go to make up the cross section measurement are not known
explicitly, the way in which the data are taken allows a comparison with the theory
after only one normalization. Specifically the energies at which the outgoing
electrons are analyzed are constant, thus the transmission and detection efficiencies
are constant for any incident energy E,. Therefore meaningful comparison with the
theory can be made either in the determination of the relative differential cross
sections for different valence shells of the target or in the measurement of
spectroscopic factors.

4.2.1.3 Absolute (e, 2¢e) Cross Sections

The problems associated with the determination of the absolute value of the (e, 2 ¢)
cross section are similar to those encountered in the measurement of any differential
cross section using a crossed beam configuration. In particular the problems
associated with the neutral beam density, with the definition of the scattering
geometry and with the transmission of the spectrometers have in general led to very
large uncertainties in the designation of the cross sections.

The first attempt at an absolute (e,2¢) cross section was reported by Beaty et al.
(1977) on an experiment in helium. Shortly after Stefani et al. (1978) reported cross
sections for the ionization of helium at incident energies from 200 to 4000 eV.
Experimentally the (e, 2 e) cross section can be defined (van Wingerden et al. (1979))
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S
o= c (4-23)
ION(ldQAdQB)e“‘cA‘cBAE%

where S is the true coincidence count rate, e the electronic charge, N the target
density, I, the incident electron beam current, (/dQ ,d Qg),; the scattering length
times solid angles as seen by the two analysers in coincidence, 7, 7 the transmission
of the two spectrometersand 4 E;_ the half width of the energy resolution function for

coincident detection of both outgoing electrons.

The experiments of Beaty et al. (1977) and Stefani et al. (1978) were carried out in a
crossed beam configuration and had great difficulty in determining N. In the latter
case an attempt was made to minimize the problem by using gas flow techniques.
The problem of the effective solid angles of both detectors was approached by
scanning the electron beam across the target beam. Beaty et al. used a time of flight
analyser as one of the spectrometers and were therefore able to calculate the solid
angle dQ,, they also assumed that its transmission and efficiency 7, was unity.
Both groups estimate a factor of 2 in their absolute values which unfortunately
cannot be compared because they span different kinematic regions.

The far more accurate experiments of van Wingerden er al. (1979) produced an
overall uncertainty of 209 in the (e, 2 e) cross section in helium. The data were taken
in the coplanar symmetric geometry at 6 ,=45° =0 at various total energies E from
200 eV to 2800¢V. The target density N was determined very accurately by the use of
a static gas cell. Collimating systems determined an effective value of the scattering
length times the solid angle for each analyser which was calculated numerically;
these values were consistent with an analytic expression given by Kuyatt (1968).
Similarly a numerical value was calculated for the term (I dQ , d Q;).; which appears
in equation (4-23).

The overall efficiencies 7, and t of each analyser at an energy + E were determined
by comparison with the known elastic differential cross sections at an energy of 5 E.
The half width of the energy resolution function for the coincident detection of both
outgoing electrons was derived by folding the separate energy resolution functions of
both analysers which had been determined experimentally.

The inelastic cross section at L E or the double differential cross section was
measured by counting the singles count rate in one analyser and by using the
previously determined factors pertinent to the spectrometer. The double differential
cross sections measured in each analyser were equal to within 2%, which gives
confidence in the technique considering that the efficiencies, (1dQ),; and energy
resolution functions for both analysers were different.

The major contribution to the uncertainty in the (e, 2 ¢) cross sections determined in
these experiments arises from the errors in the elastic scattering cross sections which
count twice.

It is possible to compare these data with those of Stefani et al. (1978). The latter data
appear to be too small at most energies by about a factor of two which can be
interpreted as agreement between the two sets of experiments given the large
uncertainties in the Frascati data. In a later series of experiments Stefani et al. were
able to improve the error to about 50%. Nevertheless van Wingerden et al. (1981)
point out that there is still significant scatter in the Frascati cross sections.
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The comparison between the FOM data and various theories allow a sensitive
comparison of these theories. It is found that the Coulomb projected Born
approximation with exchange of Geltmann (1974) is in excellent agreement with the
data over the whole energy range. The plane wave impulse approximation of
McCarthy and Weigold (1976) and the plane Coulomb wave impulse approxi-
mation of Stefani et al. (1978) agree with the experimental results below 1000¢eV.

4.2.1.4 Experiments on Atomic Hydrogen

Atomic hydrogen is unique as a target in that its ground state wavefunction is known
analytically and in an ionizing event the final state is simply a proton. In a recent
experiment on atomic hydrogen Lohmann and Weigold (1981) have demonstrated
conclusively that the (e,2¢) cross section is a direct measure of the momentum
distribution of the electrons in the ground state and that the PWIA can be used with
confidence in non coplanar symmetric geometry.

For atomic hydrogen, equation (4-12) becomes

k., k
a=<2n)4% | fue? 161 (@) (4-24)
0

where ¢,,(q) is the momentum space wavefunction for the ground state of atomic
hydrogen. In atomic units

2\3 1
b= 7)) Ui (4-25)
Thus
6=27n25£|f Izlg (4-26)
ko 7 (I+g)*

In symmetric geometry the Mott scattering 7" matrix

1 27wy 1

2_ L 4-27

el =4 e 7 (4-27)
where

K:|].$0_L<A|:|L"O_L<B| (4'28)
and

1
N=——-: (4-29)
lky—kgl

In the non coplanar symmetric geometry K is constant and |f,,|* is essentially
independent of ¢ for g<2a.u. Thus the (e,2¢) cross section should be directly
proportional to the square of the momentum space wavefunction.

Very few experiments on atomic hydrogen have been carried out because of the
difficulties associated with the production of beams of hydrogen atoms. In the
experiments of Lohmann and Weigold (1981) a d.c. discharge tube was used to
produce the beam of hydrogen atoms. Two cylindrical mirror electron energy
analysers viewed the interaction region at polar angles of 45° to the incident electron
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beam direction. The azimuthal angle ¢ could be varied by rotating one of the
spectrometers in both directions about the zero degree position. It was confirmed
that the data was symmetric about ¢ =0 and that the singles count rates were
independent of the azimuthal angle.

The overall energy resolution in these experiments was ~ 2 eV which was sufficient
to discriminate against any undissociated molecular hydrogen in the beam. The
data were corrected for the small (40 =1.5° and 40 =2°) angular resolution of the
spectrometers.

The coincidence count rate as a function of the momentum transfer ¢ is shown in
Fig. 4-6 for total energies E =400, 800 and 1200eV. The data are relative thus at
each energy they have been normalized to the three data points of lowest ¢ in the
curve described by (1 +¢%)~*. It was found that the inclusion of the Mott scattering
term had a negligible effect on the fit to the data. The agreement between the shape
of the curve predicted by equation (4-26) and the data is excellent which
demonstrates conclusively that the (e, 2 e) cross section is proportional to the square
of the momentum space wavefunction in this geometry.

Experiments in the coplanar symmetric geometry have not been so successful and
illustrate the problems associated with the correct evaluation of the Mott scattering
¢ matrix (Weigold et al. (1979)).
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Fig. 4-6. Differential cross sections for the (e, 2 ¢) reaction in atomic hydrogen taken in the non coplanar

symmetric geometry (Lohmann and Weigold (1981)). The experimental points were taken at total

energics E=400eV, 800eV and 1200eV and the solid line represents the calculated momentum
distribution of the hydrogen atom

4.2.1.5 Correlation Effects

In favourable collision geometry and kinematics, the (e,2 e) reaction probes the
overlap between the ground state wavefunction of the atom and the final state
wavefunction of the ion. The differential cross section is then sensitive to the effects of
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configuration interaction in these wavefunctions. Such effects have been studied by
Weigold and collaborators in both atoms and molecules and two examples are
discussed below.

(a) Ground State Correlations

In collisions involving the helium atom at energies up to about 2keV the dominant
process is that which leaves the ion in the ground 1 s state. He™ is of course a one
electron ion consequently correlation effects can only arise from the atom. There is a
finite probability of exciting higher states in the ion in the ionization process. The
two reactions under consideration then are

e+He(ls)»>He* (1s)+e+e (4-30)
and
e+He(ls)>He" (n=2)+e+e. (4-31)

The relative cross sections for these two processes can be measured by the ratio of the
peak heights in a binding energy spectrum. This ratio depends strongly on the
description of the ground state of the atom. For example in the Hartree Fock basis,
the excitation of the n=2 states in the ion arises because in this set the 1 s one
electron wavefunctions of the atom are not orthogonal to the ns wavefunctions of the
ion; they are of course orthogonal to the nl wavefunctions for [#0.

On the other hand in a basis which employs configuration interaction the 2 p state of
the ion is no longer orthogonal to the atomic wavefunction. Thus a CI basis will
predict a different cross section ratio. .

The ratio of the cross sections for n=2 to n=1 excitation in helium was first
measured in the symmetric coplanar geometry by McCarthy et al. (1974). They
found that the ratio varied from 0.72%, at 0 , = 0y =0=45"to 1.54% at 8 = 53° which
was in excellent agreement with the ratios calculated from the correlated wavefunc-
tion of Joachain and van der Poorten (1970). They also found that ratios calculated
from the Hartree Fock basis wavefunction of Froese Fisher varied from 2.75%, at
0=45°10 1.94% at 0 =53°. Thus this technique was demonstrated to be a sensitive
test of the details of the ground state wavefunction. It is clear however that in this
geometry the agreement between theory and experiment relied on the fact that the
Mott scattering factors for the two states were essentially equal and therefore
cancel. Although the experimental results were sufficiently accurate to distinguish
between the Hartree Fock and CI calculations, the errors were such as to mark the
weak dependence of the ratio on the details of the interaction mechanism.

A far more accurate set of measurements of the ratio in the non coplanar symmetric
geometry has recently been reported by Cook et al. (1984). The experiments were
performed at a total energy of 1200 eV and covered a range of gfrom 0.3 to 2.5a.u. A
pair of position sensitive detectors were used to detect the electrons and perform the
energy analysis. These detectors resulted in a spectacular increase in the data taking
capabilities of the apparatus. The choice of the non coplanar geometry removed any
potential problems with the ¢ matrix. The aim of the experiments was to provide
data which could distinguish between various quality correlated wavefunctions.
Calculations of the ratio were made using the Hartree Fock basis of Clementi and
Roetti(1974) which they found to be independent of g and equal to 2.17%,. The ratios



Differential Ionization Cross Sections 105

were computed using the correlated wavefunctions of Joachain and van der Poorten
(1970) (JV), of Taylor and Parr (1952) (TP) and of Nesbet and Watson (1958) (N'W).
These wavefunctions predict 98%, 85% and 97.7%, of the correlation energies
respectively.

The experimental data are compared with the computed ratios for the various
wavefunctions in Fig.4-7. The Hartree Fock computation is clearly inadequate
whereas that predicted by JV is in excellent agreement for g<1a.u. and shows
acceptable agreement for larger values of g. Taken over the whole range of
momentum transfer, the experimental values clearly favour the correlated
wavefunction which predicts the majority of the correlation energy. Clearly this
technique is an extremely sensitive probe to the details of the wavefunction. Indeed
Cook et al. (1984) stress the considerable advantages which this technique has over
Compton profile measurements as a test of wavefunctions.
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Fig. 4-7. Ratio of the cross sections for the excitation of the n=2 to n =1 states in the helium ion in the non
coplanar symmetric (e, 2 e) reaction. The total energy used to measure the experimental cross sections was
1200eV (Cook et al. (1984)). The theoretical calculations are described in the text

(b) Final State Correlations

In the heavy rare gases such as argon, krypton and xenon, structure is observed in
the separation energy spectra which indicates the influence of correlation effects in
the final ion state.
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These correlation effects have also been observed for molecules such as the hydrogen
halides (see for example Brion et al. (1980)) and in the halo methanes (Minchinton
et al. (1982)).

The (e,2¢) spectroscopy of argon offers a good example of the way in which
spectroscopic information can be derived from the separation energy spectra.
Similar information has been derived on the valence electron spectroscopy of
krypton (Fuss et al. (1982 a)) and on xenon (Weigold and McCarthy (1978)). The
separation energy spectrum of argon, taken from McCarthy and Weigold (1976), is
shown in Fig.4-4. The peaks at 15.75eV and 29.3¢V arise from the ejection of
electrons from the 3 p and 3 s shells respectively. The additional structures at 38.6 eV
and 41.2¢V correspond to configurations with the same spin and parity as the 3 s
hole state namely the valence configurations 3 s*3 p*3d and 3s*3 p* 4d. Angular
correlations taken in the symmetric non coplanar geometry at the higher separation
energies clearly identify these states with the 3 s hole state; that is the cross section
peak at ¢x0. Indeed almost half of the spectroscopic strength of this state is
distributed amongst the higher configurations. This effect was first observed by
Weigold etal. (1973) and was subsequently confirmed at higher energies by
Giardini-Guidoni et al. (1976). Williams (1978} carried out a set of experiments at
300¢V total energy with an order of magnitude better energy resolution than the
previous experiments. Apart from observing the spin-orbit splitting in the 3 p hole
state, Williams detected the weak influence from the configuration 3 s* 3 p* 4 s which
was not observed in the earlier experiments. No evidence of contributions to the 3 p
hole statefrom additional configurations was seen by any of these groups.

All of these experiments were relative but it was possible to derive the spectroscopic
factors (equation (4-18)) from the relative cross sections in the separation energy
spectrum. Two techniques have been employed to deduce the spectroscopic factors
from the spectra as in Fig. 4-4. The one reported by McCarthy and Weigold (1976)
involved taking the areas of the peaks corresponding to the 3 s hole state relative to
that of the 3p hole state. These ratios were then multiplied by the ratio of the
theoretical cross sections to account for the difference in the momentum distri-
butions of the 3 p and 3 s states. This procedure rests on the observed fact that all of
the spectroscopic strength of the 3 p state lies in the peak at 15.75eV and therefore
S{p: 1. It also depends on the assumption that the ratio of the theoretical cross
sections is known accurately. Whilst the plane wave impulse approximation
accurately described the shape of the cross sections at small momentum transfer, the
possibility of different absorption for the 3s and 3p hole states could not be
dismissed “‘a priori”. A reliable distorted wave theory was required to explore this
point.

Thus an alternative approach has been used to determine the spectroscopic factors
which involves the use of equation (4-19). Here the strength of a particular
configuration is just the ratio of that peak to the total 3s hole strength. This
technique relies on properly accounting for all of the strength in the continuum.
The influence of inadequacies in the theory and hence the first method would be
apparent if energy dependence in the spectroscopic factors, was observed. Such a
comparison between the results of the three groups mentioned above is difficult for
the 3s 3p°® configuration because Giardini-Guidoni etal. give no error limits.
Nevertheless the results of Williams (1978) at 300 €V and of McCarthy and Weigold
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at 1200eV are in good agreement. In respect of the configurations at higher
separation energies, error limits are given by each group and favourable agreement
is observed over the whole energy range.

There is marked disagreement between the spectroscopic factors derived from (e, 2 e)
spectroscopy in argon to those determined from x-ray photo electron spectroscopy
(XPS) (Spears et al. (1974)). The XPS data show 82%; of the strength in the 3 s 3 p°
hole state compared to 53%; in (e,2e) spectroscopy. This discrepancy is usually
attributed to the fact that the two methods probe different regions of the atom and
therefore of the wavefunction (Weigold and McCarthy (1978)). In terms of
momentum transfer, XPS gives spectroscopic strengths for high g regions which are
very close to the nucleus whereas the (e, 2 ¢) experiments probe regions where ¢ =0
and therefore the electron is more likely to be found.

There is also marked disagreement between both (¢, 2 ¢) and XPS data and various
sophisticated theoretical calculations employing electron correlation effects (e.g.
Smid and Hansen (1983), Williams (1979)).

4.2.1.6 Molecular (e,2 e) Spectroscopy

The success of the (¢,2¢) reaction in the non-coplanar symmetric geometry in
accurately describing the momentum distributions of electrons in atomic orbitals
has prompted extensive studies into its use to probe the details of molecular
wavefunctions. The great strength of the technique rests in the ability to provide not
only separation energy spectra but also accurate details of momentum distributions
for regions of low momentum transfer ¢. These regions correspond to the outermost
regions of the target and are therefore very relevant in chemical descriptions of
bonding. The emphasis on the outer areas of the molecule overcomes the severe
computational difficulties associated with a complete distorted wave description of
the reaction mechanism since here the distortion of the incoming and outgoing
electron waves is minimal. In addition if the energies of the electrons involved in the
event are high enough, the plane wave impulse approximation is expected to provide
an adequate approximation to the reaction mechanism (Weigold and McCarthy
(1978)). This premise has been tested on various molecular targets and two examples
will be given below.

The extension of the (¢,2e) technique tc molecules has however, raised several
experimental problems which do not necessarily apply to atomic targets. Perhaps
the most significant of these is a consequence of the fact that the energy levels in
molecular ions are relatively more closely spaced. This feature places rather
stringent restrictions on the overall energy resolution which can be tolerated.
Typically the energy resolution which has been used in molecular (e, 2 ¢) experiments
is 1.5¢eV, although Coplan et al. (1978) have worked with AE=1.0¢V.

Such resolution is sufficient to identify the major features of simple molecules such as
N, and H, but it is only barely adequate to resolve the detail in a more complicated
molecule such as CH,Cl(Minchinton et al. (1982)). Clearly the study of vibrationally
resolved structure is beyond the realm of conventional experiments.

The reliance on the plane wave impulse approximation for the description of the
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interaction mechanism places a further restriction on the experimental conditions.
The assumption of the use of plane waves in the ionizing event demands that both
the incident and outgoing electron energies must be highi.e. E,=Ez > 600¢eV. Thus
molecular (e, 2 ) spectroscopy requires good energy resolution at high energies. For
electrostatic energy analysers the resolution is directly proportional to the analysing
energy (Kuyatt(1968)) thus these two features demand that theelectrons be retarded
in energy before analysis. This solution to the problem is however achieved at the
expense of transmission; for example in a cylindrical mirror spectrometer the
transmission is proportional R'? where R is the resolution of the device (Sar-el
(1967)). But the true coincidence count rate is proportional to the square of the
transmission, thus improvement in the resolution implies much longer data
collection times. Inevitably then, some compromise must be struck between signal
and data collecting rates; the practical limit in a conventional apparatus of ~1.5eV
reflects this compromise. Dramatic improvements in the energy resolution to less
than 0.5eV would require the use of an electron monochromoter which does not
seem to be a feasable approach in the symmetric configuration. Williams (1978) has
achieved resolutions better than this in experiments at 300 eV total energy in argon.
Even at this impact energy, in excess of one day was required to accumulate data of
sufficient accuracy for each point in both separation energy spectra and angular
correlations.

Two developments which show significant improvements in the signal rate are the
novel design introduced by Moore etal. (1978) and the use of position sensitive
detectors (Cook et al. (1984)). The electron spectrometer developed by Moore et al.
uses the focal properties of a spherical electrostatic analyser. Electrons, which leave
the interaction region, travel along the surface of a cone in the analyser. After
analysis they pass through an exit aperture and diverge along the surface of another
cone. Detectors are located around the surface of the exit cone; the relative position
of a pair of detectors determines the azimuthal angle ¢ in the experiment. Up to ten
detectors can be used, each pair representing a different azimuthal angle. The
resulting data are processed by a computer. Signal rates of up to twenty five times
that in a conventional apparatus have been reported by devices of this type (Coplan
et al. (1982)).

The other major new development lies in the use of position sensitive detectors.
Although these devices have not yet been used in the study of molecular (e, 2 e)
spectra, Cook et al. (1984) have demonstrated the considerable advantages of such
devices in an (e,2 e) experiment on helium. In this case the position sensitive
detectors were used in conjunction with a pair of hemispherical electron analysers.
For these spectrometers the radial exit position of an electron arriving normal to an
entrance aperture is directly proportional to the electron energy. Thus the position
of detection is directly proportional to the energy of electrons entering the
analyser.

Notwithstanding these significant experimental problems there is a growing
compendium of data on various molecules by several experimental groups. A survey
of the work at Flinders University has been given by Minchinton (1982). This work
has focussed on three major areas of (e, 2 ¢) spectroscopy namely the development
and testing of various impulse approximations, the assignment of outer valence sta-
tes and on the study of the effects of configuration interaction in the splitting of inner
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valence hole states. To a greater or lesser extent these areas have also formed the
basis of studies by Giardini-Guidoni and collaborators in Frascati (Giardini-
Guidoni et al. (1980), by Brion and co-workers at the University of British Columbia
(Cook et al. (1980)) and by Coplan, Moore and collaborators at the University of
Maryland (Tossell et al. (1982)).

The experimental procedures which are followed with molecular targets are similar
to those which have been described for (e, 2 ) collisions on atomic targets. Thus both
separation energy spectra are obtained and angular correlations taken on peaks in
the energy spectra. The angular correlation data are then interpreted as a measure of
the molecular overlap function and therefore as a test of the basis functions used to
describe the initial and final states. This interpretation rests on the validity of the
PWIA in most cases, to describe the ionization mechanism. This approximation has
been tested in the symmetric non coplanar experiments on H, by Dey et al. (1975).
Here the molecular wavefunctions are so well known that any lack of agreement
between theory and experiment can be attributed to the PWIA. In this work it was
found that the calculated momentum distribution for the 1 ¢, molecular orbital was
in excellent agreement with the shape of the measured differential cross section out
to g=1.5a.u. for several total energies E between 300eV and 1200eV. The
calculations involved the use of the plane wave impulse approximation and the wave
functions of Snyder and Basch (1972). Absolute cross sections were not measured in
the experiments. Subsequently van Wingerden et al. (1981) measured absolute (e, 2 ¢)
cross sections in H, at fixed scattering geometry (0=45°, ¢ =0) at several energies E
between 200 ¢V and 2800eV. These measurements, which corresponded to small g,
demonstrated acceptable agreement between the PWIA and experiment provided E
was greater than ~800eV.

Coupled with the observations of Dey et al. regarding the shape of the momentum
distributions one can conclude that the PWIA accurately describes the differential
cross section at these energies. The results of van Wingerden et al., however,
reinforce the view that some caution must be exercised for E<800eV because
significant differences are observed between theory and experiment in this energy
range.

The validity of the PWIA has also been tested in a series of experiments on N,
(Weigold et al. (1977 a)). Here it has been demonstrated that the measured angular
correlation for the 3¢, orbital was in excellent agreement with theory over an
extensive range of g even at a total energy of 400eV. In addition the relative
magnitudes of the 1 7, and 2 6, orbitals are very well described for small g i.e. less
than ~1a.u. At larger ¢ there are significant discrepancies between the computed
cross section for the 1x, orbital. These regions correspond to areas close to the
nucleus where distortion is expected to play a major role. The influence of distortion
can be clearly seen when the total energy E is increased to 1200 eV (Dey et al. (1977)).
In this case better agreement is found between the computed and measured cross-
sections.

From these experiments and others on molecules, it is clear that the PWIA can be
used to provide an accurate description of the shapes of differential cross sections for
small g even at low energies ; the range of validity isincreased as the energy increases.
Thus for small g less than ~ 1 a.u. any discrepancies between theory and experiment
can, with some confidence, be attributed to inadequacies in the basis wavefunctions.
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Such a conclusion has been drawn by Minchinton etal. (1983) on the calculated
momentum distributions of the outer valence regions of CH,CN.

The group at the University of Maryland have proposed a generalized technique to
test molecular wavefunctions (Tossell et al. (1982)). They compute auto correlation
functions, B (r), from measured momentum distributions, p (¢), by taking the Fourier
transform of p(g). The derived functions B(r) for the anti bounding orbitals of NO
and O, are compared with those generated from calculations involving a restricted
Hartree Fock basis. Although these authors conclude that the calculations in
general overestimate polarisation and underestimate diffuseness, it should be noted
that the (e, 2 ¢) data were taken at an incident energy of 400 eV. Thus the validity of
the theoretical description of the ionization mechanism is open to some debate.
The positive identification of orbital assignment in complex molecules is, to a large
extent, free from uncertainties surrounding the validity of the theory. In this case
momentum distributions are taken at features in the separation energy spectrum.
The shapes of these distributions removes any ambiguity surrounding the orbital
assignment. This feature of (e, 2 e) spectroscopy was first demonstrated by Dey et al.
(1976) in the resolution of the controversy surrounding the photoelectron spectro-
scopy identification of the ground state of C,H4 . Angular correlations of the 3,
and 1 ¢, orbitals clearly identified each. Similar demonstrations have been given in
chloromethane by Minchinton et al. (1982) and on the identification of the 31,,
orbital of benzene by Fuss eral. (1981b).

As in the case in the rare gases, the (e,2 ¢) cross section offers a sensitive test of
electron-electron correlations in the initial state. For example Weigold er al. (1977 b)
measured the relative intensities of exciting the 1 s, H; groundand the 2po,,2pm,
and 250, ion states. Similar effects were seen in these experiments to those which
have been described in the ionization of helium. In the case of H, the ratio of the
cross sections for the excited state to the ground state was found to depend strongly
on g rising from a value of 29 at small g. Angular correlations were taken on the
excited state data and compared with the shapes predicted from the H, ground state
configuration interaction wavefunction of McLean et al. (1960). It was found that
the shape of the 2 p g, transition was in good agreement with the calculated
distribution but the calculated cross sections for the 2 s g, and 2 p m, transactions did
not agree with the experiments.

Final state correlations have been studied in a series of experiments in the hydrogen
halides (Brion etal. (1980, 1982)). In general these experiments have shown
similarity between HC1, HBr and HI with their isoelectronic equivalent inert gases:
that is the outer valence states remain unsplit whereas the inner nso transition is
significantly split among many ion states. Brion etal. compared the observed
spectroscopic factors for these molecules with those predicted from several one
particle Greens function calculations using the two particle hole Tamm-Dancoff
approximation. It was found that the agreement between the measurements and
calculations was not good even though the approximation allows for correlation in
the initial and final states as well as relaxation.
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4.2.2 Asymmetric Collisions

1969 was a good year for coincidence experiments for it was in that year that the two
pioneering papers which have come to define the field of triple differential cross
sections were published. The first experiment with symmetric geometry was
described by Amaldi et al. (1969). Such experiments we have seen have led to the use
of this geometry to gain insight into momentum distributions of electrons in atoms
and molecules. The first experiments with asymmetric geometry were described by
Ehrhardt et al. (1969). Such experiments have concentrated on providing sensitive
data to test the ionization mechanism. The work on asymmetric collisions can be
conveniently divided into two energy regimes. Low energiesi.e. ¢ <E, <500eV and
high energies E,>3keV. In the low energy regime the primary aim of the
experiments is to provide data to test the ionization mechanism; whereas
experiments in the high energy regime have provided information on binding
energies of atoms and molecules. These compare favourably with those produced in
photoelectron spectroscopy using synchrotron radiation.

4.2.2.1 Low Energies

A study of typical single and double differential cross section measurements shows
that for ionizing collisions where the incident electron energy is greater than
~200eV, the two electrons leave the interaction region in a very asymmetric
configuration. That is one of these electrons is fast and is scattered in a narrow cone
in the forward direction whilst the other is slow and is ejected into a much larger
angle. Ehrhardt eral. (1982 a) have made semi-quantitative estimates of the
contributions of such asymmetric collisions to the “total” cross section in helium.
Using the data of Burnett er al. (1976), they find that ~ 859 of the ionization cross
section comes from these collisions. Thus it is not surprising that results from these
asymmetric configurations have presented the most severe test of the theory.
The first (e, 2 e) cross sections in this kinematic range were measured by Ehrhardt
et al. (1969). The target was the ground state of the helium atom and the incident
electron beam energies which were used were 114eV and 50eV.

As is the case in the symmetric experiments conservation of energy requires, if
thermal energies are ignored,

E=E,—¢=E,+Ep. (4-32)

In the ionizing event the two outgoing electrons are undistinguishable, usually
however, one of the electrons is referred to as the “scattered” electron and the other
is the “ejected” electron. For the purposes of this discussion the scattered electron
will be assigned an energy E , which is considerably greater than the ejected electron
energy Ep.

The apparatus which is used in these experiments is similar to that which has been
described previously in the symmetric collisions. Two electron spectrometers view
the interaction region which is defined by the intersection of an electron beam with
the neutral target beam. The work which has been reported by Ehrhardt and
collaborators used 127° electrostatic analyzers whereas an experiment carried out
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by Beaty eral. (1977) used a time of flight analyzer for the “ejected” electron and a
hemispherical analyzer for the scattered electron. The energy resolution in the
incident electron beam reported by Ehrhardt et al. (1972b) was between 100 and
200 meV which was derived by energy selection in the incident beam. This feature
reflects the significantly larger cross sections here than in the symmetric case. It is
usual in these experiments to fix spectrometer A4 at an angle, 0 ,, close to the incident
beam directioni.e. < ~10°. The small angle limit being set by the angle at which
interference with the electron beam is experienced. The energies of the “ejected”
electrons are then set at values between 5 and 10 eV which then fixes the energy at
which the scattered electrons are analysed in accordance with equation (4-32).
Fig. 4-8 shows a polar plot of a typical set of data from all such experiments. Two
peaks in the coincidence count rate are observed: one at forward angles which is
called the binary peak and another at backwards angles — the recoil peak. No
absolute cross sections have yet been measured in this configuration but various
features of the distribution are quite sensitive to the approximations used in the
theory. These include the ratio of the intensity of the binary peak to the recoil peak;
and the angles at which the binary and recoil peaks occur.

-90°

+120° -120°

+150° -150°

+180°

Fig.4-8. Examples of a polar plot of typical triple differential cross sections for the ionization of helium
taken in an asymmetric collision geometry (Ehrhardt (1982)). The dots represent the measurements whilst
the full line symbolizes a theoretical result. The fast electron is detected at a scattering angle of 0,=8"

Ehrhardt et al. (1972 c) have given a qualitative description of the origin of the binary
peak which is based on classical arguments and the first Born approximation. They
define the momentum transfer K to the atomic electron as

K=ko—k,4 (4-33)

which is fixed for each experiment. The momentum of the ejected electron, k 5, can be
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determined if the momentum of the electron in the target is considered. Such
considerations lead to the prediction that the binary encounter peak should be
symmetric about the K direction. The actual shape of this peak depends sensitively
on the momentum distribution of the target electron. This feature has been
demonstrated by Ehrhardt et al. (1980) in experiments on neon. For the ejection of a
p electron from the 2 p shell in neon a node is observed in the binary peak whereas no
node is observed in the ejection of an electron from the 2 s shell. Although qualitative
differences in the binary peak can be observed in these two cases in neon, the
derivation of momentum densities from such asymmetric collisions is not possible at
present because of the difficulties associated with the description of the ionization
mechanism.

The symmetry axis of the binary peak does not in general coincide with the K
direction. This observation is consistent with post collisional correlation between
the two outgoing electrons (Ehrhardt 1982).

Ehrhardt(1982) has recently summarized the following general points about various
features of the binary peak.

(a) For high and intermediate energies i.e. E,> ~ 3¢ the binary peak is the
dominant feature of the cross section. This is generally true for all angles of the
“scattered” electron 6 .

(b) For high energies E; (i.e. E5>20¢eV) the binary peak represents a very high
portion of the cross section. At these energies the recoil peak practically
vanishes.

(¢) At low impact energies (i.e. E, <3¢) the binary peak gradually vanishes.

The case of symmetric (e, 2 e) collisions can then be seen as a special case of
conditions (a) and (b) above. Here the recoil peak has vanished, the impulse
approximation gives a good description of the ionization mechanism and thus the
momentum distribution of the struck electron can be obtained from the (e, 2 e) cross
section.

Unlike the binary peak, the recoil peak bears no relationship to the momentum
distribution of the struck electron. This has been demonstrated by Ehrhardt and co-
workers over a wide range of energies and angles. This peak then requires for its
description consideration of both the outgoing electrons and the ion. It can be
considered to have its origins in the interaction of several strong effects in the
collision complex. These have been listed by Ehrhardt et al. (1982 a) as electron-
electron interactions between the target and the fast incoming electron; the
interaction of the ejected electron with the ion core resulting in large momentum
transfer to theion; and final state interactions of the slow electron with the ion. It is
not surprising therefore that various first order theoretical models have been
singularly unsuccessful in finding agreement with the position and relative
magnitudes of the recoil peak. These calculations include the work based on the first
Born approximation by Schultz (1973), Jacobs (1974), Robb etal. (1975); the
Coulomb-Born calculations of Schultz(1973), of Geltman and Hidalgo (1974) and of
Geltman (1974). Various distorted wave models have also been proposed by Baluja
and Taylor (1976), by Madison et al. (1977), by Bransden et al. (1978) and by Tweed
(1980). Byron et al. (1980) point out that although the distorted wave and Coulomb-
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Born calculations represent improvements on the first Born they fail to account
properly for the electron-electron repulsion in the final state. These authors have
accounted for this interaction in a second Born calculation in hydrogen (Byron et al.
(1980)) and in helium (Byron et al. (1982)).

In this treatment Byron et al. (1982) have calculated the differential cross section
according to the formula

_ kakp

T (o1 +/152)° (4-34)
0

g

where f, is the first Born approximation to the direct scattering amplitude and f,
the second Born term calculated in the closure approximation. This prescription is
justified in the asymmetric geometry because the effects of exchange are small and
because the third Born term can be neglected (Ehrhardt etal. (1982b)). In this
calculation the ground state wavefunction for the helium atom has been described in
an analytical fit to the Hartree Fock wavefunction: the final state wavefunctions of
the ion are of course known exactly.

A comparison of the results of this calculation with recent data on helium taken in
asymmetric geometry shows a marked improvement in the first Born calculations
(Ehrhardt e al. (1982b)). Although the experimental results are not absolute the
improvement in the calculations can be seen by the fact that the second Born term
results exhibit shifts of both the binary peak and recoil peak tolarger angles than the
direction K predicted by the first Born approximation. In addition the magnitude of
the recoil peak is significantly greater in this calculation than in the first order
theory.

In spite of these dramatic improvements, the theory still over-estimates the value of
the ratio of the intensity at 500¢V. Ehrhardt er al. (1982 b) consider that the second
order theory accounts for all of the relevant dynamical collision effects in the
calculations and that the remaining discrepancies could be removed by using more
elaborate wavefunctions in the description of the helium ground state and also in the
description of the slowly ejected electron in the field of the ion.

This assertion has recently been tested in the case of asymmetric (e, 2 e) collisions on
atomic hydrogen (Lohmann et al. (1984)). Here the uncertainties concerning the
adequacy of the ground state wavefunction of the target are removed because they
are known exactly.

Lohmann et al. (1984) produced a beam of atomic hydrogen in an RF source which
was based on the designs of Toennies et al. (1979) and of Slevin and Stirling (1981).
This source had the advantage over the DC source used in the non-coplanar
experiments on atomic hydrogen by the same authors in that it produced less noise
during operation. The experiments were performed at an incident energy of 250 eV
and the slow electron was detected at energies of 5, 10 and 14¢V. The energies of the
electrons after the collision were analyzed with two cylindrical mirror electron
spectrometers which were calibrated at the energy of the Ly M,3 M55 ' D, Auger line
in argon i.e. at 203.26¢V. Calibration of the energy of the slow electrons was
complicated by the fact that the electron gun would not work below 30 eV. However
it was demonstrated that the analyzer constant for the slow electron analyzer was
independent of energy over an energy range from 30 eV to 300eV which is consistent
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with such devices (Risley (1972)). This constant therefore was used to define the
energy of the slow electron.

Although the experiments were not absolute, relative normalizations were measured
between the data for different energies E, and E; and for different values of the
scattering angles 0 ,. The accuracy of the relative normlizations was estimated to be
better than 10%,. Care was taken to ensure that the efficiency of the low energy
electron analyzer was independent of the energy. This was demonstrated by
measuring double differential cross sections in helium at 250 eV and 70°, which were
compared with the recommended distributions of Kim (1983). Similar double
differential cross section measurements at 200eV and energies, Ep, of 10eV.
confirmed that no correction was necessary for the possibility that the slow electron
analyzer did not view the full collision volume over the angular range of interest.

A polar diagram of data at an incident energy of 250 eV is shown in Fig.4-9; here
0 ,=3" and Egz=5¢V. The data have been normalized to the theory of Byron et al.
(1983). It is clear that the experimental data show similar characteristics to those
observed in helium by Ehrhardt and co-workers namely the presence of a binary
peak and a clearly defined recoil peak. In this case both the second Born and the
eikonal Born series calculations of Byron, Joachain and Piraux (1983) fit the binary
peak very well but both predict a recoil peak which is significantly smaller than that
which is observed. This feature is common to the data at each energy and scattering
angle. :
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Fig.4-9. Polar diagrams of the (e, 2 e) cross sections for atomic hydrogen measured in the coplanar

asymmetric geometry. The incident electron energy was 250eV, 0,=3" and Ez=5¢V. The data have

been normalized to the second order Born calculation of Byron et al. (1983). The calculated cross sections

are: —————~ first order Born, —————— second order Born, —- . —. — eikonal Born series (Byron et al.
(1983)). The cross sections are in atomic units (Lohmann et al. (1984))

The data have also been compared with various distorted wave impulse approxi-
mations Weigold et al. (1979), McCarthy et al. (1977) each of which made different
assumptions concerning the distortion of the outgoing electron wave functions: the
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incident electron being represented by a distorted wave calculated in the full optical
model potential. It is found that these simpler approximations give a surprisingly
good fit to the data although the relative magnitudes are not always predicted
accurately. The best description of the data being obtained from the approximation
which represents the fast outgoing electron as a distorted wave calculated in the
static interaction potential for the ground state of the hydrogen atom.

4.2.2.2 High Energies

At sufficiently high energies that is, those at which the first Born approximation can
be used, coincidence experiments in which both electrons are detected in an ionizing
event are equivalent to photo-ionization experiments. The justification for this
statement rests on the work of Bethe (1930) who used the Born approximation to
describe the interaction of an electron with a target atom. Under conditions of small
momentum transfer, defined here as K =k, — k 4, the cross section for the scattering
event is proportional to the optical oscillator strength. This feature is often used in
inelastic scattering experiments to provide absolute values for both total and
differential cross sections (e. g. Dolder and Peart (1976), Lassettre et al. (1964)). The
Bethe-Born approximation can be generalized to ionizing events in which at least
two of the post collision products are detected. Van der Wiel, Brion and co-workers
have shown that in this case binding energy spectra and partial oscillator strengths
so obtained are equivalent to those which are derived from photo-electron
spectroscopy. Clearly the experiments must be performed at high energies and at
small momentum transfer K. Thus asymmetric kinematics are required.

The Bethe-Born approximation gives for the differential cross section in atomic

units
TEk 2T

where E is the energy loss in the collision and is E, — E ,. The generalized oscillator
strength
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where ¥, ; are the final and initial state wavefunctions respectively and r; is the
instantaneous position of the j-th electron. For small K the exponential may be
expanded as a power series in K and the generalized oscillator strength becomes

f(K,E)=f(0,E)+ AK*+BK*+ ... (4-37)

where f(0, E)is the optical oscillator strength and is proportional to the square of the
dipole matrix element for the collision. As K *— o the generalized oscillator strength
tends to the optical oscillator strength f(o, E) and in the limit of zero momentum
transfer
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(4-38)
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At high energies and small 6,~0 the cross section is then equivalent to that
produced by the absorption of a photon of energy E= E, — E 4. Thus this method can
be used to simulate photoionizing events. The advantages which electron impact
techniques have over conventional photoelectron spectroscopy have been explored
by Brion (1975)and include the facts that the energy of the probe can be varied easily
and that the resolution available is superior to the optical case.

A typical experimental configuration has been described by van der Wiel and Brion
(1972/73) and has many similarities to that which has been described in the low
energy case. The major differences are that the incident energy is high enough such
that the first Born approximation can be invoked with confidence. The “scattered
electron” is observed at very small angles (< 1°) so that the momentum transfer K
tends to the optical limit. The target region consists of a collision chamber which is
filled to a pressure of order 10~ 3 torr. The “ejected” electron is observed at either 90°
or 54° to the incident beam direction and the energy analyzed with a 127° analyzer.
The measuring procedure consists of setting the energy loss of the incident electrons
at a fixed value as detected in spectrometer A — this defines the pseudo photon
energy and then recording the true coincidence count rate as a function of the ejected
electron energy. The data were taken with a constant field in the 127° analyzer ; the
energy was varied by accelerating or retarding the ejected electrons.

This procedure yields energy loss spectra for a given electron energy loss which can
be converted into partial oscillator strengths for various molecular ionic states.
Relative populations of ionic states derived in this way can be compared with those
derived from conventional photoelectron spectroscopy data. In general the
agreement between the data from both techniques is very good.
Lahmam-Bennani et al. (1983) have carried out asymmetric (e, 2 e) experiments on
argon at incident energies of around 8.1keV. These are similar in concept to the
Ehrhardt type experiments at low energies except in this case the forward scattered
electron has an energy of 8 keV and the slow electron an energy of 100eV. They
observe that the cross sections are symmetric about the momentum transfer
direction K which is consistent with the predictions of the first Born approximation.
The recoil peak is quite evident at small scattering angles 6 , but for 0, >4°, this peak
essentially disappears so that the collision can be considered to be dominated by
binary processes. Absolute values have been assigned to the cross sections by
integrating them over the solid angle of the slow electron. These double differential
cross sections are then normalized to the measured Compton profile J (¢g) (equation
4-43) for the 3 p state in argon. The integration over solid angle relies on the
assumption that the (e, 2 e) cross section is cylindrically symmetric about K. This is a
consequence of the validity of the impulse approximation. Momentum distributions
have been derived from the data and for larger scattering angles agree both in shape
and magnitude with those predicted by taking the Fourier transform of a Hartree-
Fock wavefunction. Significant departures are observed both in magnitude and
shape for smaller scattering angles where the binary model clearly breaks down.



118 P.J. O. Teubner:
4.3 Double Differential Cross Sections

The first measurements of ionization cross sections which were differential in both
energy and angle were carried out by Mohr and Nicoll (1934). These experiments did
little more than identify the general features of the cross sections. Much later Opal,
Beaty and Peterson (1972) carried out an extensive series of measurements on a wide
range of target gases at incident energies from 50 to 200 eV. The rationale for this
study was to provide data on the rate of production of secondary electrons which
would assist a quantitative evaluation of the total energy deposition by fast particles
in gases. These data stimulated theoretical interest in the problem and several
attempts were made to apply the Born and related approximations to the ionization
of helium. Kim and Inokuti (1973), Bell and Kingston (1975) and Manson et al.
(1975) calculated double differential cross sections for incident electron energies
between 50 and 2000 eV. Bell and Kingston concluded that it was difficult to define a
range of energies in which the Born approximation was valid. The theory was clearly
inadequate below 200eV and at 2keV discrepancies were observed for slow
electrons in the forward direction and fast electrons in the backward direction.
These shortcomings in the theory clearly reflected the absence of polarization,
exchange and distortion in the calculations. The application of more sophisticated
theories to the problem was to a large extent, pre-empted by the growth, at about
that time, of a large body of data on triple differential cross sections.

In the high energy regime, i.e. at incident energies from 10 to 60 keV Bonham,
Wellenstein and co-workers (e.g. Bonham and Wellenstein 1977) have de-
monstrated that double differential cross sections can be used to determine electron
momentum distributions of light atoms and molecules which compare favorable
with those obtained from x-ray Compton profiles.

4.3.1 Low Energy Double Differential Cross Sections

Apart from the work of Beaty and collaborators on He, N, and O, mentioned
above, Oda and co-workers have measured cross section on He, CH,, H,O and Kr
(Oda (1975)), Rudd and duBois (1976 on He, Ar and N,), Ehrhardt et al. (1971) on He
and Shyn and Sharp on He (1979a), on CO, (1979 b) and H, (Shyn et al. (1981)). In
general it is difficult to compare cross sections measured by each group because
there is very little overlap in either the energy range of the secondaries or even target
gases. Nevertheless Shyn and Sharp have been able to make a limited comparison
between some of their data on He and with the cross sections of Opal et al. (1972) and
with those of Rudd and duBois (1976). As a prelude to measuring triple differential
cross sections in He and H,, van Wingerden etal. (1981) measured double
differential cross sections for these targets at a fixed scattering angle (45°) and at
fixed secondary electron energies !/, (E, —¢) for primary electron energies between
200eV and 2.8keV.

Similar experimental techniques were used in each of the above studies, the major
difference in approach was in the preparation of the target. Opal et al. (1972), Shyn
and Sharp (1979) used a beam, duBois and Rudd (1976) scattered electrons from a
bulk sample of gas and van Wingerden et al. (1981) used a collision chamber filled
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with the target gas. All experiments used an electrostatic energy analyzer to view the
interaction region. The procedure involved setting the electric field in the electron
spectrometer such that electrons of a particular energy were transmitted. The
spectrometer was then rotated through a large range of angles (6) about an axis
normal to the electron beam direction. Thus angular distributions of secondary
clectrons of a particular energy could be determined. Each group payed careful
attention to the inhibition of stray secondary electrons from surfaces bounding the
interaction region and consideration was given in each case to the -possibility of
multiple scattering processes. Helmholtz coils or magnetic shielding materials or
both were used to reduce the magnetic field in the interaction region to less than 20
milligauss. There were however, significant differences in the methods used by each
group to assign absolute values to the cross-sections.

The double differential cross section is given by (van Wingerden et al. (1981))

d*c S;.e
dQdE NI(dQ);tAE,,

(4-39)

Where S;, is the inelastic signal at a particular angle, e the electronic charge, N the
target density, I the incident electron beam current, (Id Q). the effective scattering
length times the solid angle, t the efficiency of analyzer and detection system and
AE,,, the half width of the analyzer.

The groups which prepared their targets in the form of beams had significant
difficulties in determining N in the above equation. Consequently they normalized
the data to known cross sections. For example Shyn and Sharp (1979) integrated
their distributions in helium over energy and angle to yield a total ionization cross
section at 100 eV which was normalized to that of Smith (1930). They estimated a 5%
uncertainty in the transmission of electrons through the detection system and an
overall uncertainty of 179 in the cross sections. Opal etal. (1972) used the
differential cross section for elastic scattering of 100 eV electrons from helium at 90°
to calibrate the product N (I d Q). T in their experiments. The elastic cross section
which they used was that of Williams (1969) which in turn had been obtained by
normalizing to the elastic cross section measured by Vriens etal. (1968) at 20°.
Comparison of these cross sections with those of Jansen et al. (1976) for elastic
scattering at 100 eV, shows that the calibration cross section used by Opal et al. was
too high by about 50%. This potential for renormalization was recognized by this
group however.

The cross sections of Rudd and duBois (1976) in helium were derived from measured
quantities thus they did not rely on normalizing procedures. Few details of the
measurements were given but they estimate an overall uncertainty of 209/ in the
cross sections for secondary energies above 10eV.

Shyn and Sharp (1979) have compared their cross sections with those of Opal et al.
(1972) and with Rudd and duBois (1976) at an incident electron energy of 200 eV.
They find that the Opal et al. cross sections for secondary electron energies of 87 eV
are too low at forward and backward angles by about a factor of two. There is,
however, reasonable agreement between each set of data at intermediate angles at
this energy. At lower secondary energies there are serious discrepancies between the
data from all groups. Kim (1983) has pointed out that such discrepancies make it
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difficult to apply the measured differential cross sections to specific problems such as
energy degradation. Kim has therefore assembled a set of recommended cross
sections in helium for scattering angles between 0 and 180°, secondary energies
between 0 and 40 eV and incident electron energies between 100 and 2000¢eV. The
recommended set is based on experimental and theoretical cross sections for double
differential and photoionization cross sections which are consistent with the
integrated cross sections and expected asymptotic behaviour.

The helium data of van Wingerden et al. (1981) were taken at a fixed scattering angle
of 45° and the differential cross section for elastic scattering from helium used to
determine the efficiency t in equation (4-39). The factor (/dQ),, was computed
numerically and found to be consistent with that derived from the analytical
expression given by Kuyatt (1968). The number density in the target was found to an
accuracy of 3%, by measuring the pressure with a capacitance manometer. These
cross sections had an overall uncertainty of between 6 and 8%, more than a factor of
two less than the error limits in each of the other experiments. Thus a case could be
made for using these cross sections to normalize future double differential cross
section experiments in helium. By interpolating these cross sections at
Ey,—e=275.5¢V one can compare with the helium cross section of Shyn and Sharp
at an incident energy of 300 eV and E=137.7 ¢V, 0 =48". Such a comparison shows
that the Shyn and Sharp cross section is higher than that of van Wingerden et al. by
about 18%. This is still within the combined errors in the two experiments. The cross
section of Opal et al. at E,=300¢V and a secondary energy of 135eV is 17%, lower
than the interpolated value but again this is within the error cited by Opal et al.
Van Wingerden er al. (1981) compared their experimental cross-sections with those
predicted by a plane wave Born calculation with the ground state helium
represented by Hartree-Fock wavefunctions. They found acceptable agreement
above 1000 eV but noted that this reflected the amount of information which was
lost by integrating over the solid angle of the unobserved electron; the same
calculation for the triple differential cross section yielded considerably higher cross
sections than the measured values.

4.3.2 Electron Energy Loss Spectroscopy

At initial electron energies in excess of 10keV, the first Born approximation can be
used to describe the ionization process and the double differential cross section can
provide structural information about the target. This proposal was first made by
Hughes et al. (1938) almost fifty years ago but for various reasons was discarded until
it was revived by the elegant experiments of Wellenstein and Bonham (1973). The
technique has been reviewed by Bonham and Wellenstein (1977).

In the Born approximation the relationship between the double differential cross
section and the continuum generalized oscillator strength f(K, E) is, atomic units.

d>c  ky (do KZ]'(K E) 440
dEAQ ko \dQ* E 7 (4-40)

f(K, E)isrelated to the structural properties of the target by equation (4-36), E is the
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energy loss in the collision, K is the momentum transfer between the initial
: do .
momentum kg and the final momentum k , and <dVQ>  the Rutherford cross section.

Bonham and Wellenstein (1977) show that the ratio of the differential cross sections
for electron scattering to those for photon scattering is greater than 10* solong as the
momentum transfer for electron scattering does not exceed 14a.u. In the energy
range of these experiments, this limitation on K restricts the observations to
scattering angles of less than 12°. Consideration of exchange effects in the collision
also demonstrates the necessity of small angle scattering. Bonham and Wellenstein
account for exchange by replacing the Rutherford cross section in equation (4-40) by

do
the Mott cross section (Td M and deduce

do do .
(i =G e (4an

The exchange term, F,,, is almost a pure function of scattering angle only and gives a
correction of generally less than 10% if the momentum transfer is restricted to the
range 0 <k <14a.u. Relativistic corrections to equation (4-40) must also be made
but these are small if the incident energy is less than 60 keV.

In regions where the Born approximation is valid, the generalized oscillator strength

can be converted to an absolute scale by using the Bethe sum rule (Inokuti (1971))
Le. ff(K,E)dE:n (4-42)

where nis the number of target electrons and the integral is taken out over the entire
energy loss spectrum. The validity of the Born approximation can be checked by
observing the independence of the generalized oscillator strength for fixed K and E.
The absolute generalized oscillator strengths are then related to the x-ray Compton
profile, J (q), by using the binary encounter approximation. That is

3

2k
(@)= lim ——= J(K, E) (4-43)

where in this case

_E—K2

= 4-44
1=—5% (4-44)

and J(q) is given by
J(g)=2mn J p(p)pdp (4-45)

lql
where p (p) is the atomic or molecular momentum density.
For sufficiently large momentum transfer, the right hand side of equation (4-43)
becomes only a factor of g. This limit is reached only for those collisions in which K*
is large compared to the separation energy. Thus the limiting value of K increases
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with atomic number and restricts the technique to light atoms or molecules; that is
atoms smaller than neon or molecules whose heaviest element is smaller than
neon.

The experimental procedures are similar in principle to those which are used in the
low energy experiments namely energy loss measurements are taken for various
scattering angles. In this case, however, the incident energies are between 10 and
60 keV, energy loss is measured up to 3keV and the range of scattering angles
between 2° and 20°. There are nevertheless several important differences in detail
which are unique to the high energy experiments. In particular the cross sections are
extremely forward peaked thus the scattering angle must be determined to great
accuracy that is typically a few seconds of arc. This in turn implies small and
extremely well defined electron and target beams and magnetic fields inside the
apparatus of less than 5milligauss. The criterion which determines acceptable
energy resolution in these experiments is approximately 1% of the width of the

. . AE
Compton profile; thus electron spectrometers with resolutions T 10~ * must be

used. The major development in this field has come from the use of Mollenstadt
energy analysers which have the required energy resolution and acceptance
angles (Bonham and Wellenstein (1977)).

The derived momentum distributions for light targets such as He and H, compare
favorably with those obtained from other Compton profile techniques. For example
the momentum distribution in helium measured by Lee (1977)is in good agreement
with both Hartree Fock and correlated ground state wavefunctions but cannot
distinguish between them. Such a technique cannot observe the influence of other
correlation effects which have been discussed in Section 4.2.1.5.

As the precision of the experiments has been increased to the order of 0.1%/, some
doubt has been cast on the validity of the Born approximation at this level of
accuracy. Wellenstein and co-workers have demonstrated the presence of non
impulse effects which appear as the departure of the profile maximum away from
q =0, profile asymmetry J (q) #+J (— g) and the appearance of secondary maximum
(Barlas et al. (1978)). Modifications have been made to the Born calculations by
incorporatingdistorted waves to describe the ejected electrons (Mendelsohn (1982)).
Generally encouraging agreement is found between theory and experiment in this
case (Wong etal. (1982)).

4.4 Dissociative Ionization

In the collision between an electron and a molecule which leads to dissociative
ionization, it has been known for many years, Condon (1930), that the kinetic energy
of the fragment ions depends on the details of the potential energy curves of the
states involved in the collision. In addition Dunn (1962) observed that the cross
sections depended on the symmetries of the states involved, thus at least to first order
the angular distribution of the ions would provide more information on the
lonization process. In the absence of a detailed solution to the scattering problem.
Dunn’s selection rules have provided a basis for a qualitative description of the
ionization process.
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4.4.1 Selection Rules

Dunn (1962) first deduced relevant symmetry principles for the case of dissociative
attachment which he then generalized to dissociative excitation and ionization. For
dissociative attachment he observed that the interaction potential in the scattering
problem could be represented by the scalar sum of Coulomb terms. This ensured the
preservation of symmetries which existed prior to the collision. If the incident
electron beam was represented by the plane wave, e'* % then the plane wave was
symmetric with respect to all rotations about kg, and with respect to reflections in
planes containing k,. Dunn then considered two limiting cases; that for which the
target molecule had its internuclear axis parallel to k, at the time of the collision and
that in which the internuclear axis was perpendicular to k,. He then showed that, in
some cases, zero transition probabilities in directions parallel or perpendicular to k,
could be deduced depending on the symmetries of the initial and final state
wavefunctions. These selection rules were presented for both homonuclear and
heteronuclear molecules for the two limiting cases described above. For the case of
attachment the symmetry axis was the direction of the incident electron beam k. As
an example of these rules transitions from the X" state in a homonuclear molecule to
the final states X or II, or 4, would yield dissociation products normal to the
symmetry axis, whereas dissociation products parallel to the symmetry axis would
result only from the transitions X -7 and 2, —»X, .

The situation is more complicated in the case of dissociative excitation because here
the scattered electron is a spherical outgoing wave and no definite symmetries are
seen. Dunn invokes the BQrn approximation and notes that in this limit the
scattering theory yields a term e'¥ £ where K=k, —k, is the momentum transfer.
The symmetry axis for dissociative excitation then becomes the momentum transfer
direction K.

Dunn recognized the additional complications associated with dissociative ioni-
zation. Here the presence of the “‘ejected” electron made the symmetries even less
well defined than was the case for excitation. By assuming, however, that the nucleus
played no part in the collision, momentum conservation showed that the electron
would be emitted predominantly along the momentum transfer direction.

The assumption of lack of involvement of the core is consistent with the initial
assumption of plane waves and the Born approximation. The asymmetric (e, 2 e)
studies of Ehrhardt and co-workers on helium reinforces the view that the ejected
electron is emitted along the momentum transfer direction at energies where the first
Born approximation approaches validity. However as the electron energy is reduced
to near threshold values, significant departures of the binary encounter peak from
the momentum transfer direction are observed (Ehrhardt et al. (1980)). Indeed von
Brunt and Kieffer (1970) conclude from their molecular recoil measurements that so
much of the incident electrons momentum is taken up by the heavy particles that the
symmetry axis is no longer along K. At these energies then it is not clear how the
selection rules can be used with confidence.

The situation at threshold is improved somewhat. Here both outgoing electrons
have zero energy and can be represented by s waves. Thus the wavefunctions
describing each electron are spherically symmetrical so the selection rules should
hold exactly. Various measurements of dissociative ionization in H, have been
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carried out to test the validity of these assumptions. These experiments will be
described in detail below. The rules show that the transition probability is zero for
transitions from X states to X,/ for dissociation products perpendicular to the axis
of symmetry. At threshold the momentum transfer K is parallel to the incident beam
direction. Thusif the dominant source of protons in the dissociative ionization of H,
is from the reaction

e+H (X )—>Hy (X))+2e-H+H" +2e (4-46)

then the differential cross section for proton formation at a scattering angle of 90°
should be zero at threshold. Van Brunt and Kieffer (1970) observed significant
proton production at threshold at #=90°, which on balance they attributed to the
effects of repulsive high lying Rydberg states of H,. These states had initially been
proposed by Kieffer and Dunn (1967) to explain their observed kinetic energy
distributions of H* and appearance potential measurements.

Subsequently Burrows et al. (1980) have fitted their measured kinetic energy
distributions, for incident electron energies between 30eV and 50eV, with
calculated distributions. The symmetry of the states of H, and H which were used
in these calculations was chosen so that Dunn’s selection rules were satisfied. That is
they used states which would give non zero proton yields at observation angles of 90°
where the experiments were performed. The states which they considered were the
Q, 2, and Q, II, autoionizing states of H, and the 2pr,*Il, state of H; . They
found good agreement between calculations and measurements near threshold and
reasonable agreement even at 50¢V. They do, however, sound a note of caution
about the uniqueness of the calculations.

4.4.2 Dissociative Ionization in H,

The study of the production of protons by the ionization of the hydrogen molecule
has dominated the field for many years. This reflects the relative simplicity of the
molecule but also reflects the considerable disagreement between the measurements
of various groups concerning the shapes of the proton spectra and the angular
distributions of the fragment ions. Indeed Dunn and Kieffer (1963) cited Bleakney
(1930) who introduced his paper describing the first observation of protons in the
ionization of H, with “The ions produced by electron impact in hydrogen has been
studied by the method of positive ray analysis so many times by so many
investigators that it might, at first sight, seem useless to try to make much more
progress in this direction.”

This section will concentrate on the hydrogen molecule because it demonstrates
most of the general features of the dissociative process. Nevertheless a considerable
amount of effort has been devoted to other molecules most of which amplifies the
problems which are apparent in the H, study.

Dunn and Kieffer (1963) have reviewed the field prior to 1963 and have described the
origins of the general feature of the proton spectrum. Electrons which collide with
H, in the ground ' X state may ionize the H,, leaving the Hy in the X, bound
state, the 2%, dissociative state or higher dissociative states. Hence two groups of
protons will in general be seen, one group with thermal energy which arises from
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excitations above the dissociation limit of the 22; state and a group of higher energy
protons corresponding to excitation to the 2X, state of HY . Measurement of the
proton energy spectrum then in principle provides information on the role of the
states participating in the ionization process or on the Franck-Condon principle. In
addition the angular distribution of the fragment ions, in conjunction with Dunn’s
selection rules, has been used to infer possible reaction mechanisms.

Thus the broad features of this description shows that the protons will be emitted in
an energy range from thermal energies up to 14eV. The experiments are difficult to
perform because the cross sections are small and in addition most groups have
incorporated some form of mass filter as well as an energy analyser. The low energy
ions can be seriously affected by surface charges and contact potentials whilst the use
of ion optics to increase the effective solid angle can seriously discriminate against
the high energy ions. The discrepancies in the observed energy spectra between the
many experiments no doubt reflect these difficulties and to put them into perspective
it is necessary to examine the methods and techniques used in some detail.

4.4.3 Methods and Techniques
4.4.3.1 Energy Distributions

The general description given above shows that the ions involved in these
experiments on H, are thermal H3, thermal H* and more energetic protons.
Consequently most groups have incorporated some form of mass filter as well as an
energy analyser in the apparatus to measure the kinetic energy of the protons
emitted in the dissociative ionization process. The types of mass filters which have
been used include magnetic sector, quadrupole and time of flight devices.

Dunn and Kieffer (1963), Kieffer and Dunn (1967), van Brunt and Kieffer (1970) and
van Brunt (1977) used the first order focussing condition of a 60° sector magnet
which related the energy E of an ion mass M by

BZ

E=
M o?

(4-47)

where B was the magnetic field strength. The geometric factor « was determined by
accelerating Hy ions through known electric fields and measuring the field strength
required to focus the ions. Care was taken to measure contact potentials and the
energy scale was estimated to be accurate to within 29 against systematic drifts. The
spectrometer was operated in a mode which discriminated against thermal energy
ions by allowing the ions to drift from the interaction region without the use of
accelerating potentials or ion lenses. It was demonstrated that lenses could increase
the proton signal but with a consequent distortion of the measured energy
distribution. Kieffer and Dunn (1967) showed that the spectra were reproducable
above 1.0eV, however discrimination against low energy ions by surface charges
subsequently forced van Brunt (1977) to limit his spectra to energies greater than
3.0eV.

AE .
The energy resolution <?) in each of these experiments was 10%. Typically the
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carth’s magnetic field was reduced to 35 milligauss by the use of shielding material.

The magnet was designed so that its field dropped off rapidly at short distances

beyond the exit and entrance apertures. They found that the field inside the

scattering chamber changed by 20 milligauss for magnet field changes from 0 to 1

kilogauss.

The original experiments of Dunn and Kieffer (1963) found significant discrepancy

between the observed spectra and those predicted by the Franck-Condon principle.

Improvements in the calculations and experiments by Kieffer and Dunn (1967)

showed that the improved data could not be explained by the assumption of the sole

participation of the %X, state. It was observed that the peak of the energy

distribution of the ions was shifted to higher energies than the calculations

predicted, the experimental peak was much broader than the calculated peak and

there was a shoulder on the lower energy side. These general features were confirmed

by van Brunt and Kieffer (1970). van Brunt (1977) demonstrated that not only the

shape of the shoulder depended on the angle at which the observations were made

but also the peak of the distribution. '

Kollmann (1975) also used a 60° sector magnetic mass spectrometer to analyze the
mass of the ions but preceded it with a 90° sector electrostatic energy analyzer to
measure the kinetic energy of the protons. In this case the ions were extracted from

the interaction region by applying an electric field between two spherical grids and
then accelerated to the fixed transmission energy of the energy analyzer. The voltage
between the grids was scanned in the region of interest and the kinetic energy of the
protons thus determined. Kollmann gives details of the ray tracing technique which
he used to demonstrate that the overall transmission of the ion lens was constant to
within 209, over the energy range between 2 and 12 ¢V. His data confirmed those of
van Brunt and Kieffer (1970) for an incident electron energy of 150 eV.

Crowe and McConkey (1973 a) analyzed the energy of the ions with a cylindrical
mirror energy analyzer and analyzed the mass with a quadrupole mass filter. The ion
spectrometer was equipped with an input lens system which focussed ions from the
interaction region on to the entrance of the spectrometer and an output lens system
which focussed the analyzed ions on to the entrance aperture of the mass filter. The
properties of the spectrometer depended critically on the fact that the ions of
different energies were all focussed at the same point on the axis of the mirror, all
with the same angular spread as no collimating slits were used. Crowe and
McConkey acknowledged the difficulty of this problem in ion optics but gave no
detailed information as to its solution. Cylindrical lenses were used throughout. In
addition the lenses on the output relied on calculated parameters to ensure that the
launch angle into the mass filter remained constant with ion energy. The procedure
which was employed in these experiments was that the ion lenses were adjusted for
optimum transmission at one energy and the energy measured by varying the field in
the cylindrical mirror analyzer. The transmission of the system was not measured
and the energy resolution was between 2%, and 3%,. Considerable care was taken to
remove stray electric fields, surface charges and contact potentials. The earth’s
magnetic field was reduced to less than 5 milligauss in the chamber by shielding with
magnetic shielding materials.

Crowe and McConkey found pronounced peaks in the proton spectrum at energies
of 8,4 and 2 eV for impact energies between 50 and 300 eV and observation angles of
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23°. These peaks had not been seen in the experiments of Dunn and Kieffer (1963),
Kieffer and Dunn (1967) and van Brunt and Kieffer (1970) although as previously
noted a shoulder was observed at about 4¢V in some of the earlier work. The
difference in the energy resolution in the earlier experiments was not sufficient to
explain the discrepancy. Kollmann (1975, 1978) was unable to reproduce the
structure observed by Crowe and McConkey even though he made a thorough
search for possible sources of systematic errors in his apparatus.

The prominent peaks in the proton spectrum stimulated theoretical interest, for
example Bottcher and Docken (1974), Hazi (1974, 1975), Bottcher (1974), as they
appeared to indicate the existence of dissociation channels from resonance
intermediate states which would autoionize into the dissociation continuum of the
ground state of Hy .

Stockdale et al.(1975)and Burrows et al.(1980) have used time of flight techniques to
measure energy distributions. The former group were forced to work with D" from
D, because of various technical problems and found a 109 variation in the
transmission of the quadrupole mass filter with different pole bias conditions. This
coupled with their acknowledged lack of reliability at lower energies and the
smoothing technique used to reduce statistical errors makes it difficult to compare
their data with that of van Brunt and Kieffer (1970) on D,. They did however see a
shoulder in this distribution at ~4¢eV, and reported similar distributions to those
observed by van Brunt and Kieffer (1970).

The procedure employed by Burrows et al. (1980) was based on time of flight to
measure the kinetic energy and a novel retarding device to discriminate between the
masses. This mass filter was not essential in their experiments on H, and D, and
data taken with the filter in and out were indistinguishable. They found acceptable
agreement with the data of van Brunt (1977) even though the peaks of the
distributions differed by about 1eV. This difference was partially attributed to
uncertainties in their energy scale. No structure as reported by Crowe and
McConkey (1973 a) was found at incident electron energies E, of 50 or 100eV. As
has been outlined above Burrows et al. (1980) were able to account for the shapes of
the proton energy distributions for energies E, from threshold to 50eV in
calculations using dissociative channels predicted by Dunn’s selection rules. These
states in turn had been suggested by Bottcher and Docken (1974), Hazi (1975) and
by Bottcher (1974) in attempts to explain the structure observed by Crowe and
McConkey.

Johnson and Franklin (1980) used a retarding potential device for energy analysis
and a quadrupole mass filter. In addition they used a series of lenses to extract the
ions from the collision region and accelerated them to the mass filter. No corrections
were made for transmission effects and although they observed considerable
structure in the proton spectrum for E;=50¢V it does not agree with any of the
energy distributions from any other group. It is clear from such comparisons that
their apparatus discriminated seriously against the higher energy ions in the
spectrum.

Landau et al. (1981) made use of the fact that the H; ions were all formed with
thermal energies and dispensed with the mass filter. Thus the apparatus could not be
used to study low energy ions and proton distributions are only given for energies in
excess of 0.8eV. The transmission of the 127 electrostatic energy analyzer which
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was used to measure proton energies was calibrated by studying the threshold
behaviour of electrons in the ionization of helium. The transmission function, which
was measured by Pichou et al. (1978), then enabled them to calibrate the spectrometer
over the whole energy range. A dramatic illustration of the way in which the energy
distributions can be affected by variations in transmission in the analyzer can be
seen in Fig. 7 of Landau et al. (1981). The raw data show a prominent peak at 4eV
which is substantially removed when corrections are made for the high energy
transmission function. At lower energies, E, < 50¢eV, Landau et al. compare their
data with that of Crowe and McConkey (1973 a) and find that the structure observed
by the latter group was only weakly discernible, although the data were taken at
vastly different scattering angles.

It is clear that the use of measured proton spectra to derive detailed information
about the ionization mechanism is limited by the uncertainties surrounding the
shapes. There is generally good agreement in the shapes reported by Kieffer and
Dunn (1967), van Brunt and Kieffer (1970), Kollmann (1975) and by van Brunt
(1977) but it should be remembered that the small differences between each of these
profiles make detailed fits of questionable reliability. There is now a growing weight
of evidence which strongly suggests that the structure observed by Crowe and
McConkey (1973 a) was in large part a reflection of an artifice in their apparatus.
Nevertheless this work did stimulate theoretical interest in the role of autoionizing
transitions in the ionization process so that there now appears to be consensus that
atleast the 0, '2 " and Q 'I1, autoionizing states of H, play a significant part in the
interaction. Additional information in this regard has been provided by the
electron-ion coincidence experiments of van der Wiel and co-workers (Backx et al.
(1976)). In this case a beam of 8keV electrons ionized the hydrogen molecules,
electrons which were scattered at very forward angles (0—2x 10 ?rad.) were
energy analyzed and measured in coincidence with the ionic fragments. These
coincidence measurements yielded oscillator strengths as a function of the energy
loss of the forward scattered electron. The protons arising from the collisions were
extracted with an electrostatic lens system which was designed and demonstrated to
have 1009, transmission efficiency for ions in the energy range from 0 to 20eV
(Backx ez al. (1975)) Inspection of the oscillator strengths showed that there was a
contribution from autoionizing states, presumably Rydberg states converging on
the 2po, state of H3 . In addition, the presence of a shoulder in the oscillator
strength at energy losses around 37eV indicated the influence of a partially non
autoionizing channel which was designated as a 'II, state.

4.4.3.2 Angular Distributions

Sasaki and Nakao (1941) observed that the angular distribution of protons emitted
in the dissociative ionization of molecular hydrogen was strongly peaked in the
direction of the incident electron beam. Dunn (1962) demonstrated that this
phenomenon was consistent with that expected from the application of symmetry
rules to the collision process. Subsequently Dunn and Kieffer (1963) carried out a
comprehensive series of experiments which measured the angular distribution of
protons of a particular energy for collisions in the incident energy range
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50eV < E,<1500eV. The results of these experiments showed qualitative agree-
ment with those predicted from a dipole Born model. Namely at high incident
energies the distributions became more isotropic whilst near threshold a cos? 6
distribution was to be expected, where 6 was observing angle.

van Brunt and Kieffer (1970) repeated the measurements for an incident electron
energy of 33 eV where Dunn’s selection rules were expected to hold exactly. They
found that the angular distribution consisted of two parts, an anisotropic
component and an isotropic component which could not be fitted with a function of
the form a-+bcos? 0. Zare (1967) had used the Born approximation to predict
angular distributions in the dissociative ionization of H; and, encouraged by the
similarity in the shapes of the cross sections for the molecular case, van Brunt and
Kieffer applied Zare’s relationship to their data. This relationship depended on the
parameter K -r, where K was the momentum transfer and r, the internuclear
separation. They used a value of K which was derived from molecular recoil
experiments. They found excellent agreement between the measurements and Zare’s
relationship and concluded that the theoretical basis of the anisotropic component
in the production of protons of energy 7.6eV was very similar to that. which
described the dissociative ionization of H;, namely a single repulsive potential
curve; the (2pa,) 2} state of H; . van Brunt and Kieffer offered no quantitative
explanation for the isotropic component but found that the angular distributions
were insensitive to the energy down to E,=29¢V. They attributed this behaviour to
the presence of the autoionizing states which had been proposed earlier by Kieffer
and Dunn (1967).

Ko6llmann (1978) extended these measurements to E, =25 ¢V and observed protons
with energies between 1eV and 4eV. He found significant forward backward
asymmetry in the distribution which has been observed at higher incident energies
for protons of energy 8.6 eV by Dunn and Kieffer (1963). Kdllmann found that the
asymmetry was more pronounced at E,=27eV than at 25¢eV and used the theory of
van Brunt (1974) to conclude that this asymmetry was due to the excitation of the
resonant autoionizing state of H,, 0, Z". van Brunt (1974) had considered the
influence of higher order multipole corrections to the simple dipole approximation
and found that these could lead to significant asymmetries which in turn depended
on the momentum transfer in the collision and on the symmetries of the states
involved in the collision. The influence of this state has subsequently been
recognized in the energy distributions data of Burrows et al. (1980).

van Brunt (1977) has recorded proton energy spectra for energies greater than 3 eV
at E,=75¢V for scattering angles of 8 of 23°,42° and 90°. The shape of these spectra
changes as a function of 6 as does the position of the peak. van Brunt concludes that
this demonstrates the influence of other states in the dissociation mechanism which
is consistent with the qualitative predictions of Dunn’s selection rules. He also
emphasizes that care must be exercised when comparing data taken at different
angles, at different incident energies and for different proton energies. Consequently
it is not possible to compare the angular distributions of Crowe and McConkey
(1973 b) with any other work because they did not analyze the proton energies.
Angular distributions alone cannot uniquely specify the states involved in the
dissociative ionization of H,. Dunn’s selection rules have had some success in
enabling the role of some states to be designated and, taken with the energy
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distribution data, they can be used to discuss the problem qualitatively. This may be
somewhat surprising given the assumptions which are involved in the application of
these rules to the ionization process even at threshold. Nevertheless they have
formed the basis of discussion of theoretical aspects of the problem for many years
and will continue to do so until a more complete theoretical description is developed.

4.5 Inner Shell Processes

The gross features in the absorption spectra of molecules near inner shell edges have
been classified by Van der Wiel (1980). These are

(i) a single intense peak, which does not show normal Rydberg structure, can be
seen at energies below the edge;

(i) features which stand out prominently above a smooth continuum above the
threshold;

(1ii) a weak fine structure which extends over hundreds of electron volts into the
continuum.

The excitation of these inner shell states involves the escape of an inner electron
through the atomic and molecular fields, thus their study can provide information
about these fields. Two complementary theoretical approaches have been used to
describe the general features of the absorption spectra. One is a multiple scattering
approach (Dehmer and Dill (1975)) and the other a molecular approach (Gianturco
et al.(1972), Rescigno and Langhoff(1977)). In the multiple scattering treatment, it is
assumed that the atomic electron escapes with low initial angular momentum from a
highly localized source through the anisotropic molecular field. Interactions with
this field raise the angular momentum of the ejected electron to higher states which
then add a centrifugal barrier to the electrostatic potential. The penetration of
barriers thus formed is responsible for the strong resonances both above and below
the threshold. At higher angular momentum values no barrier is formed and the
result is a much more extensive and weak oscillatory structurei.e. X-ray absorption
fine structure (XAFS).

Inner shell processes can be studied either by electron impact or by synchrotron
radiation (e.g. Nakamura etal. (1969)). The electron impact technique offers
considerable advantages over photo absorption. As has been pointed out elsewhere
in this chapter, the generalized oscillator strength for electron scattering from
valence shells at high energies tends to the optical oscillator strength as the
momentum transfer tends to zero. The application of this principle to inner shell
excitation in atoms has been demonstrated by King et al. (1977 a) and in molecules
by for example Van der Wiel et al. (1970). The most striking advantage of electron
energy loss spectroscopy lies in the resolution which the technique offers. For
example, Tronc etal. (1976) have obtained an energy resolution, which is
independent of the incident energy, of 70 meV at an excitation energy of 290 eV. This
is equivalent to a photon source with a band pass of 1 x 107* at 4.3 nm.

Apart from the experimental advantages, the excitation of inner shells with electrons
offers the possibility of studying states which are forbidden by electric dipole
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selection rules. For example Shaw et al. (1982) have observed the parity forbidden
transition to the (2p;,)~" 4 p state in Ar.

The major problem with the technique stems from the fact that the cross section for
inner shell processes contains a factor of (4 E) >. This means that long (in excess of
24 hours) data collecting periods are required and effectively limits the incident
electron energy to a maximum of 2 keV (van der Wiel (1980)).

Two techniques have been used to study inner shell processes by electron impact.
These are electron energy loss spectroscopy and electron ion coincidence
techniques.

4.5.1 Electron Energy Loss Spectroscopy

In this technique an electron beam is passed through a cell containing the target gas
and the electrons which are scattered at very forward angles are observed with an
electron spectrometer as a function of energy loss (Wight etal. (1972/73)).
Experiments with much higher energy resolution have been carried out by the group
at the University of Manchester (King et al. (1977 a)). Here an electron monochro-
mator is used to produce an electron beam with an energy spread of 50 meV at an
energy of 1.5keV. Electrons which areinelastically scattered from the target through
a small angular range (~0.3°) are retarded to an energy of ~ 6 eV and analyzed with
a 180° hemispherical analyzer. The energy loss spectrum is obtained by providing a
ramp between the target region and the local earth of the electron energy analyzer.
Spectra are calibrated against well resolved valence shell states which are known
accurately from spectroscopic data.

The results obtained from such experiments have mainly concentrated on the
spectroscopy of inner shell excitation. For example in the study of N, and CO by
Wight et al. (1972/73) the emphasis was on the designation of the structure of the
states involved in the inner shell excitation rather than on the measurement of the
cross sections. This study however did reinforce the concept of an equivalent core
model which had been used previously in photo absorption studies on N, by
Nakamura et al. (1969). Wight et al. (1972/73) showed that the K shell energy loss
spectrum of N, was indeed very similar to the energy spectrum of NO as was the
carbon K shell energy loss spectrum of CO. This model has led Wight and Brion
(1974) to predict the energy levels and ionization potentials of the unstable radicals
NH,, H;O and H,F from the K shell energy loss spectra of CH,, CH; and H,O
respectively.

Shaw et al. (1982) have observed vibrational structure in the (1s) ™! (z2p) ' = state of
N, at 401 eV at high incident energies (1.3keV). This vibrational structure was first
seen by King et al. (1977 b), however Shaw et al. observed that as they reduced the
incident energy, additional structure appeared at lower energy loss values. This
structure was the dominant feature at an incident energy of 480 V. They attributed
this structure to the (1s) ! 7 2 p 3 state of N,, the excitation of which is forbidden by
dipole selection rules.

Core excited negativeion resonances have been observed by detecting the number of
positive ions released from N, and from CO as a function of the incident energy by
King et al. (1977 c). These ions are formed by the capture of the incident electron in
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the m2p orbital in a way which is analogous to the formation of negative ion
resonances in low energy electron molecule scattering (King ez al. (1980)). The
shapes of the resonances [N,¥]™ and [C*O7]~ are observed to be similar which is
consistent with the predictions of the equivalent core model. Such similarities have
led King et al. (1980) to suggest that the technique could be used to study resonances
in equivalent core molecules which are difficult to study by other means. For
example the structure of CF ™ should correspond to that observed in oxygen K shell
excited CO™.

Accurate oscillator strengths for the absorption spectra of N, and CO have been
measured by Kay er al. (1977 a) from zero degree scattering of §keV electrons. In N,
they find agreement between their integrated oscillator strength for the intense peak
and that predicted by Dehmer and Dill (1976) using the multiple scattering model.
The moment theory MO calculation of Rescigno and Langhoff (1977) is in good
agreement with the experiments in the continuum.

X-ray absorption fine structure has been seen in electron impact of the chloro-
methanes CHCl; and CCl, by Hitchcock and Brion (1978). The oscillations were
observed in the carbon and chlorine continua.

4.5.2 Electron Ion Coincidence Experiments

The technique used in these experiments is the same as has been outlined in
Section 4.4.3 concerning the coincidence experiments on dissociative ionization in
H, (Backx etal. (1976)). The success of the technique rests on the ability of the
apparatus to collect even the most energetic ions with 100%, efficiency. Two
procedures can be used. First the electron energy is set at a fixed energy loss and all
the ions are measured in coincidence with electrons of this energy. This yields an ion
fraction spectrum from which ion oscillator strengths can be derived. The second
procedure involves the measurement of coincidences between a particular ion and
electron as a function of the energy loss. Here a relative ion oscillator strength for a
particular ion is obtained.

Van der Wiel (1980) has described the three main areas in which these techniques
have been used.

Inner-shell ionized molecules normally produce a doubly charged molecular ion in
the final state which will decay into two ionic fragments. This double dissociative
ionization has been shown to be the dominant process for K ionized CO (Kay et al.
(1977b)) and for 5 2 p ionized SF, (Hitchcock et al. (1978) where in excess of 85%, of
all events lead to double dissociative ionization.

Another use of the technique has been described by Kay et al. (1977 b) who searched
for vibrational structure in the continuum resonances by measuring the individual
fragment oscillator strengths over the energy range of these resonances. No evidence
for this phenomenon was found either in carbon K ionized CO or in SF (Hitchcock
etal. (1978)). It was observed that the shapes of the individual ion oscillator
strengths in both targets closely followed the shapes of the total absorption
oscillator strength.

The increased sensitivity of ion studies over photo-electron spectroscopy in the
observation of post collision interaction effects has been demonstrated by Kay et al.
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(1977b). They note that the oscillator strengths for CO?* and (C*+O7)
production in CO are suppressed near the carbon K threshold which is evidence for
the effects of post collision interaction for the ionization event.
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5.1 Introduction

Electron impact ionization involves the collision of an electron with a target particle
and the subsequent production of an ion (and a neutral) and the respective ejected
electron(s). A measure of the probability for this reaction is the total ionization cross
section (see Chapter 7),1.e., the cross section for producing a single positive charge in
the exit channel of the ionization reaction regardless of the details of the reaction
products (mass to charge ratio, electronic states, neutral fragments etc.). Another
(more detailed) measure is the partial ionization cross section, which describes the
probability for an individual ionization process, including dissociative ionization,
multiple ionization, and more generally, ionization to a particular final state of the
produced ion.

The determination of partial ionization cross sections is not only important in its
own right but also because of the many applications, i.e., mass spectrometry, plasma
physics and chemistry, atmospheric and interstellar physics etc. (. g. see Chapter 9).
The measurement (and the theoretical calculation) of partial ionization cross
sections is more difficult than the determination of total ionization cross sections,
because it is necessary to make a detailed analysis of the reaction products. In this
chapter the various methods, their results and the associated problems and errors
will be discussed with particular regard to the most salient experimental pitfalls and
the most recent developments to overcome their difficulties.

In addition, another purpose of this review is to summarize available data, to discuss
critically their reliability and to provide a guide-line (to select recommended data)
for use of partial ionization cross sections. Another aim of this chapter will be to
elucidate the physics of the electron impact ionization process in the framework of a
state to state (partial) ionization reaction.
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5.1.1 Ionization Processes and Mechanism

a) Ionization Processes

If the energy of an electron beam colliding with a gas phase target (atom, molecule or
cluster)is greater than a critical value (ionization or appearance energy), some target
species (depending on the corresponding cross section) will be ionized. As the
electron energy is increased, the variety and abundance of the ions produced will
increase, because the electron impact ionization process may proceed via different
reaction channels. For the simple case of a diatomic molecule AB these reaction
channels are (not including negative ion production):

AB+e— ABt +e,+e, single ionization (5-1)
S AB e, +2e, double ionization (5-2)

> AB*t +e,+z-e, multiple ionization (5-3)
—ABXt 4 e +e, K shell (inner) ionization (5-4)

— AB** +e,—AB* +e,+e, autoionization (5-5)

S AB**4e +e,— A" +B+e te, fragmentation (5-6)

> AB** +e,+2e, autoionization (5-7)

— AB* +e,+e,+hv radiative ionization (5-8)

—>A*+B+e,+e, dissociative ionization (5-9)

A" +B” +e ion pair formation (5-10)

b) Franck-Condon Principle

Electron impact ionization of an atom involves the transition between two well
defined (clectronic) states, whereas in case of a molecule also vibrational and
rotational excitation has to be considered. The energy transferred into vibrational or
rotational excitation is, however, small compared to the energy of the electronic
transition. The changes in vibrational levels during the ionization event can be
described for diatomic molecules with help of the well known Franck-Condon
principle, whereas rotational excitation depends on the validity (above 800eV
electron energy) or breakdown (below 800 V) of the electric dipole selection rule
(Hernandez etal. 1982).

The Franck-Condon principle may be summarized qualitatively as follows: No (or
only negligible) changes occur in the nuclear separation and velocity of relative
nuclear motion during the ionization event. This is due to the great ratio of nuclear
to electronic mass and the short interaction time. Hence, the arrival point on the
final potential energy curve lies directly above the starting point on the initial
potential energy curve (vertical transition). Depending on the relative shape of the
potential energy curves in a specific system, different reaction channels may be
possible, i.e. the accessible final level lies (1) within the region of discrete vibrational
states, (2) not only within this region, but includes some part of the continuum and
(3) entirely within the continuum of a repulsive state and all transitions lead to
dissociative ionization (see Fig.5-1).
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Fig. 5-2. Partial ionization cross section ratio ¢ (H*/H,)/ o (H; /H,) as a function of incident electron
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Crowe and McConkey 1973a, —-.—-—- electron impact curve predicted by Browning and Fryar 1973,
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In addition, the Franck-Condon principle can be used to treat quantitatively
electron impact ionization (fragmentation) of diatomic or pseudo-diatomic mo-
lecules at low electron energy (Stevenson 1947, Schaeffer 1955, Dunn 1966,
Browning and Fryar 1973, Crowe and Mc Conkey 1973a). Results have been
compared with observed atomic to diatomic ion ratios also including isotope effects
(Stevenson 1947, Bauer and Beach 1947, Schaeffer and Hastings 1950, Schaeffer
1955, Stevenson 1960, Adamczyk etal. 1966, Crowe and Mc Conkey 1973 a).
Fig. 5-2 shows results for the H*/H; ratio up to 25¢V, i.e. including only H* from
the dissociation of the H; (X)) state (see Fig. 5-1).

In case of polyatomic molecules (with the exception of small polyatomics of high
symmetry which can be treated in a similar way as diatomics using correlation rules
to predict electronic states and reaction paths involved; see e.g. Pople 1975,
Momigny etal. 1980, Lorquet 1980, Mark 1984 a) the two-dimensional potential
energy curves (Fig. 5-1) have to be replaced by n-dimensional potential energy
hypersurfaces (with n the number of atoms in the molecule). Although electron
impact ionization proceeds without nuclear displacements (Franck-Condon prin-
ciple), the resulting (excited) polyatomic ion can undergo further internal transitions
leading to subsequent unimolecular decomposition. Therefore, it is impossible to
interpret fully the ionization process in terms of a detailed knowledge of the
hypersurface. It is necessary to use statistical methods, i.e. the quasi equilibrium
theory (QET) or RRKM theory (Glasstone et al. 1941, Marcus and Rice 1951,
Rosenstock etal. 1952).

¢) Ionization Mechanism

Most of the ionization reactions summarized in the previous sections (e.g. process
(5-1) through (5-4), (5-9) and 5-10)), can be classified as direct ionization processes,
where the ejected and the scattered electron leave the ion within 107 s of each
other (Berry 1974). Conversely, there exists an alternate ionization channel
(competing with direct ionization), where the electrons are ejected one after another.
This autoionization event (e.g. process (5-5) and (5-7)) can be described as a two-step
reaction. First, a neutral molecule (or atom) is raised into a superexcited state which
can exist for some finite time interval. Then, radiationless transition into the
continuum occurs. For molecules the upper autoionization rate (and hence the
ionization cross section) is limited by the characteristic energy storage mode
frequency. In addition, if predissociation (into two neutrals) is faster than
autoionization the latter will not occur at an appreciable rate. Moreover,
autoionization is a resonance process and this will complicate (structure) the
respective ionization cross section function at low electron energy (see e.g. Figs. 7 to
9 in Johnson etal. 1978 (threshold ionization curves of Kr*, Xe* and Nj,
respectively), a review on autoionization in heavy alkali metals by Nygaard (1975),
or results of Morrison 1964, Winters et al. 1966, Collins etal. 1968, Maeda et al.
1968, Marchand et al. 1969, Marmet etal. 1972, Carboneau and Marmet 1972,
Morrison and Traeger 1973, Lefaivre and Marmet 1978, Locht et al. 1979, Selim
1980, Miletic et al. 1980, Hubin-Franskin et al. 1980, Hashizume and Wasada 1980,
Mathur 1981a, b, Mathur and Frost, 1981 and Pichou et al. 1983), but also at higher



Partial Ionization Cross Sections 141

Relative partial ionization cross section (arb. units)
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Fig. 5-3. Partial ionization cross section curves for Ar* after Crowe et al. 1972. Top curve shows the
variation of the cross section function summing over all possible ionization mechanisms. (This curve is in
good agreement with recent measurements of Stephan eral. 1980a,b.) Middle curves illustrate the
variation of the strengths of the 3d and 4 p autoionization processes. The bottom curve shows the
behavior of the cross section function for Ar* production by direct ionization. These results were
obtained by taking energy loss spectra at different incident electron energies and scattering angles
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Fig. 5-4. Partial ionization cross section curves for Ba* and Ba’*: @ Ba+e—Ba' measured by
Dettmann and Karstensen 1982, @ Ba + ¢ — Ba?* measured by Dettmann and Karstensen 1982, —
scaled Born approximation by Mc Guire (1979), - — — - Lotz (1970). Relative cross section curves
measured by Okudaira (1970) and Ziesel and Abouaf (1971) are not shown for the sake of clarity.
Dettmann and Karstensen (1982) interpret the maximum of the Ba* at ~9 eV by direct ionization of a 6 s
electron, whereas the maximum at ~ 22 eV is caused, according to these authors, by the autoionization
process Ba(5p°6s?)+e—Ba (5p°6s*5d)+e—Ba (5p°6s)+2e. Ziesel and Abouaf (1971) find the
threshold for this autoionization process to be ~12.5eV. The maximum of the Ba?* curve at 55 and
110eV is interpreted by Dettmann and Karstensen by contribution from direct inner shell ionization,
whereas a break at about 20eV (not shown in this figure) is ascribed due to an Auger process following the
removal of one 5 p electron resulting in the removal of two 65 electrons
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energies. Figs. 5-3 and 5-4 show as an example the ionization cross section curves of
Ar* and Ba®, clearly demonstrating the strong influence of autoionization on the
general shape of the ionization curve (see also discussion of other influences, i.e.
excited states (Kerwin etal. 1969, Rosenstock 1976) or competitive ionization
(Lifshitz and Long 1964, Cantone et al. 1966, Rapp 1971, Lifshitz 1971, Stephan
etal. 1980b)).
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Fig.5-5. Partial ionization cross section as a function of electron energy for the process
N, +e— N32" 43¢ after Halas and Adamczyk (1972). At an electron energy of 427 eV (Nesbet 1964) an
Auger process is possible and can be seen to influence the shape of the cross section function
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Fig.5-6. Partial ionization cross section as a function of electron energy for the process

Mg+e—Mg?* +3e. @: experimental results by Karstensen and Schneider (1978), dashed line: double

binary encounter calculation (valence shell contribution) by Chatterjee et al. 1982, and full line: double
binary encounter calculation (with inner shell contribution) by Chatterjee et al. 1982

Quite similarly, multiply charged ions can be formed in a two-step autoionization
process. First, a singly charged ion is produced by the ejection of an electron from an
innershell ((process (5-4); see Chapter 6); this internally ionized atom (molecule) is
then transformed into a multiply charged ion by a series of radiationless transitions
(Auger effect). Fig. 5-5 shows as an example the ionization cross section curve of
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N327*, demonstrating the occurrence and influence of this Auger autoionization
process. Auger ionization and its electron energy dependence has also been studied
in detail by Fiquet-Fayard (1962), Fiquet-Fayard and Lahmani (1962), Fiquet-
Fayard and Ziesel (1963 a, b), Ziesel (1965, 1967a,b), Ziesel and Abouaf (1967),
Fiquet-Fayard etal. (1968), Karstensen and Schneider (1978) (see Fig.5-6),
Dettmann and Karstensen (1982) (see Fig.5-4) and Chatterjee etal. (1982) (see
Fig. 5-6).

5.1.2 Types of Individual Ions Produced

Electron impact ionization of atoms will result in the production of singly and
multiply charged ions. On the other hand ionization of molecules gives rise to a
number of different ions, whose properties will be discussed in the following (see-also
Mairk 1984 a):

a) Parent Ions

Parent ions are positively charged ions as produced by reaction (5-1) through
removal of one electron from the neutral precursor molecule. The production of
these parent ions (with lifetimes of > 107 s) relative to other ions originating from
the same neutral precursor is depending on the electron energy and on the properties
of the neutral molecule. At, and just above the ionization potential only singly
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Fig. 5-7. Clastogram for phosphine after Mirk and Egger 1977. Plotted are the respective partial

ionization cross sections a,; (see page 151) divided by the sum of all partial ionization cross sections Y 0.
as a function of electron energy P
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charged parent ions are produced, but at higher electron energies other ions (see
below) are observed. The relative importance of the various ions as a function of
electron energy can be demonstrated with help of clastograms (see, e. g. clastogram
of PH; in Fig. 5-7). In general, for small molecules the parention is the dominant ion
at all energies. Conversely, for large molecules the parent ion intensity usually
decreases with increasing molecular weight and with higher electron energies (sce
e.g. Fig.8 and 9 in Miérk 1984 a, and discussion in Brunnee and Voshage 1964,
Spiteller 1966, Field and Franklin 1971, Litzow and Spalding 1973).

Note. In this conjunction it is interesting to point out that the reason for running
mass spectra at relatively high electron energy of 50 to 100eV (Meisels 1982) is the
fact that fragmentation patterns do not vary very much with electron energy in this
energy range (e.g. Fig. 5-7) and that the partial ionization cross section functions
(and thus the mass spectrometer detection efficiency) have their respective
maximum in this energy range (e.g. Fig. 5-8). On the other hand a superfluity of
peaks is present in this case (which makes it sometimes hard to detect the parent
peak, Beynon, 1960), because so much energy can be transferred to the molecular ion
in this energy range leading to heavy fragmentation (see below). Because of this fact
electron impact ionization is considered a “non-soft” ionization technique as
compared to photoionization. However, if similar energies are used for photo-
ionization and electron impact ionization very similar mass spectra have been
observed (e.g. see Fig. 5-2 present work and Figs.7 and 8 im Maccoll 1982).
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Fig.5-8. Partial ionization cross section functions for ammonia after Mérk et al. 1977a
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The parent ion intensity is also depending on the temperature of the molecular gas
target due to the fact that the molecular kinetic energy is a function of temperature,
i.e. an increase of translational energy (due to higher temperature) under constant
ion source gas pressure leads to a decrease of all specific ion intensities (Stevenson
1949), whereas an increase in vibrational energies of the molecular ion leads to an
appreciable decrease of the relative parent ion intensity due to a higher fragmen-
tation rate (see, e.g. Fig. 5-9). For polyatomic molecules this latter effect can be
explained in terms of QET (Vestal 1968). Moreover, well defined relations for the
temperature dependence of relative parent ion intensities (pattern ratios) have been
reported (Field and Franklin, 1970). The temperature dependence of small
molecules will depend on both the electronic transition moment and the Franck
Condon factor (Jackson et al. 1974).
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Fig. 5-9. Schematic mass spectrum of triacontane at 70¢eV electron energy after Remberg et al. 1968 for
two different gas target temperatures

b) Fragment Ions

If the energy of the incident electron is increased above the ionization potential of a
molecule, fragment ions appear, e.g. for diatomics as produced by reaction (5-9). In
case of polyatomic molecules a wide range of fragment channels are available, i.e.
the molecular ion can immediately decay into an even or odd electron fragment ion
(primary fragment ion). These primary fragment ions may be produced in excited
states and immediately decay into further fragments, and so on.

The number of fragments ions and their relative cross section functions are
characteristic of the corresponding parent molecule. In case of diatomic parent
molecules, the fragmentation can be treated quantitatively in terms of the Franck-
Condon principle (see 5.1.1.b.). For the discussion of small polyatomic molecules an
approach can be used where spectroscopic and quantum-theoretical ideas are
utilized to determine the dissociation path. To deal with large polyatomic molecules
the QET theory has to be utilized. This theory (recently reviewed by Rosenstock and
Krauss 1963, Rosenstock 1968, Vestal 1968, Wahrhaftig 1972, Cooks et al. 1973,
Lifshitz 1978) provides the most successful theoretical approach for the discussion of
dissociative ionization of large molecules, especially if combined with quantum
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mechanical calculations (Lorquet 1980, 1981). Levsen (1978) has shown that at least
qualitative, in some cases quantitative, agreement between QET results and
experimental observation of breakdown graphs (which are directly related to partial
ionization cross section functions) has been observed.

In general, the relative abundance of any fragment ion is related to its rate of
formation and its rate of dissociation by unimolecular decomposition. Hence, a
measured mass spectrum is a record in time of the position of this “quasi-
equilibrium” of those rates. In other words, because the mass spectrum is a cut in the
three-dimensional plot of ion current as a function of electron energy and mass to
charge ratio, also the respective partial ionization cross section functions will
depend on the time after formation of the primary ion. Lifshitz and Gefen (1980)
have used the trapped ion mass spectrometry technique (see Section 5.2.3.f) to
investigate this phenomenon for the electron impact ionization of 1.5 hexadiyne.
Typical results, for short and long delay times, are shown for CiHZ, CgHS and
CcH; in Fig.5-10. The increased fragmentation for C;H{ is obvious at long delay
times.
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Fig. 5-10. Partial ionization cross section functions for ions of 1.5-hexadiyne (a linear isomer of benzene)
with m/ze=76, 77 and 78 at two different times following electron impact ionization after Lifshitz and
Gefen (1980)

c) Metastable Ions

Tons produced by electron impact with sufficient internal energy to dissociate before
reaching the detector of a mass spectrometer (i.e. <107 °s) are called metastable
ions. Conversely, unstable ions are those which decompose immediately into
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fragments in the ion source before leaving the ionization region (i.e. <107 ®s). More
generally, however, metastable ions with lifetimes between 1073 and 107 !! s have
been reported (Lifshitz 1978, Brenton et al. 1979).

The existence of metastable ions can be explained by different mechanisms
depending on the size and property of the precursor ion, i.e. forbidden pre-
dissociation, tunneling through a barrier, vibrational (statistical) predissociation
and rearrangement transitions (e.g. Herzberg 1967, Kovacs 1969, Beynon et al.
1971, Cooks etal. 1973, Beynon and Cooks 1976, Brenton et al. 1979, lllies et al.
1982, Stephan et al. 1982a, Beynon et al. 1982, Midrk 1982a,c, 1984 a).

The intensity of metastable peaks (see Hipple and Condon 1945, Cooks et al. 1973) in
a mass spectrum is usually less than 19 of the base peak. Conversely, for certain
metastable transitions, e.g. CH; * — CHy ; CCl{ * - CCl5 ; CF; * - CF{ (Brehm
et al. 1974, Stephan et al. 1983 d, e, Leiter et al. 1984 b, Deutsch et al. 1984), it is not
possible to detect any precursor ion signal at all. In addition, the temperature
dependence of the metastable decomposition reaction rate has been studied
(Stephan and Mirk 1982 a, Griffiths et al. 1982, Illies et al. 1982) and it has been
found that for certain ions the ratio between metastable and precursorionis a strong
function of the temperature of the neutral precursor molecule (see e.g., Ary * — Arj
in Fig.5-11 (Mérk 1982a, Stephan and Mirk 1983)).
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Fig.5-11. A plot of the relative metastable to stable precursor ion intensity ratio against stagnation

chamber temperature after Stephan and Mirk 1983. Note that the stagnation chamber temperature

determines the final temperature of the neutral Ar; cluster (produced in the free jet expansion) before
being ionized by electrons
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d) Multiply Charged Ions

Multiply charged atomic and molecular ions were observed and identified very early
(Thomson 1912, 1921, Conrad 1930). Subsequent observation of numerous doubly
charged ions followed (e. g. see reviews by Mohler et al. 1949, Ast 1980, Mathur et al.
1980, Teleshefsky et al. 1982, Mirk 1984 a, Brehm et al. 1984). In addition, triply
charged molecular ions have been detected (Mérk 1984 b) in low abundance for
various organic and anorganic compounds (Dibeler et al. 1953, Quinn and Mohler
1959, Dorman and Morrison 1961, Meyerson and Van der Haar 1962, Van Brunt
and Wacks 1964, Newton 1964, Brion and Paddock 1968, Fiquet-Fayard et al.
1968; see also Kellogg 1981, 1982, Becker and Dietze 1983). Moreover, electron
impact ionization of free Van der Waals clusters can lead to multiply charged ions
with up to five elementary charges (Henkes and Isenberg 1970, Gspann and Korting
1973, Echt etal. 1982; see also Dole et al. 1968).

Most of the:doubly charged diatomicions AB** observed (a summary of those ions
is given in Midrk 1984 a) satisfy

IP(A*)+IP(B*)<IP(4**)<IP(B%*) (5-11)

with I P the respective single and double ionization potentials for the single atoms A4
and B. In this case the repulsive Coulomb state arising from A* +B™ lies
energetically below weakly bound states arising from 4>* + B, at all internuclear
distances. Metastable AB>" exist when short range chemical forces impose a
sufficiently strong attractive well in the repulsive Coulomb interaction (see also
Sattler et al. 1981). Fig. 5-12 gives as an example the potential curves of He? ™.
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Fig. 5-12. Potential energy curves calculated by Cohen and Bardsley (1978) (see Nikulin and Samoylov

(1982) and Castro et al. (1982)) for He * (2S)+ He (®S) and He? * + He('S) interactions. It can be seen that

the lowest doubly charged molecular state He3* (X! X,7) has a local minimum around 1.4 a,. Moreover,

the attractive B' X state arising from He?* + He is short lived since the B—X transition is dipole
allowed (Helm et al. 1981)
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Conversely, as has been recently pointed out by Helm et al. (1981), there is a second
category of doubly charged diatomic ions, satisfying

IP(A*)+IP(B*)>IP(AB*"). (5-12)

Here, the repulsive Coulomb state arising from A* and B™ lies above the weakly
bound state arising from 42" + B (see Fig. 5-13) allowing the formation of stable
AB?™ ions. Three rare gas dimers (namely, HeXe? *, HeKr?* and NeXe?*) fall into
this group. One of these ions, NeXe? ¥, has recently been observed experimentally
(Johnson and Biondi 1979, Helm et al. 1981), and Helm et al. (1981) and Stephan
et al. (1982 b) reported semi-quantitative potential energy curves consistent with the
measured appearance potential of NeXe?*, ArXe?* and NeKr?*.

T T I T NeXe2+
5T \\ \ oY ++(1 Ty |
xe* *("'sp)+Ne('s)
~ AfF \ -
3
> 3 -
2 . xet*('py)Ne('s,)
5 2 T "_Xe*(Pyp)+Ne*(?P)]
'g — xet +(3P1)+ Ne (130)
g r ot % \Xe++(3PO)+Ne(1SO)
a —
ol S Xe* PRy Ne'(2P) |
o*1.2 ++(3 1
‘ . ] Xet+(°p,)+Ne('sq)

1 2 3 4 5 6
Internuclear separation (A)

Fig.5-13. Potential energy curves reported by Helm etal. 1981 for Xe** +Ne('S,) and
Xe* (2P)+ Ne* (*P) interactions. The well depths of the lowest states arising from Xe?* (*P,) + Ne (*S,)
are 0.019, 0.020, and 0.023¢V for 2=0", 1 and 2, respectively

Unstable or metastable doubly charged molecules can decompose in two different
ways, depending on how the two charges will be distributed in the reaction, i.e.

AB** > AT +B™, (5-13)
AB** > A** +B. (5-14)

In general, most of the electron impact multiple ionization processes of molecules
lead to singly charged fragment ions via process (5-13) (e.g. Brehm and De Frenes
1978, 1980), rather than to one multiply charged fragment ion as shown in reaction
(5-14) (e.g. Beynon etal. 1959, Rabrenovic et al. 1983). The charge separation
process (5-13) (sometimes termed Coulomb explosion) has recently been reviewed by
Ast (1980) (see also Sattler et al. 1981, Jentsch et al. 1982 and Gemmell and Kanter
1984).

The partial ionization cross sections for the production of multiply charged atomic
and molecular ions rarely exceed 1 — 5% of that of the dominant singly charged ions
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(Beynon 1960, Biemann 1962, Kiefferand Dunn 1966, Mirk 1982 b, 1984 a). Certain
atoms (e.g. see review by Kieffer and Dunn 1966) and certain compounds, however,
have been found to possess, increased ability to sustain two positive charges, i.e.
aromatic, heteroaromatic and polyfluor compounds (Kienitz 1968), aminoboranes
(Dewar and Rona 1965), and organometallic compounds (King 1969). In some cases
doubly charged parent ions were found to be more abundant than the corresponding
singly charged ion (Waight 1969, Hellwinkel and Wiinsche 1969, Solomon and
Mandelbaum 1969).

Itis interesting to mention in this section, that there exist also other cases of multiple
ionization (see also Chapter8), the most simplest case being the reaction
H™ +e—H" +2e. Cross sections for these reactions have been recently studied by
Peart et al. (1971) and Defrance et al. (1982).

5.1.3 Principle of Ionization Cross Section Experiment and Definitions

Experimental determination of electron impact ionization cross section functions
usually involves an experimental arrangement of simple conceptual design
(Fig. 5-14). A parallel, homogeneous and monoenergetic beam of electrons crosses a
semi-infinite medium containing N, target particles per cm® at rest. If n(0),
represents the initial intensity of the incident electrons per cm?s, the density of the
electron beam at depth x is given by the exponential absorption law

n(x),=n(0),-exp(—N, - x). (5-15)

If N, ¢ - x<<1 (single collision condition), the number of ions generated per s along
the collision interaction path x = L (over which the ions are collected and analyzed)
is

n(L);=n(0),-N,-o,-L (5-16)

with o, the counting ionization cross section in cm?. The total positive ion current i,
produced in this interaction volume is given by

ii=n(0),-e-N,-0,-L (5-17)

with ¢, the total ionization cross section. If the produced ions are analyzed with
respect to their mass m and charge z - ¢, the respective individual ion current is given
by

ips=n(0),-e-N, 0. L (5-18)

ms

Gas target Ny Electron
. tra

-0 XL

Fig. 5-14. Schematic view of an electron impact ionization experiment (analysis see text). L interaction
length
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with o,; partial ionization cross section for the production of a specific ion i with
charge z - e. Total and counting ionization cross sections of a specific target system
are the weighted and simple sum of the various single and multiple partial cross
sections, respectively

g,=X0,,-z and o,=2X0,;. (5-19)

According to a previous review (Kieffer and Dunn 1966) there exist severe difficulties
in obtaining accurate measurements of all the quantities in the above equations
necessary to determine accurate ionization cross sections. Kieffer and Dunn have
summarized the most important experimental prerequisites to be met in order to
obtain high precision cross sections (see Table 1 in Kieffer and Dunn 1966). In case of
the determination of partial ionization cross sections the most serious problem is the
collection of a known fraction of the individual ions under study, a problem which
arises from discrimination effects along the ion path from the region of production
through the mass analyzer to the collector. In addition, other problems involve the
absolute calibration of measured relative partial cross sections and the de-
termination and definition the incident electron energy.

5.2 Experimental Considerations

5.2.1 Discrimination Effects in Ion Source-M ass Spectrometer Systems

In order to measure partial ionization cross sections it is necessary to analyze the
individual ions produced in the ion source with help of a mass analyzing system. It is
not possible to give, in the space of this section, a comprehensive review of the many
methods used in mass spectrometry. Standard techniques and apparatus are
extensively discussed in a number of review books, e.g. Beynon 1960, Mc Lafferty
1963, Mc Dowell 1963, Brunnee and Voshage 1964, Blauth 1965, Mc¢ Lafferty 1966,
Spiteller 1966, Kienitz 1968, White 1968, Field and Franklin 1970, Melton 1970,
Budzikiewicz 1972, Litzow and Spalding 1973, Maccoll 1975, Dawson 1976,
Beynon and Morgan 1978, Johnstone 1980, Budzikiewicz 1981, Rose and Johnstone
1982. Instead, the performance and inherent discrimination effects of a repre-
sentative and commonly used ion source mass spectrometer system will be discussed
in the following, i.e. the three electrode, Nier type, ion source (Nier 1940, 1947,
Hipple 1948, Brunnee and Voshage 1964) in combination with sector type mass
spectrometers.

It was pointed out by a number of investigators that discrimination effects occur at
the slits of this ion source and mass spectrometer system. The extraction of ions from
the ion source (see Fig.5-15) into the mass spectrometer depends on various
experimental parameters, i.e. the initial energy of the ions produced, their mass to
charge ratio, and the extraction field (shape and strength). The extraction efficiency
and its dependence on experimental parameters directly determines the accuracy of
measured ion currents as a function of electron energy (partial ionization cross
section function) or the accuracy of measured ion current ratios (partial ionization
cross section ratios). Therefore, it is imperative that the experimental parameters
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which can influence the extraction efficiency (or collection efficiency, if the efficiency
of the overall system from the production region to the ion collector at the end of the
mass spectrometer is considered) be investigated for each ion source geometry and
subsequent sector field mass spectrometer.

TO PUMP

CL M
P ;? SPECTROMETER

GAS
RESERVOIR

Fig.5-15. Schematic view of three-electrode, Nier type, ion source after Mirk (1984 a). CL capillary leak

for stagnant gas target, N nozzle (10 to 50 um) for molecular beam gas target, A aperture, F molecular

beam flag, C collision chamber, P pusher (repeller), L, extraction electrodes (direct extraction), L,

extraction electrodes (penetrating field extraction), Ly, L, beam centering half-plates, L earth slit, D

defining aperture, Ly ; and Lg, Ly deflection plates, S, adjustable mass spectrometer entrance slit, B
guiding magnetic field
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Fig.5-16. Ton current Ar™ and Ar?* versus repeller (pusher) potential (repeller curve) and versus
extraction electrode potential (extraction curve) after Hille and Mérk (1979). Electron energy: 95 eV
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Information about the extraction efficiency of an ion source may be obtained by
either studying theoretically the focal properties of an ion source or by measuring
the extraction characteristic. For the three-electrode, Nier type, ion source
(Fig. 5-15) the extraction field in the collision chamber of the ion source is usually
provided by either applying a positive potential to the pusher P with respect to the
collision chamber C and the extraction electrode L, , or a negative potential to the
extraction electrode L, with respect to the collision chamber and pusher (repeller) or
both. If the applied potential is varied and the mass-analyzed ion current is
measured the resulting ion current characteristic is called repeller curve (ion current
versus repeller potential, see Barnard 1953) or extraction curve (ion current versus
extraction electrode potential). Examples of such curves are shown in Fig. 5-16. It
can be seen that the extraction efficiency shows a similar overall dependence on the
repeller (pusher) and on the extraction electrode potential for the same experimental
conditions in the ion source. ’

Some of the first to note discrimination effects at the collision chamber exit slit were
Hagstrum and Tate (1941). They calculated the efficiency of collection of ions as a
function of initial kinetic energy, showing that ions of very low or zero kinetic energy
are much more efficiently collected than those of higher energy. Their investigation,
however, has been simplified (neglecting space charge and guiding magnetic field)
and has been used to study the effect of initial kinetic energy on the ion peak shape,
thus obtaining information on the dissociative ionization process.

An early review of Jordan and Coggeshall (1942) is devoted to the measurements of
and possible sources of errors in relative isotope abundances. Because in most cases
ions are drawn from a region in the ion source in which there is a crossed electric and
magnetic field (see e.g. Mark 1982b), Jordan and Coggeshall (1942) have
quantitatively studied the influence of the electric and magnetic fields in the ion
source on the shape of the electron beam. They also discussed (see also Coggeshall
1944, Nier 1950, Schaeffer 1950) the dependence of measured isotope abundances on
the ion path (see also Bleakney 1936) through the extraction electrode and a second
slit (e.g. mass spectrometer entrance slit) and on space charge conditions.
Bainbridge (1931) pointed out, when space charge conditions exist, a number of
discriminative factors enter in, even if all the ions come from the same point in the
ion source. Jordan and Coggeshall (1942) reported also that for a 180° sector field
mass spectrometer where the ion source is immersed in the analyzing magnetic field,
mass discrimination at the extraction electrode and a second slit (at a fixed electron
energy) should be a minimum if magnetic scanning is used for mass selection,
because (thermal) ions which are collected, although they have different masses,
originate at the same position. Moreover, Coggeshall (1944) showed in his analysis
of a magneticfield free ion source (Coggeshall and Jordan 1943) that already thermal
velocities are great enough to cause appreciable discrimination at the second slit
(e. g. earth slit or mass spectrometer entrance slit) for ions which have passed the
extraction electrodes (see also Berry 1950). Coggeshall also calculated the ion
current as a function of the sum of the electric fields in the ion source and between the
extraction electrode and second slit. This dependence has been studied experimen-
tally by Careri and Nencini (1950), giving results in contradiction to Coggeshall’s
calculations, and also by Washburn and Berry (1946), yielding information on
dissociation energies. Moreover, Washburn and Berry were the first to point out (1)
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that discrimination at the mass spectrometer exit slit could be of the same order of
magnitude as that at the mass spectrometer entrance slit (except for thermal ions at
high accelerating voltage, Berry 1950), and (2) that the effects of motion of the
electron beam due to changing either the electric or the magnetic field are negligible
compared with the effects of initial energies. This study was expanded later by Berry
(1950) exploring theoretically and experimentally the effects of discrimination by the
entrance and exit slit of a mass spectrometer and showing that measured relative
abundances of energetic ions depend strongly on the geometry of the system and on
the accelerating voltage between the extraction electrode and the second slit.
Reese and Hipple (1949) and Berry (1950) used the discrimination at the mass
spectrometer exit slit due to initial velocity components parallel to the magnetic field
to determine the initial velocity distribution with help of a pair of deflecting
electrodes placed immediately behind the mass spectrometer entrance slit. This
deflection method has been used by several authors to measure initial energy
distribution functions (Mérk 1984 a) of fragment ions (Reese and Hipple 1949, Berry
1950, Osberghaus and Taubert 1951, Dibeler et al. 1956, Taubert 1959, Bracher
etal. 1953, Durup and Heitz 1964, Appell et al. 1964, Taubert 1964, Erhardt and
Tekaat 1964, Fuchs and Taubert 1965, Erhardt and Kresling 1967, Rowland et al.
1969, Rowland 1971, Appell and Durup 1972, Sen Sherma and Franklin 1974,
Drewitz and Taubert 1976, Drewitz 1976, Futrell et al. 1981).

In order to obtain information on the ion source extraction efficiency and to
determine mechanisms limiting the ion source efficiency, however, it is necessary to
study the focal properties of the ion source as a function of the extraction field within
the ion source. In a first study Bertein 1950 and Vauthier 1950 estimated the focal
properties and aberrations of such an ion source. Using a ray tracing technique.
Vauthier (1955) showed that the number of cross-overs of the ion trajectories within
the ion source changes from one to two if the repeller potential is changed from a
large positive value to zero. Extending this study, Coggeshall (1962), Naidu and
Westphal (1966) and Fock (1969) studied in detail the influence of the extraction field
on the focal properties. Coggeshall (1962) calculated initial kinetic energy discrimi-
nation effects in a crossed field ion source (Coggeshall 1946) by investigating the
characteristics of the ion orbits. Moreover, Coggeshall appears to be the first to
report experimentally determined ion beam shapes for different repeller voltages by
pushing the ion beam across the mass spectrometer entrance slit by changing the
voltage applied to a pair of deflector half-plates. It is interesting to note that the
integrated ion flux obtained by this procedure shows no saturation as a function of
repeller voltage (Figs. 6 and 7 in Coggeshall 1962 ; see also Stephan et al. 1980 b and
below). Moreover, the width and maximum intensity of the ion beam were found to
depend on ion source operating conditions and it has been mentioned by Coggeshall
that misleading results may be obtained depending upon how the mass spectrometer
entrance slit samples the ion beam coming from the ion source. By calculating the
ion withdrawal space Naidu and Westphal (1966) demonstrated that the number of
ions extracted from the ion source depends strongly on the repeller voltage. This
study was extended by Fock (1969) to ions with initial kinetic energy. The slits
considered by both, however, allowed only for infinitely thin electrodes.

These studies were extended by Wallington (1970, 1971) to slit systems with finite
thickness. Moreover, Wallington also calculated the dependence of the ion source
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Fig. 5-17. Repeller curves calculated by Wallington (1971) for three different sizes (1:0.9mm, 2: 0.5 mm,
3:0.1 mm) of the infinitesimally thin electron beam. The slit width is 0.05 mm and the accelerating voltage
8kV. It can be seen that each curve has two maxima

sensitivity (extracted ion current) on the repeller voltage (Fig. 5-17), demonstrating
that the structure of the repeller curve is related to the multiplicity of real images that
can be formed within the ion source. Additional computations showed that an
electron beam of finite thickness results in broader repeller peaks than given in
Fig. 5-17. Similarly, a spread in initial kinetic energies has the effect of diffusing the
paraxial images in a way that is caused by the finite thickness of the electron beam
(see also experimental evidence (repeller curve dependence on the initial kinetic
energy and on m/ze) reported by Taubert, 1959; see also Schaefer 1954). It is
interesting to note that Wallington interprets the two maxima of an experimental
repeller curve obtained with an electron current of 20 ¢A in terms of these theoretical
findings. This has been questioned later (see below). In addition, Wallington has
shown that the source sensitivity is approximately independent from the source
geometry and the voltage on the beam-centering half plates, provided the optimum
repeller voltage is used. This is confirmed by the results of Barnard (1956) and Schulz
et al. (1968).

Werner (1974) extended the study of Wallington (1970, 1971) using a computer
program by Weber (1967), which considers a two-dimensional model taking into
account both, the influence of the side walls and the finite extraction electrode
thickness. Werner showed (Fig. 5-18) by means of calculated ion trajectories that the
number of (thermal) ions extracted from the ion source at constant repeller voltage
depends strongly on the accelerating voltage (see also Chantreau and Vauthier 1970)
and on the mass to charge ratio. Werner (1974), Werner and Linssen (1974) and
Werner et al. (1972) also investigated the effect of positive and negative space charge
(see also Brubaker 1955), scattering at the residual gas (see also Riidenauer 1970,
1972) and the influence of initial thermal energy.

Recently, Mirk and co-workers (Mérk et al. 1977 b, Egger and Mérk 1978 a, Hille
etal. 1978, Stephan et al. 1978, Mirk and Castleman, jr. 1980, Stephan et al. 1980 a)
extended the studies of Wallington (1971), Schulz et al. (1968) and Werner and co-
workers by investigating systematically the source sensitivity (repeller or extraction
curves) as a function of the (1) gas density and temperature in the ion source, (2) the
extraction field, (3) the ion beam focussing conditions, (4) the electron current and
energy (this is especially important when measuring cross section functions), (5) the
guiding magnetic field, and (6) the mass and charge of the ions under study. They
found that the shape of the extraction curves depends strongly on the electron
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Fig.5-18. Computer-calculated ion trajectories (full lines) and equipotentials (dashed lines) after Werner

(1974). Upper part: Repeller voltage (between repeller and extraction electrode (and collision chamber))

1V, accelerating voltage (between extraction electrode and second slit) 2kV, m/ze =2; Lower part:
Repeller voltage 1V, accelerating voltage 40 V, m/ze=100
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Fig. 5-19. Normalized extraction curves for Ar* (ion current divided by electron current) for different
electron currents after Stephan (1979)
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current (above 3 uA; see Fig. 5-19), on the ion charge (Fig. 5-20) and on the electron
energy (Fig. 5-21, 5-22). A comparison of repeller (or extraction) curves measured by
different authors at different electron currents reveals an interesting discrepancys, i.e.
the curves measured by Schulz et al. (1968) at 10 uA and by Schaefer (1954) at 5 A are
in agreement (one maximum) with those of Médrk and co-workers at electron
currents < 10 uA (see Fig. 5-19), whereas curves at electron currents >10 yA in
Fig. 5-19 are similar (two maxima) to those reported by Wallington (1971) for 20 uA.
From this it was concluded recently (Mirk and Castleman, jr., 1980) that in general
the predicted properties of the repeller curves (as calculated by Wallington) are not
observed in the experimental results, i.e. the two maxima occurring at higher
electron currents and for multiply charged ions are likely to be due to space charge
effects, whereas the one maximum appearing at low electron currents results by an
averaging process of many theoretical repeller curves, because assumptions made
for the calculation are not met under normal experimental conditions (Wallington
1971, Naidu and Westphal 1966).
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Fig. 5-20. Relative extraction curves for singly and multiply charged xenon ions for an electron current of
3 pA after Stephan (1979)

Table 5-1. Measured partial ionization section ratio at an electron energy of 100 eV for the production
of Ar* and ArP**

o (Ar2*/Ar)/a(Art/Ar) Authors

0.10 Bleakney (1930 a)

0.10 Stevenson and Hipple (1942)
0.10 Fox (1960)

0.087 Fiquet-Fayard (1962) and Fiquet-Fayard and Lahmani (1962)
0.071 Peterson (1963)

0.079 Melton and Rudolph (1967)
0.050 Gaudin and Hagemann (1967)
0.050 Morrison and Traeger (1970)
0.070 Crowe etal. (1972)

0.070 Drewitz (1976)

0.084 Egger and Mirk (1978 b)

0.068 Stephan et al. (19804, b)
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Fig. 5-20 shows as an example extraction curves for Xe™, Xe?* and Xe3* at low
electron current. It can be seen that the shape of the extraction curve changes with
the charge of the ion and, in addition, it was found that the maximum of the curve
shifts with electron energy. These facts are the reason why measured partial
ionization cross section ratios between singly and multiply charged ions depend
strongly on the chosen extraction voltage (see e.g. Fig.5-23) and can be used to
explain, at least partly, the large difference in reported cross section ratios (see e.g.
Table 5-1). Moreover, some of these findings (Figs. 5-21 and 5-22) have lead
to the conclusion (Mirk 1982Db) that it is not possible to measure accurately the
shape of the partial ionization cross section function (at least in the low energy
regime <200eV) for these operating conditions (i.e. extraction of ions from the
Nier type ion source by a repeller and/or extraction voltage). This is illustrated in
Fig.5-21 and 5-22, where extraction curves are shown as a function of electron
energy and apparent partial ionization cross sections are shown as a function of
extraction voltage. It can be seen that the relative shape of the apparent partial
ionization cross section functions depends strongly on the applied extraction
voltage. Again, this fact can be invoked to explain, at least partly, the large difference
in reported partial ionization cross section functions (see e.g. Fig. 5-24); especially in
view of the fact that a large number of measurements have used this type of ion
extraction (Mdrk 1982 b) with an unknown amount of a superimposed penetrating
field from lenses beyond the extraction electrodes (e.g. Elliott 1963, Werner 1974,
Kingston et al. 1982).
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Fig.5-21. Ar* ion current as a function of electron energy and extraction voltage for an electron current
of 50 uA after Hille et al. (1978)
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Fig. 5-22. Ar™ jon current as a function of electron energy and extraction voltage for an electron current of
10 A (compare with Fig. 5-21, i.e. 50 uA electron current) after Stephan (1979)
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Fig. 5-24. Partial ionization cross section curves for the process Ar+e—Ar* +2¢ as measured by

Bleakney (1930 a) , Stevenson and Hipple (1942) ~-—-, Fox (1960) ..... , Morrison and Traeger

(1970) ———, and Crowe etal. (1972) @. All curves are normalized to one point at S0eV electron energy.

The structure of the Ar* curve reported by Crowe et al. (1972) has recently been confirmed by Stephan

et al. (1980 a, b) (not shown in this figure for the sake of clarity) and Mathur and Badrinathan (1984). Also

not shown the results of Fiquet-Fayard (1962) and Peterson (1963), which both are in disagreement with
the data of Crowe etal. (1972) and Stephan et al. (1980a,b)
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An alternate way to extract ions is to use only a penetrating field. In this case all
electrodes confining the collision chamber are kept at the same potential and ions
are extracted only by means of a penetrating field produced by electrodes (e.g. L, in
Fig. 5-15) placed beyond the extraction electrodes (collision chamber exit slit) (Nier
1947, Paul 1948, Hagstrum 1951, 1953, Fiquet-Fayard and Lahmani 1962, Stanton
and Monahan 1964, Locht and Momigny 1969, Drewitz 1974). There exist some
general studies of this extraction mode, i.e. on the influence of the repeller voltage on
ion trajectories including the limit of zero repeller voltage, and on the ion source
extraction efficiency as a function of accelerating voltage (Vauthier 1955, Fock 1969,
Chantreau and Vauthier 1970, Wallington 1971, Chantreau 1972, Werner 1974).
This type of ion extraction has been recently studied in detail by Stephan (1979) and
Stephan etal. (19804a, b) and it has been found that this mode effectively avoids
discrimination at the collision chamber exit slit (at least for ions which are produced
without initial kinetic energy, see also Stephan et al. 1983 d, e, Leiter et al. 1984 a, b).
Stephan et al. (1980 a, b) demonstrated that it is possible to extract all ions in this
mode (obtaining saturation conditions, see e.g. Fig.5-25) in accordance with
theoretically determined ion trajectories under similar field configurations (e.g.
Fig.5-18). This penetrating field changes the energy of the electron beam, but,
Stephan et al. reported that the change in electron energy is linear (e.g. 100mV per
30Vat L,,see Fig. 5-15) and is less severe than in cases where the electric extraction
field is applied between electrodes confining the collision chamber (Honig 1948,
Waldron and Wood 1952).
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Fig.5-25. Measured ion current (after Stephan et al. 1980 b) as a function of voltage difference between L,

and L, (see Fig.5-15) with the following electrode potentials (measured with respect to ground):

R=C=L;=3kV,L;=285kV,L,=277kV, L;=0.06kV, L,=020kV, Ls=Lg=Ly=S, =0kV. Full

dots: total helium ion current measured on a collector in the plane of the mass spectrometer entrance slit:

open circles: He" ion current obtained by integrating over the mass analyzed beam profile (see e.g.
Fig. 5-26)

In addition, Stephan etal. (1980a,b) improved also the transmission of the
extracted ion current through the subsequent slits of the mass analyzer, because
under usual conditions the transmission is only of the order of a few percent and also
depends on the mass to charge ratio and the experimental conditions of the ion
source. They introduced a so called deflection method, i.e. sweeping the extracted ion
current across the mass spectrometer entrance slit (Fig.5-15) with help of the
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Fig. 5-26. Normalized ion beam profiles in y-direction (perpendicular to S;) of parent and fragment ions
of N,O and of Ar™ and Ar?* after Mirk etal. 1981a
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Fig. 5-27. Extracted and mass-analyzed Ar* current as a function of beam deflection voltage in the y-
direction (perpendicular to the slits S,), U,, and z-direction (parallel to the slit S;), U, after Stephan
(1979)

deflection plates Ly and L, (parallel to S, ; z-direction) and Lg and L, (perpendicular
to S,; y-direction) and integrating over the ion current as a function of beam
deflection voltage (e.g. see as an example Fig. 5-26 and 5-27). This allows to obtain
a representative measure of the total extracted mass-analyzed ion flux (see also
Coggeshall 1962) and hence accurate values of the partial ionization cross section
ratios, despite the fact (which under normal operating conditions leads to erroneous
ratios) that the ion beam shape and position is different for ions with different mj/ze
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(e.g., Fig.5-26). If certain experimental conditions are fulfilled (Stephan eral.
1980 b), the accurate measurements of partial ionization cross section functions can
be made, however, without sweeping the ion beam. It is interesting to note that this
deflection method is a useful technique for distinguishing ions produced by electron
impact ionization of the static target gas (capillary leak gas inlet in Fig.5-15) and
ions produced of neutral beam particles (molecular beam or molecular jet gas inlet
via the nozzle N in Fig. 5-15, see also 5.2.3 e) (e.g. see Helm et al. 1979, 1981 ; Stephan
etal. 1981, 1982 a—d, 1983 b—c, 1984, Stephan and Mirk 1982 a, b, Futrell et al.
1981, 1982).

In contrast, some authors improved the transmission through the mass spectro-
meter entrance slit with help of additional focussing optics (e.g. quadrupole lenses
etc.), thus succeeding to focus the fanned out ion beam onto S; and avoiding
discrimination at S, (e.g. Hagstrum 1951, 1953, Drewitz 1976, Drewitz and Taubert
1976, Schmidt et al. 1976, Nagy etal. 1980).

5.2.2 Other Experimental Considerations
a) Electron Beam Properties

For the accurate determination of partial ionization cross section functions via
equation (5-18) it is not only essential to fulfill the conditions mentioned by Kieffer
and Dunn (1966) for the measurement of n (0),, but also of great importance that the
electron energy be well defined and known. The electron guns usually used for the
determination of partial ionization cross section functions employ metal (oxide)
filaments providing electrons principally by thermionic emission, use a set of lenses
and collimators to obtain a narrow beam, and apply a voltage difference4 V between
the filament and the collision chamber to accelerate the electrons to a nominal
energy of 4V . e. Due to contact and surface potential differences of the electrodes
and due to a potential drop across the filament, the nominal energy can be quite
different from the actual electron energy, the difference amounting sometimes to
more than 1¢eV. This is of no concern at high electron energies (because of the slow
change of the cross section), but close to the threshold, where the cross section rises
steeply, this fact may make a large difference. This is especially crucial if a
comparison of different experimental results is to be made (e.g. see as an example
o (He*/He) close to threshold in Fig.5-28 (Mirk and de Heer 1979)). Hence,
calibration of the electron energy scale is necessary, via the determination of
appearance energies, taking also into account additional shifts due to energy
distributions as is the case for thermionic emission (see e.g. Asundi and Kurepa
1963, Kieffer and Dunn 1966, Vriens et al. 1968, Field and Franklin 1970, Litzow
and Spalding 1973, Beynon etal. 1975, Rosenstock 1976, Mark 1984a). Moreover,
the measured ion signal i, (see equation 5-18) is, for any nominal (or corrected)
electron energy, proportional to the integral over the product of the electron energy
distribution and the partial ionization cross section. It is clear that structures in the
ionization cross section function comparable or less than the width of the electron
energy distribution are obscured. Thus it is crucial, especially for the detection of
structure close to threshold (see Chapter 3) to have as monoenergetic an electron
beam as possible.
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Fig. 5-28. Comparison of different experimental results of the electron impact ionization of He close to

threshold. a ratio between ¢ (He * /He) measured by Brooks et al. 1978 and o, (He) measured by Rapp and

Englander-Golden 1965 (Note: in this energy regime g,=¢ (He*/He)). b ratio between ¢ (He™ /He)

measured by Brooks et al. 1978 with electron energy scale decreased by 2 eV (see Mark and de Heer 1979)

and o, (He) measured by Rapp and Englander-Golden 1965. ¢ ratio between ¢ (He*/He) measured by
Stephan et al. 1980b and o, (He) measured by Rapp and Englander-Golden 1965

In addition, it should be mentioned, that a change of the electron beam size (or
density distribution) with electron energy can introduce a possible error in measured
partial ionization cross section functions due to a possible different extraction
efficiency for ions originating at different positions in the ion source (see previous
section). A related question is a possible variation of the electron path length with
electron energy due to the guiding magnetic field (see also discussion in Chapter 3
and 7). Rapp and Englander-Golden (1965) have demonstrated in a careful error
analysis based on the work of Massey et al. (1952, 1969) and Asundi (1963), that the
energy dependence of total ionization cross sections (and this also applies to partial
ionization cross sections) is affected by less than + 19 by this effect. In addition, a
recent systematic study of the spiralling in a magnetically confined electron beam
supports this view (Taylor et al. 1974).

b) Absolute Calibration

The absolute measurement of partial ionization cross sections not only necessitates
the absolute determination of the quantities discussed so far (i.e., i, n(0),, and L (see
equation (5-18))), but also of the target gas density N,. Usually, the perfect gas law is
used to determine this quantity with help of a gas pressure measurement. In this case
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temperature differences between the collision regime and the pressure gauge have to
be taken into account (Kieffer and Dunn 1966).

Gas pressures are typically measured with a McLeod gauge, although large errors
can occur due to temperature and condensation effects (Ishii and Nakayama 1961,
Meinke and Reich 1962, 1963, Rothe 1964, Rapp and Englander-Golden 1965).
Recently, relative or absolute dynamic techniques have been used successfully (de
Maria et al. 1963, Brunnee and Voshage 1964, Rapp and Englander-Golden 1965,
Harrison etal. 1966, Beran and Kevan 1969, Kurepa etal. 1974, Mirk 1975,
1982b,¢), using also capacitance manometers on the high pressure side.
However, because of the problems encountered with the collection efficiency in mass
spectrometers, in most studies only relative partial ionization cross section functions
and cross section ratios have been determined. If for a specific system all relative
cross section curves and ratios have been measured it is possible with help of the
measured ratios to calibrate the curves by normalization of the weighted sum of
partial ionization cross sections (at a certain electron energy) versus the total
ionization cross section (“summation method”, see also Chapter 7). An alternate
(seldomly used) method is the so called difference (Pavlov and Stotskii 1970) or
fitting method (Stephan et al. 1978), which only needs the absolute total ionization
cross section function and the respective relative partial ionization cross section
functions. It should be checked in each case, however, whether the normalization
factors obtained are independent of electron energy in order to exclude systematic
errors.

Note: Closely related to this problem of absolute calibration (even for relative
measurements) is the fact that discrimination may occur at the ion detector,
falsifying i,,. This is true especially if an ion multiplier is used as detector, since the
multiplier response depends quite strongly on the mass to charge ratio (e.g.
Higatsberger et al. 1954, Klein 1965, Dietz 1965, Schram et al. 1966 a, Collins 1969.
Van Gorkom and Glick 1970, Van Gorkom et al. 1970, Pottie et al. 1973, Tuithof
and Boerboom 1974, Mirk 1977, Nagy et al. 1980, Beuhler 1983).

¢) Other Methods

Some target species are not stable or at low pressure under normal experimental
conditions (static gas target at room temperature); i.e. atomic and molecular
radicals, alkalis, metals, excited and metastable species, ions, Van der Waals
clusters. The method of choice for the study of such species is the (modulated)
crossed beam technique, which is reviewed in detail by Kieffer and Dunn 1966 and
in other chapters of this book (see also 5.2.3 ¢).

In addition, it is of great interest for certain applications to know the final states of
the ions produced by electron impactionization, i.e. to know the fraction of a partial
ionization cross section corresponding to the production of the individual ion in a
specific state. It is clear that the mass spectrometric analysis is not sufficient for this
purpose. If the final state under study is radiative, it is possible to measure the
emitted photons. Such a fluorescence technique involves the difficult task of absolute
radiometry. This problem is especially difficult in the extreme ultraviolet region. For
recent progress in this field see Beyer et al. 1979, Kiihne et al. 1980, Mc Pherson et al.



Partial Ionization Cross Sections 165

1980, Einfeld 1980 and Bloemen et al. 1981. Closely related is the study of inner shell
ionization, a subject which is covered in a separate chapter of this book (Chapter 6).
Conversely, the production of ions excited to a metastable state necessitates a
different experimental approach (e.g. Hagstrum 1956, Hofer et al. 1980, Varga et al.
1981), i.e. using the process of potential emission of electrons from a solid surface
(e.g. Hagstrum 1956, 1960, Varga and Winter 1978). See also techniques used by
Turner et al. 1968 and Hughes and Tiernan 1971.

5.2.3 Some Types of Experiments and Recent Techniques

As has been shown, there exist great difficulties and a number of possible pitfalls in
the experimental determination of partial ionization cross sections. There exist,
however, several recent experiments which have either employed new techniques or
imaginative use of known techniques to overcome these difficulties. Some of these
experiments and techniques will be discussed below :

a) Penetrating Field Extraction and Deflection Method

This technique, improving the operating conditions of a three-electrode, Nier type,
ion source in combination with a sector field mass spectrometer (Stephan et al.
1980 a, b), has been discussed in detail in Section 5.2.1. It has been shown that the use
of a penetrating field to extract ions out of the ion source ensures complete extraction
(see Fig. 5-25), at least for thermal ions (for the extraction behavior of ions produced
with excess kinetic energy see Kim 1981, Leiter 1983, Stephan et al. 1983 d, e, Leiter
et al. 1984 a,b). Moreover, Stephan et al. (1980 a, b) showed that integration over

)

Art ion current (arb. units)
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Fig.5-29. Ion beam profiles (y-direction) of Ar® ions for different electron energies under “weak
extracting and focussing” conditions (see text) after Stephan et al. 1980 a, b. The various curves are shifted
vertically for the sake of clarity
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extracted ion beam profiles (Figs.5-26, 5-27) obtained with help of a deflection
technique gives accurate ionization cross section ratios. The partial ionization cross
section function, however, can be measured without this deflection and integration
method based on the experimental observation that the ion-beam shape does not
change with electron energy under certain experimental conditions (“‘weak extrac-
tion and focussing™ (Stephan et al. 1980 a, b), e.g. see Fig.5-29). In this case it is
sufficient to center the ion beam approximately on the mass spectrometer entrance
slit. The exact ion beam position was then found not to influence the accuracy of the
partial ionization cross section function measured.
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Fig.5-30. Lower part: Absolute partial ionization cross section functions for the process

Ar+e—Art +2e, Ar+e— Ar?* +3¢and Ar+e — Ar®* + 4 e after Stephan et al. 1980 a,b. Upper part:

Comparison (ratio) of the weighted sum of these partial ionization cross sections of Stephan et al. 1980 a,b
with the total ionization cross section determined by Rapp and Englander-Golden 1965

Fig. 5-30 gives as an example partial ionization cross section functions obtained by
this method by Stephan eral. (1980a,b) for Ar. Also shown in this figure is a
comparison with the total ionization cross section function showing the high
accuracy of the mass spectrometer data obtained by this method. Mark (1982 b, c)
has recently compared the experimental results for the rare gases of Stephan et al.
(1980a,b) with various theoretical results based on empirical, semiempirical,
classical, semiclassical and quantal approximations. The agreement for single
ionization in He, Ne and Ar between the experimental data and quantal calculations
of Peach (1966, 1971) is noteworthy (see, . g. Figs. 2-1,2-2,2-3, and 5-31). In case of
double ionization large discrepancies exist (see, e.g. Figs. 2-4 and 2-5). Mirk and co-
workers have used this penetrating field extraction and deflection method in
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Fig.5-31. Absolute partial ionization cross section functions for the process Ar+e— Ar* 42 e after
Miirk 1982b. Full dots: experimental results of Stephan et al. (1980 a, b), Curve I: calculated results by
Pitchford eral. (1980) using the empirical formula of Elwert (1952), Curve2: calculated results by
Pitchford etal. (1980) using the formula given by Gryzinski (1965), Curve3: calculated results by
Pitchford et al. (1980) using the semiclassical formula given by Burgess (1963) and Vriens (1966), Curve 4:
calculated results by Wallace et al. (1973) using the Born approximation, Curve 5: calculated results by
Wallace et al. (1973) using the eikonal closure approximation, Curve 6: calculated results by Peach (1971)
using the Ochkur approximation

addition to determine partial ionization cross section functions in He, Ne, Ar, Kr,
Xe, H,, N, (e.g. see Fig. 5-32), O,, CO, NO, H,0, D,0, CO,, N,O (e.g. see Fig.
5-33), NO,, NHj; (e.g. see Fig. 5-8), ND;, PH; (e.g. see Fig. 5-7), PD;, CF, (e.g. see
Fig. 5-34), CCl, and CF,Cl, (Mirk 1975, Mirk and Egger 1976, 1977, Mérk et al.
1977 a, Mirk and Hille 1978, Hille and Mirk 1978, Stephan et al. 1980 a, b, ¢, Mirk
etal.1981a,b,Kimetal. 1981, Stephan and Mirk 1981, 1984, Stephan et al. 1983 d,
e, Leiter etal. 1984 a, b).

b) Large Acceptance Sector Field Mass Spectrometer

In order to avoid discrimination for ions with different mass to charge at the mass
spectrometer entrance slit, Schmidt etal. (1976) and Nagy etal. (1980) used a
conventional sector field mass spectrometer with a large acceptance (see also
Hagstrum 1951, 1953, Giese 1959). For this purpose two electrostatic quadrupole
lenses were installed in the ficld-free region (see Fig. 5-35) focussing the accelerated
ion beam at the mass spectrometer entrance with variable astigmatism. In order to
avoid discrimination in the z-direction (direction of the magnetic field) the electron
beam traverses the ion source in y-direction. As only thermal ions at relatively high
electron energy (> 500 eV) are studied, it is possible to extract all ions with help of a
relatively large homogeneous extracting field without any discrimination. Using this
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Fig. 5-32. Partial ionization cross sections for atomic and molecular nitrogen as a function of electron
energy:

N+e—N": Points: Brook et al. (1978), Curve I: Seaton (1959), Curve 2: Peach (1970, 1971), Curve 3:
Omidvar et al.(1972), Curve 4: Mc Guire (1972). Points are experimental, curve 1 to 4 are theoretical cross
sections
N, +e—N;: V... Rapp et al. (1965), Rapp and Englander-Golden (1965) (0(N7 +2N3%)), x ... Halas
and Adamczyk (1972), @ ... Mirk (1975)

N,+e->N3*: + ... Daly and Powell (1966), V... Halas and Adamczyk (1972, @ ... Mirk (1975)
N,+e—>N" and N2*: @ ... Rapperal. 1965, ¥ ... Halas and Adamczyk (1972), —— Crowe and
McConkey (1973 b)

N,(A’SF)+e—Ny: @ ... Armentrout et al. (1981). Theoretical cross section curves shown are: —— -
semiclassical calculation by Tannen (1973) and —— binary-encounter approximation by Ton-That and
Flannery (1977) (for the transition N, (A3 X)—N; (A%x,)
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Fig. 5-34. Partial and total ionization cross section functions for fragment ions of CF, as measured by
Stephan et al. (1983 d,e). Full dot: total cross section at 70eV determined by Beran and Kevan (1969)
recalibrated to the Ar value of Rapp and Englander-Golden (1965)

— (

Fig. 5-35. Schematic view of the large acceptance sector field mass spectrometer after Nagy et al. (1980). A

collimated electron beam (diameter ~ 1 mm), Belectron trap, C accelerating section (~ 140 V/cm), D ion

optics consisting of two electrostatic quadrupole lenses of opposite sign, E focal point of the quadrupole
ion optical system, F 60° magnetic sector field analyzer, G ion detecting system (channeltron)
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experimental set-up Nagy et al. (1980) have made careful determinations of partial
ionization cross sections for all rare gases between 500 ¢V and 5 keV. These authors
give a thorough discussion of all possible errors and a comparison with other
experimental and theoretical data. They showed that within the quoted error bars
there is good agreement between their counting ionization cross sections and
average experimental counting ionization cross sections as derived by de Heer and
Jansen (1977) and de Heer et al. (1979) using a special weighting procedure of all
previously existing experimental data. Moreover, the presented cross sections for
He, Ne and Ar are close to theoretical calculations based onsum rules (e.g., Kim and
Inokuti 1971, Kim et al. 1973, Eggarter 1975) or on direct calculations using good
wavefunctions provided that exchange effects are taken into account (Knapp and
Schulz 1974).

¢) Field-Free Diffusive Extraction

Great care was recently taken by Crowe et al. 1972 and McConkey et al. 1972 to
eliminate possible instrumental artefacts in measured partial ionization cross
section functions, including those for dissociatively produced ions with excess
kinetic energy. Their apparatus (see Fig. 5-36) consists of a modified Pierce-type
(Pierce 1954) electron gun, capable of firing a beam of electrons with an extremely
small beam divergence through a static gas target. The most important feature of
this apparatus is the fact that the ions are produced in a field-free region. If the
direction of an ion formed is such that it can drift through two apertures, defining an
angular resolution of the system, it will then be accelerated and focussed by an ion
lens system and mass analyzed with a quadrupole mass spectrometer. Because this
ion lens has to be able to focus ions with a large range of excess kinetic energies to
one point, a special design had to be used (see Fig.3 in Crowe and Mc Conkey
1973a). McConkey and co-workers used this apparatus to measure partial
ionization cross sections (including the process of dissociative ionization) in Ar (e.g.
see Fig.5-3 and 5-24), H, (e.g. see Fig. 5-2), N, (e.g. see Fig.5-32), CO, and NH,
(Crowe etal. 1972, Crowe and McConkey 1973 a, b, 1974, 1977). In addition, this
apparatus has been designed to investigate energy and angular distributions of
dissociatively produced ions (see Chapter 4).

Fig. 5-36. Schematic view of field free diffusive extraction mass spectrometry after Crowe et al. 1972 and

Mc Conkey et al. 1972. A rotatable electron gun, B electron trap, C slit system with apertures defining the

analyzer resolution, D ion lens with large ion energy acceptance, E quadrupole mass spectrometer and
channeltron multiplier using single pulse counting
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d) Open-lon Source Cycloidal Mass Spectrometry

Whatever ion source is used for the determination of partial ionization cross
sections, one is always faced with the fact of a velocity distribution and angular
divergence of the ions entering the mass spectrometer. This leads to a mass-to-
charge dependent discrimination unless a true double focussing analysator is used in
combination with an appropriate ion source. To this end Schram et al. (1966 b),
Schutten et al. (1966) and Adamczyk (1969) have put to use the principle of the
cycloidal mass spectrometer combined with an open ion source without any slits (see
Fig. 5-37). With this apparatus it is possible to achieve a complete collection of all
(also energetic) ions produced in the source (Schutten et al. 1966, Adamczyk et al.
1966). A number of studies has been recently performed with this type of apparatus

Electron

lon
detector

1 Gas
Fig.5-37. Schematic view of cycloidal mass spectrometer with an open ion source after Schram et al.
(1966 b)
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Fig. 5-38. Partial ionization cross section functions for fragment ions of SF, as measured by Stanski and
Adamczyk (1982, 1983) with the open ion source cycloidal mass spectrometer (see 5.2.3d)
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in order to determine partial ionization cross sections of parent (and fragment) ions
of He, Ne, H,, CH,, H,O, CO,, NH; and SFg (see e.g. Fig. 5-38; Schutten et al.
1966, Adamzcyk et al. 1966, 1972; Halas and Adamczyk 1972, Bederski et al. 1980,
Stanski and Adamczyk 1982, 1983).

e) Advanced Crossed-Beam Experiments

The development and use of crossed-beam experiment with thermal beams (a
technique introduced by Funk 1930 and pioneered by Boyd and Green 1958 and
Fite and Brackmann 1958) was reviewed in detail by Fite (1962), Mc Daniel (1964),
Kieffer and Dunn (1966), McDowell (1969), Dolder (1980) and Mirk and
Castleman (1984) (see also details given in Chapter 7). An important advance was
the introduction of fast neutral beams. This technique has been first utilized by Cook
and Peterson (1962) and Peterson (1964), and more recently by Dixon and Harrison
(1971), Dixon et al. (1973, 1975, 1976), Brook et al. (1978), and Armentrout et al.
(1981). In this technique the fast beam target is prepared by charge transfer reactions
of afastion beam in a static gas target cell filled with the charge transfer reactant (see
e.g. Fig.5-39). The major advantage of this method is the fact (1) that absolute
partial ionization cross sections are obtained without recourse to normalization
procedures (as is the case for thermal beam studies), because the neutral target beam
is so energetic that the flux can be measured directly and (2) that it provides fully
dissociated beams of atoms which cannot, in general, be produced by thermal or
discharge dissociation. (Note: Atomic beams produced by heating an oven can
contain unknown amounts of dimers, i.e. for Li at an oven temperature of 1000° K
the ratio Li,/Li may be as large as 5% (Mc Dowell 1969).) It should be mentioned in
this conjunction, however, that in a series of recent studies by Karstensen and co-
workers (Karstensen and Koster 1971, Schneider 1974, Karstensen and Schneider
1975, 1978, Dettmann and Karstensen 1982) on electron impact ionization of Ca,
Mg (e.g. see Fig. 5-6) and Ba (e.g. see Fig. 5-4), some of the problems inherent to
crossed beam studies with thermal beams have been solved (see also Orient and
Srivastava 1983, 1984 and Mathur and Badrinathan 1984).

Electron trap
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Mass spectrometer

= ] Neutral beam
S detector

Mass selected
ion beam — __ Neutral beam

Charge
transgfer XY lon collector
cell lon beam  Electron beam

dump

Fig. 5-39. Schematic view of the fast ion beam charge exchange technique employed for a crossed beam
electron impact ionization study (see text)

The fast-ion beam charge technique has been successfully used after its introduction
by Peterson and co-workers to measure partial ionization cross section functions for
the following processes, i.e. H(2S)+¢— H™ (Dixon and Harrison 1971, Dixon et al.
1975, e.g. see Fig. 5-40), He (23S)+e—He™* (Dixon etal. 1975,1976, e.g. see Fig. 5-
41), Ne (°P,,*Py) 4+ e — Ne* (Dixon et al. 1973), Ar (°P,,*Po)+ e — Ar* (Dixon et al.
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Fig. 5-40. Partial ionization cross section function for the process H(2s)+e—~H" +2e. Full dots:

experimental results by Dixon et al. (1976), open circles: experimental results by Defrance et al. (1981).

Theoretical results (see also Kunc 1980): Curve I: Born-A results of Piraux and Joachain (1980), Curve 2:

Born-B results of Prasad (1966), Curve 3: Born-exchange results of Prasad (1966), Curve 4: Born-Bethe
approximation of Vriens and Bonsen (1968)
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Fig. 5-41. Partial ionization cross section for metastable helium atoms, predominantly in the 23S state (in
the experiments), as a function of electron energy
Points: Fast ion beam charge exchange technique by Dixon etal. (1976), Curve I: Thermal beam
technique by Fite and Brackmann (1963) recalibrated by Dixon et al. (1976), Curve 2: Electron beam
excitation technique by Long and Geballe (1970), Curve 3: Binary encounter approximation (Ton-That
etal. 1976), Curve4: Born 1 approximation (Ton-That et al. 1976), Curve5: Born 1l approximation
(Peach 1976), Curve 6: Born-Ochkur approximation (Peach 1976)

1973), N,(AX})+e— N7 (Armentrout etal. 1981, e.g. see Fig.5-32), the single
ionization of He, C, O and N (e.g. see Fig.5-32) atoms (Brook etal. 1978) and
ionization of highly reactive radicals (Baiocchi et al. 1984, Wetzel et al. 1984). One
aspect of the experiments of Brook et al., however, remains to be solved, e.g. the
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partial cross sections for single ionization of He as reported by Brook et al. 1978 are
not zero below threshold. This was attributed to excited states present in the neutral
beam and a correction was applied. With this correction the obtained results did not
agree below 70 eV with other results. Mérk and de Heer (1979) suggested that this
can be improved if quite small changes are made to the below threshold correction
and/or theenergy scale of the fast beam measurements (see Fig. 5-28). Harrison et al.
(1979) have replied to this proposal.

f) Trapped-lon Mass Spectrometry

Another interesting new method for the study of electron impact ionization (as a
function of time after formation of the ions) is based on the fact that positive ions
may be trapped in the negative potential well produced by an electron space charge
(Baker and Hasted 1966, 1968, Cuthbert er al. 1966, Redhead 1967, Bourne and
Danby 1968, Herod and Harrison 1970). In this case a continuous electron beam
from a thermionic filament (~5eV, ~ 10 pA) is used to trap the ions produced when
a short (~ 1 us) voltage pulse (variable in height and negative with respect to the ion
source chamber) is applied to this filament. At a known and variable time (up to
2ms, Lifshitz and Gefen 1980) after this ionizing pulse, a positive voltage pulse is
applied to the repeller (of this Nier type ion source) to extract the ions to the mass
analyzer. Jon source concentrations have to be as low as possible in order to
minimize contributions from ion molecule reactions. This technique has been
recently used to measure time-dependent appearance potentials (to determine the
kinetic shift)in the benzene system by measuring the partial ionization cross sections
at various delay times (Lifshitz eral. 1974) and, similarly, to measure partial
ionization cross sections for parent and fragment ions of 1.5 hexadiyne, cubane.
aniline as a function of the time after the electron impact ionization event took place
(Lifshitz and Gefen 1980, Lifshitz and Eaton 1983, Lifshitz et al. 1983); e.g. see
Fig.5-10 and discussion in Section 5.1.2 b.

Itis interesting to note that this trapping technique has also been used extensively in
recent years to study the energetics of consecutive ionization processes in a
technique known as sequential mass spectrometry (Hasted 1967).

5.3 Results and Discussion

It is clearly outside the scope of this review to give a detailed account of all results
available on partial ionization cross sections. Hence this section will be illustrative
rather than exhaustive, but it will give the appropriate references to previous
reviews, compilations and studies on partial ionization cross section functions to
facilitate the access to the relevant data of interest to the reader.

The literature was for the first time (through 1968) searched systematically for
ionization cross sections data by the JILA Information Centre, and comprehensive
compilations have been issued by Kieffer and Dunn (1966), Kieffer (1968, 1969).
According to Kieffer and Dunn (1966) there were considerable differences in the
partial ionization cross section data reported in the literature and in addition there
were also large gaps in the data available. Moreover, it was concluded by Kieffer
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that almost all the measurements reported so far were defective, i.e. that apparently
known sources of systematic errors (as described by Kieffer and Dunn, 1966) were
not taken into account. According to Kieffer the range of uncertainties can be best
illustrated by comparing different independent measurements, yielding differences
varying from a minimum of about 10% up to factors of 2 and more. The situation has
improved in the meanwhile (due to the advent of some new and sophisticated
experimental studies, see Section 5.2.3), but the new data have not been collected in a
new compilation (except for specific purposes, e.g. Drowart and Goldfinger 1967,
Laborie et al. 1968, 1971, Kieffer 1973, Mc Daniel et al. 1977, Ciamda 1980, Barnett
et al. 1980, de Heer 1981, Bell et al. 1983, Mirk 1982 b, ¢, Mirk 1984 a). These new
data are referenced though in several bibliographies (e.g. Chamberlain and Kieffer
1970, Kieffer 1976, Gallagher et al. 1979, Gallagher and Beaty 1980) and bulletins
(e.g., Atomic Data for Fusion (D. H. Crandall, C. F. Barnett and W. L. Wieser, eds.)
and International Bulletin on Atomic and Molecular Data for Fusion (K. Katsonits,
ed.)). In addition, a limited amount of data is summarized in previous monographies
on various subjects in atomic and molecular collision physics (¢.g., Massey 1956,
Craggs and Massey 1959, Bates 1962, Mc Daniel 1964, von Engel 1965, Massey
etal. 1969, Valyi 1975, Christophorou 1984).

The results available for absolute partial electron impact ionization cross sections are
summarized in the following in the form of a data index, giving the respective cross
sections measured, the electron energy range and the bibliographic citation. In
addition, some actual data will be shown as illustrative examples. The main
classification of this section is by the complexity of the neutral target, i.e. atoms,
diatomics etc. In general the same criteria for selection of data as applied by the
JILA Information Center have been used. For some gases only one study has been
reported in the literature and is presented in the following despite large possible
errors as in the case of fragmentation cross sections in some older studies. In
addition, some references to measured ionization cross section ratios as a function of
energy or clastograms will be included for the interested reader. In some cases
partial ionization cross sections or (relative) ratios have been measured only at one
particular electron energy or only in a limited range (e.g. Milne 1958, Colin 1961,
Berkowitz etal. 1962, Brink 1964, Cooper etal. 1966, Kant 1966, Melton and
Rudolph 1967, Drowart and Goldfinger 1967, Lin and Stafford 1967, 1968,
Skudlarski et al. 1967, Fehlner and Callen 1968, Drewitz 1976, Egger and Mirk
1978 b, Grimley et al. 1978, Raheja et al. 1983, Danchevskaya and Torbin 1984 and
references given in Chapter 2, Section 2.2.4) and will not be included in the following
index. In some of the studies great care was taken to eliminate all possible systematic
errors (as summarized by Kieffer and Dunn 1966) and those studies are designated,
in case of the rare gases, with an asterix.

5.3.1 Atoms

a) The Rare Gases

Since the rare gases are inert and act as ideal gases at the pressures used, they were
the first and most frequent to be investigated quantitatively. Therefore, partial
ionization cross section data of the rare gases appear to be the most reliable based on
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conclusions about likely systematic errors. Miark (1982b) has recently reviewed
these measurements and given a set of recommended rare gas partial ionization
cross sections (see Table 5-2) based on the data of Rapp and Englander-Golden
(1965), Schram (1966), Schram et al. (1965, 1966 c,d), Stephan et al. 1980 a, b, Nagy
etal. 1980 and Stephan and Mirk (1981, 1984). Partial ionization cross section
functions for Kr are shown as an example in Figs. 2-3, 2-5, for Ar in Figs. 5-3, 5-24,
5-30, 5-31, for Ne in Fig.2-2 and for He in Figs. 5-28, 2-1, 2-4.

Table 5-2. Set of recommended absolute partial ionization cross sections for the rare gases after Mirk
(1982b). Electron energy in keV and cross sections in 10~2° m?

Electron ¢(He"/He) o(He?’"/He) o(Ne'/Ne) o(Ne?’*/Ne) o(Ne3*/Ne) o(Ar*/Ar) o (Ar**/Ar)
energy

0.05 0.245 - 0.338 - - 2.50 0.016
0.10 0.366 0.00014 0.655 0.0059 — 2.51 0.17
0.15 0.367 0.00073 0.730 0.021 0.00004 2.34 0.17
0.50 0.221 0.0013 0.534 0.025 0.0015 1.29 0.071
1.0 0.140 0.00067 0.355 0.014 0.00087 0.805 0.046
2.0 0.0790 0.00032 0.215 0.0075 0.00047 0.471 0.024
3.0 0.0568 0.00022 0.159 0.0051 0.00032 0.344 0.018
4.0 0.0452 0.00016 0.126 0.0039 0.00026 0.269 0.014
5.0 0.0372 0.00013 0.107 0.0033 0.00023 0.226 0.011
6.0 0.0324 0.00010 0.0932 0.0026 0.00015 0.200 0.011
8.0 0.0254 0.000071 0.0739 0.0020 0.00012 0.157 0.0085
10.0 0.0211 0.000060  0.0624 0.0016 0.000095  0.132 0.0072
12.0 0.0182 0.000050  0.0541 0.0013 0.000081 0.117 0.0065
14.0 0.0163 0.000045  0.0476 0.0012 0.000068  0.101 0.0055

Electron ¢ (Ar**/Ar) o(Kr*/Kr) o(Kr*"/Kr) o(Kr**/Kr) o(Xe'/Xe) o(Xe*t/Xe) o(Xe*"/Xe)
energy

0.05 - 3.64 0.10 - 4.87 0.27 -
0.10 0.00075 3.56 0.31 0.0064 491 0.53 0.072
0.15 0.0044 3.20 0.28 0.021 4.34 0.49 0.18
0.50 0.0074 1.66 0.086 0.033 2.11 0.23 0.11
1.0 0.0064 1.10 0.069 0.034 1.25 0.16 0.073
2.0 0.0054 0.638 0.049 0.027 0.732 0.11 0.046
3.0 0.0040 0.458 0.036 0.021 0.533 0.084 0.036
4.0 0.0033 0.355 0.029 0.017 0.409 0.065 0.027
5.0 0.0030 0.299 0.025 0.015 0.336 0.054 0.023
6.0 0.0027 0.250 0.021 0.013 0.289 0.046 0.018
8.0 0.0022 0.197 0.017 0.011 0.227 0.037 0.015
10.0 0.0019 0.161 0.015 0.0094 0.186 0.032 0.012
12.0 0.0017 0.137 0.013 0.0085 0.159 0.027 0.011
14.0 0.0014 0.123 0.012 0.0072 0.140 0.024 0.0096

He: Bleakney and Smith (1936): ¢ (He? ™ /He) (threshold up to 500¢eV)
Stanton and Monohan (1960): ¢ (He ™ /He) / ¢ (He? " /He) (100 up to 2400¢eV)
Schram et al. (1966¢): ¢ (He*/He), o (He?*/He) (0.5 up to 16keV)
Adamczyk et al. (1966)*: ¢ (He* /He), o (He? * /He) (threshold up to 1000 V)
Gaudin and Hagemann (1967): ¢ (He* /He), o (He?* /He) (100 up to 2000 V)
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Brook et al. (1978)*: ¢ (He ™" /He) (threshold up to 1000 eV, see also Médrk and
de Heer 1979)

Stephan et al. (1980 a, b)*: o (He* /He), o (He?* /He) (threshold up to 180 V)
Nagy et al. (1980)*: o (He " /He), o (He**/He) (0.5 up to 5keV)

Bleakney (1930a): ¢ (Ne*/Ne), o (Ne?*/Ne), o (Ne**/Ne) (threshold up to
500 V)

Stevenson and Hipple (1942): ¢(Ne*/Ne) / o (Ne?*/Ne) (threshold up to
200¢eV)

Ziesel (1965): ¢(Ne* /Ne) / o (Ne? " /Ne) / o (Ne* */Ne) / o (Ne* ¥ /Ne) (250 to
2000eV)
Schram ez al. (1966 ¢): o (Ne™/Ne) through o (Ne®*/Ne) (0.5 up to 15keV)

Adamczyk et al. (1966)*: 6 (Ne* /Ne), ¢ (Ne? * /Ne), o (Ne’ * /Ne) (threshold up
to 2000&V)

Gaudin and Hagemann (1967): ¢(Ne*/Ne) through ¢ (Ne** /Ne) (100 up to
2000eV)

Stephan et al. (1980 a, b)*: o (Ne* /Ne), 6(Ne® " /Ne), o (Ne* " /Ne) (threshold
up to 180eV)

Nagy et al. (1980)*: o (Ne* /Ne), a(Ne?*/Ne), o (Ne**/Ne) (0.5 up to SkeV)

Bleakney (1930a): o (Ar*/Ar) through o (Ar** /Ar) (threshold up to 500¢€V)

Stevenson and Hipple (1942): (Ar*/Ar) / o (Ar**/Ar) (threshold up to
200¢eV)

Fiquet-Fayard (1962), Fiquet-Fayard and Lahmani (1962), Fiquet-Fayard
and Ziesel (1963a): o (Ar*/Ar) / a(Ar**/Ar) / o (Ar**/Ar) / o(Ar** /Ar) /
o (Ar® T /Ar) (threshold up to 500¢V)

Schram (1966): o (Ar*/Ar) through o (Ar" " /Ar) (0.5 up to 18keV)

Gaudin and Hagemann (1967): ¢(Ar*/Ar) through o(Ar’*/Ar) (100 to
2000eV)

Okudaira et al. (1970): o (Ar*/Ar) / 6 (Ar?* /Ar) / o (Ar** /Ar) [ o (Ar* ™ /Ar) /
o (Ar® " /Ar) (threshold up to 1000eV)

Crowe et al. (1972)*: o (Ar*/Ar) / o (Ar** /Ar) (threshold up to 300 €V)
Stephan et al. (1980 a, b)*: ¢ (Ar* /Ar), o (Ar* " /Ar), o (Ar** /Ar) (threshold up
to 180¢eV)

Nagy et al. (1980)*: o (Ar* /Ar), o (Ar**/Ar), o (Ar>*/Ar) (0.5 up to 5keV)

Tate and Smith (1934): ¢ (Kr* /Kr) / o (Kr2* /Kr) / o (Kr** /K1) / o (Kt* " /K1)
(threshold up to 500eV)

Fiquet-Fayard and Ziesel (1963 a), Ziesel (1967 a): o (Kr*/Kr) /o (Kr?* /Kr)/
o (Kt /Kr) / o (Kr* ¥ /Kr) / o (Kr®*/Kr) (threshold up to 500eV)

Schram (1966): o (Kr*/Kr) through o (Kr®*/Kr) (0.5 up to 15keV)

Stephan et al. (1980 a, b)*: ¢ (Kr*/Kr) through ¢ (Kr**/Kr) (threshold up to
180eV)

Nagy et al. (1980)*: ¢ (Kr*/Kr), ¢ (Kr** /Kr), o (Kr**/Kr) (0.5 up to 5keV)
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Tate and Smith (1934): ¢ (Xe™/Xe) / o (Xe? */Xe) / 6 (Xe* T /Xe) / o (Xe** /Xe) /
o(Xe’t/Xe) / o (Xe® " /Xe) (threshold up to 600eV)

Schram (1966): o (Xe*/Xe) through o (Xe'**/Xe) (0.5 up to 15keV)

Nagy et al. (1980)*: ¢(Xe*/Xe) through o (Xe**/Xe) (0.5 up to 5keV)

Stephan and Mirk (1981, 1984)*: ¢ (Xe™* /Xe) through o (Xe* * /Xe) (threshold
up to 180 eV)

b) Alkalis, Alkaline Earths and Metals

Mc Dowell (1969) (see also Mc Farland 1967) has recently reviewed electron impact
ionization of the alkalis and tabulated the results for total and single ionization of Li
through Cs, using the data of Tate and Smith (1934) and Mc Farland and Kinney
(1965). See also Laborie et al. (1971).

Li:

Na:

Rb:

Cs:

Mg:

McFarland and Kinney (1965): o (Li™/Li) (threshold up to 500¢eV)
Jalin et al. (1973): o(Li*/Li), o (Li?* /Li) (100 up to 2000V, see Fig.7-12)

Tate and Smith (1934): ¢ (Na*/Na), ¢ (Na?*/Na) (threshold up to 700¢V)

Kaneko (1961): o(Na*/Na) / o (Na?"/Na) (threshold up to 100€V, no
multiplier correction)

Brink (1962): ¢ (Na*/Na) /¢ (Na®* /Na)(threshold up to 500 eV no multiplier
correction, see also Brink 1964)

Ziesel (1965): ¢(Na*/Na) / ¢(Na2*/Na) / ¢(Na’*/Na) / o(Na**/Na) /
o (Na’*/Na) (250 up to 2000eV)

Tate and Smith (1934): ¢(K*/K) / ¢ (K?*/K) (threshold up to 500¢eV)
Kaneko (1961): ¢ (K*/K) / ¢(K?* /K) (threshold up to 100 eV, no multiplier
correction)

Brink (1962): ¢(K*/K) / ¢(K?>*/K) (threshold up to 500 eV, no multiplier
correction, see also Brink 1964)

Fiquet-Fayard and Lahmani (1962), Fiquet-Fayard and Ziesel (1963 a):
s(K*/K) / o(K2*/K) /o (K3*/K) / o (K**/K) / ¢(K5*/K) (threshold up to
500 €V)

Tate and Smith (1934): ¢ (Rb*/Rb) / o (Rb2* /Rb) /¢ (Rb>* /Rb) (threshold up
to 700eV)

Fiquet-Fayard and Ziesel (1963 a), Ziesel (1967 a): 6 (Rb* /Rb) / o (Rb** /Rb),
5(Rb**/Rb) / o (Rb**/Rb) / ¢(Rb3*/Rb) (threshold up to 500 V)

Tate and Smith (1934): ¢(Cs*/Cs) / 6 (Cs*>*/Cs) / 6(Cs**/Cs) / a (Cs** /Cs) /
o(Cs**/Cs) / a(Cs®*/Cs) (threshold up to 100¢eV)

Nygaard (1968): ¢ (Cs*/Cs) (threshold up to 100€eV) (see also Nygaard and
Hahn 1973)

Kaneko (1961): ¢ (Mg*/Mg) / ¢ (Mg?*/Mg) (threshold up to 100eV, no
multiplier correction)
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Ziesel (1965):c(Mg* /Mg) / o (Mg?*/Mg)/ o (Mg® " /Mg) /s (Mg** /Mg) (250
up to 2000 eV)
Okudaira et al. (1970): o (Mg*/Mg), 6(Mg?* /Mg), 0 (Mg** /Mg) (threshold
up to 1000eV)

Karstensen and Schneider (1978): ¢(Mg*/Mg), o (Mg?*/Mg) (threshold up
to 280¢V, see as an example Fig. 5-6)

Fiquet-Fayard and Lahmani (1962), Fiquet-Fayard and Ziesel (1963 a):
o(Ca*/Ca)/o(Ca?*/Ca) /o (Ca’*/Ca)/ag(Ca**/Ca) /o (Ca’*/Ca) (thresh-
old up to 500¢V)

Okudaira (1970): ¢ (Ca*/Ca), o(Ca?*/Ca), o(Ca**/Ca) (threshold up to
1000¢eV)

Fiquet-Fayard and Ziesel (1963 a), Ziesel (1967 a): ¢ (St*/Sr) / ¢(Sr** /Sr) /
o (Sr3*/Sr) / o(St** /Sr) / o (Sr**/Sr) (threshold up to 500¢V)

Okudaira (1970): o (St * /Sr), 6 (Sr?*/Sr), o (Sr> * /Sr) (threshold up to 1000 V)
Ziesel and Abouaf (1967): o(Ba*/Ba) / o(Ba**/Ba) / ¢(Ba*"/Ba) /
o (Ba**/Ba) (threshold up to 500eV, no multiplier correction)

Okudaira (1970): o (Ba™/Ba), o(Ba?*/Ba), ¢(Ba®*/Ba) (threshold up to
1000 &V)

Dettmann and Karstensen (1982): ¢ (Ba*/Ba) through o (Ba* */Ba) (threshold
up to 600eV, see Fig. 5-4)

Crawford (1967): ¢ (Cu™ /Cu), ¢ (Cu?*/Cu) (threshold up to 800eV)

Fiquet-Fayard and Ziesel (1963a,b), Ziesel (1967b): o(Zn*/Zn) /
6(Zn?*/Zn) | o(Zn*/Zn) | ¢(Zn**/Zn) | o(Zn**/Zn) | o(Zn®"/Zn)
(threshold up to 2000 eV)

Crawford and Wang (1967): o (Ag* /Ag), 6 (Ag® " /Ag) (threshold up to 900 eV)

Bleakney (1929, 1930 b): o (Hg"/Hg) through ¢ (Hg**/Hg) (threshold up to
400 ¢V)

Pavlov and Stotskii (1970): ¢ (Pb*/Pb) through o (Pb**/Pb) (threshold up to
400 eV, “difference method” (see also Stephan ez al. 1978))

c) Other Atomic Species

H:

The three studies on partial ionization cross section functions of the process
H+e—-H*+2e (Fite and Brackmann 1958, Boyd and Boksenberg 1959,
Rothe et al. 1962), for which the data are presented by Rothe et al. (1962)
together with theoretical results in Fig. 3 and by Kieffer and Dunn (1966) in
Fig. 3, are all relative because of the difficulty in determining the neutral beam
density. The normalization procedures used and the associated problems are
discussed by Fite (1962) and Kieffer and Dunn (1966). Experimental and
theoretical results are summarized in Fig. 5-42.

Gowan and Clark (1968): ¢ (H*/H) (close to threshold)
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Fig.5-42. Partial ionization cross sections for the process H+e—H"* +2e as a function of electron

energy. / experimental results by Fite and Brackmann (1958): 2 experimental results by Boyd and

Boksenberg (1959) normalized to the Born approximation at high electron energy ; 3 experimental results

by Rothe et al. (1962): 4 Born approximation (see Massey and Mohr (1933), Dalgarno (1953), Massey

(1956), Peach (1965)); 5 Impulse approximation (Akerib and Borowitz 1961). See also Flannery (1970)
and Kunc (1980)

Q

Brook et al. (1978): ¢(C*/C) (threshold up to 1000eV)

N:  Brook er al. (1978): ¢(N*/N) (threshold up to 1000eV, see Fig. 7-10)
Results are shown as an example in Fig. 5-32

O: Fite and Brackmann (1959): ¢ (O */O) (threshold up to 500eV)
Brook et al. (1978): ¢(O*/O) (threshold up to 1000eV, see Fig.7-11)
Ziegler et al. (1982): ¢(0O?*/O) (threshold up to 400¢V)

5.3.2 Diatomic Molecules

In case of diatomic molecules (and also for larger molecules), fragment ions may
be produced by electron impact, and as mentioned above, these ions are difficult to
collect quantitatively. Hence, only a few studies have been performed yielding
reliable partial ionization cross section functions (see below). In addition Rapp et al.
(1965) have measured without mass analysis the percentage of total ion current due
to energetic(dissociative) ions with kinetic energies in excess of 0.25 €V, ranging from
~7% in H, to ~35% in N,O, with other gases intermediate.

H,: Adamczyk eral. (1966): 6 (H*/H,), o (H5 /H,) (threshold up to 1000 eV, see
also Fig. 5-2)
Mc Gowan er al. (1968): ¢ (H; /H,) (close to threshold)
Crowe and Mc Conkey (1973a): o (H*/H,) /0 H5 /H,) (threshold up to 25¢€V.
see also Fig. 5-2); o(H; /H,) and ¢ (H*/H,) (close to threshold)

N,: Erhardt and Kresling (1967): ¢ (N */N,) (close to threshold)

Halasand Adamczyk (1972): 0 (N5 /N,), o (N/N,),(N3* /N,)(threshold up
to 600eV)
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Crowe and McConkey (1973 b): 6(N5/N,), 6 (N*/N,), 6(N?*/N,) (thresh-
old up to 300eV)

Mirk (1975): 6(N3 /N,), o (N3*/N,) (threshold up to 170&V)
Results for N, are shown as an example in Figs. 5-5 and 5-32
Erhardt and Kresling (1967): ¢(O*/0O,) (close to threshold)

Miirk (1975): (05 /O,), 6 (03" /0,) (threshold up to 170eV)

Hille and Mirk (1978): 6 (CO™* /CO), s CO** /CO), 6 (CO?* "™ /CO) (threshold
up to 180eV)

Tate et al. (1935): 6 (NO*/NO) / 6(NO** /NO) (threshold up to 400 eV)
Kim et al. (1981): 6 (NO*/NO), ¢(NO**/NO) (threshold up to 180 V)

Nier and Hanson (1936): ¢(HCI*/HCl) / o(H*/HCl) / o(Cl* /HCl) /
o (HCI>* /HC) / ¢ (CI12* /HCl) / ¢ (CI**/HCI) (threshold up to 500 V)

Monnom et al. (1984): o (P35 /P,), a(P*/P,) (threshold up to 200eV)
Monnom et al. (1984): o (As; /As,), a(As*/As,) (threshold up to 200 eV)

Triatomic Molecules

Schutten etal. (1966): ¢(H,0"/H,0), ¢(OH*/H,0), ¢(O*/H,0),
o (H; /H,0), o (H* /H,0), ¢(0**/H,0) (threshold up to 2keV)

Mirk and Egger (1976): o (H,0*/H,0), ¢ (D,0O*/D,0) (threshold up to
170 6V)

Baiocchi etal. (1984): ¢(CD5/CD,), ¢(CD*/CD,) (threshold up to
200€V)

Adamczyk etal. (1972): ¢(CO;/CO;), a(CO*/CO,), ¢(O*/CO,),
a(C*/CO,), 6(0O5 /CO,) (threshold up to 600eV)

Crowe and Mc Conkey (1974): 6 (CO5 /CQO,), 6 (CO*/CO,), s (O " /CO,),
6 (C*/CO,) (threshold up to 300¢V)

Mirk and Hille (1978): ¢(CO; /CO,), ¢(CO3*/CO,) threshold up to
170 eV)

Mirk eral. (1981a): ¢(N,0*/N,0), 6 (N,O*™/N,0) (threshold up to
180eV, see Fig. 5-33)

Stephan et al. (1980¢): o(NO;/NO,), 0 (NO3*/NO,) (threshold up to
180eV)

Siegel (1982): 6 (O3 /O3), 6(05 /O5), 6 (O /O;) (threshold up to 1000eV)

Smith and Stevenson (1981): ¢(SO; /SO,), ¢(SO*/SO,), c(S* plus
05 /S0O,) (threshold up to 40eV)

Orient and Srivastava (1984): ¢(SO5F/SO,), ¢(SO*/SO,), a(S*/SO,),
(0% /S0,) (threshold up to 200eV)

HgBr,: Wiegand and Boedeker (1982): o(HgBry /HgBr,), o(HgBr*/HgBr,),

o (Br*/HgBr,) (threshold up to 70eV)
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5.3.4 Polyatomic Molecules

CD;:
C,H,:

C,N,:

NH;:

PH;:

Asy,:

SO,:

UO;:

CH,:

CF,:

CCl,:

CF,Cl,:

Baiocchi etal. (1984): ¢(CDj5 /CD;), ¢(CD;/CD;) (threshold up to
200eV)

Tate etal. (1935): o(C,H; /C,H,) / o(C,H/C,H,) / o(CF/C,H,) /
a(CH* /C,H,) / 6(C*/C,H,) / o (H* /C,H,) (threshold up to 400 ¢V)

Tate etal. (1935): ¢(C,N7 /C,N,) / 6(C,N*/C,N,) / 6 (CN*/C,N,) /
a(C5 /C,N,) (threshold up to 400eV)

Smith  (1983):  ¢(C,N/C,N,),  6(CN*/GN,),  6(CN*/C,N,),
6(C5 /C,N,) (threshold up to 35eV)

Mirk etal. (1977a): o(NH{/NH,), ¢(NH;/NH,), o(NH*/NH,),
¢(N*/NH,), o (Hj /NH,), o (H * /NH,), ¢(NH2*/NHS) (threshold up to
180eV, see Fig. 5-8)

Crowe and McConkey (1977): o(NH;/NH;), o(NH;/NH,),
o(NH " /NH,) (threshold up to 300 ¢eV)

Bederski etal. (1980): o(NHj3/NH;), ¢(NH;/NH;), o(NH*/NH;),
¢(N*/NHS,), ¢ (H3 /NH,), o (H* /NH,), ¢(NH2*/NHs) (threshold up to
1000eV)

Mirk and Egger (1977): ¢(PH;/PH,), o(PH;/PH;), o(PH*/PH,).
a(P*/PH;), o(H;/PH;), o(H"/PH;), o(PH;"/PH;), o(PH;*/PH,),
o(PH?* /PH;), o (P?*/PH,) (threshold up to 180 ¢V, see as an example the
clastogram in Fig.5-7)

Monnom etal. (1984): o(P;/P,), o(P;/P,), a(P;/P,), a(P*/P,)
(threshold up to 200eV)

Monnom et al. (1984): 6 (As; /As,), o (Asy /As,), 6(Ass /As,), o (As* /As,)
(threshold up to 200¢V)

Smith and Stevenson (1981): ¢ (SOj3 /SO;), a(SO5/SO;), a(SO*/SO;),
a((S* +075)/SO,) (threshold up to 30eV)

Blackburn and Danielson (1972): ¢(UO;/UO;) / ¢(UO,/UO;) /
a(UO ™" /UQO,) (threshold up to 60eV)

Adamczyk etal. (1966): ¢(CH, /CH,), ¢(CH;/CH,), o(CH;/CH,),
¢(CH*/CH,), ¢(C*/CH,), ¢(H /CH,), ¢(H*/CH,) (threshold up to
2keV). See also results by Chatham et al. 1984 :

Stephan etal. (1983d, e): ¢ (CF;{/CF,), o(CF;/CF,), ¢(CF*/CF,),
o(C*/CF,), o(F*/CF,), o(CF;*/CF,), o(CF;*/CF,), a(CF**/CF,)
(threshold up to 180¢V, see Fig. 5-34)

Stephan etal. (1983e), Leiter eral. (1984a,b):  ¢(CClf/CCl,),
¢(CCl5 /CCl,), ¢(CCI*/CCl,), o(C*/CCly), ¢(Clf /CCL,), o (C1*/CCl,),
a(CC13*/CCly), ¢(CCI3*/CCl,) (threshold up to 180 V)

Leiter et al. (1984 a): Partial ionization cross sections for singly and doubly
charged ions from threshold up to 180eV
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SiH,: Turban etal. (1980): o(SiH;/SiH,), o(SiH3/SiH,), o(SiH"/SiH,),
o (Si*/SiH,) (threshold up to 70¢V). See also results by Chatham et al.
1984

TiCl,: Kiser et al. (1968): Clastogram from threshold up to 70eV
TaCls: Kiser etal. (1968): Clastogram from threshold up to 70eV
POCIls: Kiser et al. (1968): Clastogram from threshold up to 60eV

SF: Stanski and Adamczyk (1982, 1983): o (SFZ/SFs), o(SF; /SFy),
o (SFy/SFe), o (SF;/SFy), o(SF'/SFs), a(S*/SFy), o(F*/SFy),
o (SF37"/SF¢), 0 (SF2 " /SF,) (threshold up to 600¢V, see Fig. 5-38)

Cr(COg), Mo(COy), W (COyg): Winters and Kiser (1965): Clastograms from
threshold up to 70 eV

C,Hg:  See results by Chatham et al. 1984
Si,Hg: See results by Chatham etal. 1984

5.3.5 Clusters

In recent years, there has been a growing interest in a new category of molecules, i.e.
the so called (Van der Waals) clusters. Neutral atomic and/or molecular clusters are
produced in free jet nozzle expansion, and most experiments use electron impact
ionization in combination with mass spectrometry for the detection of these weakly
bound species. However, very little quantitative information is known yet in terms of
partial ionization cross sections. This is mainly due to the fact that it is not possible
to produce beams of neutral clusters of known density and defined cluster size (e.g.
Andres 1969, Anderson 1974, Hagena 1974, Mirk 1982 a, Mirk and Castleman, jr.
1984).

Studies performed so far have obtained information on (see also Mérk and
Castleman, jr. 1984):

1. Fragmentation yields:
Grimley et al. (1978) for (LiF),
Lee and Fenn (1978) for Ar,
Gough and Miller (1982) for (CO,),
Geraedts et al. (1982) for (SFy),, (SF);
Buck and Meyer (1983) for Ar, and Ar,

2. Relative partial ionization cross sections:

Leckenby and Robbins (1966) for Ar,, (CO,),

Milne et al. (1970) for (H,0),

Gspann and Korting (1973) for (Ny)1s3s and (Hy)gssz
Helm et al. (1979) for Ar,, Kr,, Xe,, ArKr, KrXe
Castleman, jr. et al. (1981) for (H,0),

3. Absolute partial cross sections:
In order to arrive at absolute cross sections, previous investigators have generally
been forced to assume that encounters between an electron and a cluster, whether
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monomor or polymer, have equal probability of producing the corresponding
cluster ion. As e.g. a dimer is roughly twice the size of a monomer, the probability
that a particular dimer will collide with an electron should be about twice the
probability that a particular monomer will collide with an electron (additivity rule,
seee.g. Otvos and Stevenson 1956, Lampe et al. 1957, Stevenson and Schissler 1961,
Batabyal etal. 1965, Harrison etal. 1966, Pottie 1966, Beran and Kevan 1969,
Grosse and Bothe 1970, Alberti et al. 1974. Bartmess and Georgiadis 1983, Mirk
1984 a and Chapter 2), hence yielding a cross section ratio of two. This working rule
includes the assumption that there is no fragmentation of dimers (or polymers)
during ionization, which has recently been shown to be incorrect. Mark (1982 b) has
recently used for rare gas dimers a modified additivity rule taking into account the
dissociative ionization channel (see Table 5-3). Moreover, it has been shown that
electron impact ionization of clusters can lead to a large fraction of metastable
parent ions, the amount of metastable ions depending on the properties (e.g.
temperature, see as an example Fig. 5-11) of the neutral precursor cluster (Stace and
Shukla 1980, 1982 a, b, c; Stace and Moore 1982, 1982, Stephan and Mirk 1982 a, b,
Mirk 1982a, Stephan and Mirk 1983, Futrell eral. 1981, 1982, Stephan et al.
1983 a,b,c).

Table 5-3. Estimated absolute partial ionization cross sections for the production of parent ions in Ar,,
ArKr, Kr,, KrXe and Xe, after Mirk 1982b. Electron energy in eV and cross sections in 10~2°m?

Electron o (Ary /Ar,) o (ArKr*/ArKr) o (Kr3 /Kry) g (KrXe™ /KrXe) o(Xe;/Xe,)
energy
12.5 - — - 0.21 0.25
15 - 0.24 0.51 1.53 291
20 1.49 1.43 2.21 4.03 6.14
25 2.66 2.54 3.59 5.74 7.49
30 3.17 344 473 6.17 7.69
35 3.40 3.82 496 6.36 7.40
40 3.46 398 5.11 6.15 7.27
45 343 4.10 5.32 6.09 7.43
50 3.38 4.03 5.29 592 7.18
60 3.41 4.08 5.58 6.05 7.43
70 343 4.15 5.57 6.13 7.58
80 3.38 4.08 5.23 6.24 7.27
90 3.33 3.99 493 5.71 6.84
100 3.28 3.97 4.67 5.61 6.54
110 3.30 3.89 496 5.64 6.56
120 3.32 4.07 490 571 6.63
130 3.32 4.09 4.69 5.52 6.51
140 3.29 4.05 449 5.28 6.09
150 3.25 3.99 431 5.01 6.06
160 3.17 398 4.10 4.77 548
170 3.10 3.90 3.71 441 5.11
180 3.02 3.71 3.62 4.06 4.68

4. Effective total and counting ionization cross sections:

Hagena and Henkes (1965) for (CO,),
Falter et al. (1970) for Ar,, (CO,),
Tay et al. (1970) for (H,),
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Henkes and Mikosch (1974) for (H,),, see as example Fig.5-43
Bottiglioni et al. (1972) for (H,),, (N,),, (CO,), (theoretical)
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Fig. 5-43. Effective total ionization cross section (for a definition see Henkes and Mikosch 1974) as a

function of electron energy for different average H, cluster sizes z as reported by Henkes and Mikosch

(1974). In order to obtain the average total ionization cross section for a specific cluster size the effective

cross section has to be multiplied by the average number of molecules per cluster. Henkes and Mikosch

(1974) concluded from the observed decrease of the effective ionization cross section with average cluster
size that the average escape depth of secondary electrons is 5.5 molecular diameters

5.3.6 Ionization of Excited Neutral Atoms and Molecules

Partial ionization cross section measurements discussed and presented so far
describe electron impact ionization of neutral atoms and molecules in its electronic
ground state (and in case of molecules in a vibrational and rotational distribution
corresponding to the temperature of the target gas, usually room temperature or
several 100° C). Ionization in plasmas quite often proceeds via stepwise ionization
mechanisms involving an intermediate excited atom or molecule. The lifetimes of
excited states are usually so short that it is impossible to study directly (. g. see the
indirect determination of Korchevoi et al. (1977)) the electron impact ionization of
excited (radiative) atoms or molecules; but the experimental difficulties become
smaller if metastable targets are used.

There are several experimental results on partial ionization cross sections of
metastable targets (most notably from the Cutham group), but also one study of |
vibrationally excited oxygens (Evans et al. 1980). The results for ionization of H (2s)
are especially interesting, because according to Dolder (1980) classical scaling
suggests that the partial cross section ratio ¢ (H*/H (2 5)) / ¢(H"/H(1 s)) should be
~ 16 when the incident electron energy is expressed in units of the corresponding
threshold energy. The measured cross section ratio is between 10 and 15 (see e.g.
Fig. 5-40).
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Available results include:

H: Dixon and Harrison (1971), Dixon etal. (1975): o(H* /H(25)) (8.5 up to
500 V)
Defrance et al. (1981): ¢ (H"/H (2 s)) (6.3 up to 1000eV)
Results are shown in Fig. 5-40

He: Fite and Brackmann (1963): o (He*/He (2°S)) (threshold up to 25eV)
Long and Geballe (1970): ¢ (He* /He (2°S)) (threshold up to 16¢€V)
Dixon et al. (1973), Dixon etal. (1976, see also reference to earlier work
therein): o (He ™ /He (2*S)) (threshold up to 1000¢V)

Results are shown in Fig.5-41. See also relative ¢ by Shearer-Izume and
Botter (1974) and Vriens et al. (1968)

Ne: Dixon et al. (1973): 6(Ne*/Ne™) (threshold up to 500eV)
Ar: Dixon et al. (1973): o(Ar*/Ar™) (threshold up to 500eV)

N,: Armentrout etal. (1981): ¢(N5 /N, (A%Z;)) (threshold up to 240eV, see
Fig.5-32)

Itis interesting to mention in this section, that Hils et al. (1982) have recently studied
electron impact ionization of polarized sodium atoms obtaining information on the
spin dependent ionization asymmetry (see also Alguard etal. 1977, Hils and
Kleinpoppen 1978, Baum et al. 1981).

5.3.7 Ionization of Atoms and Molecules into Specific (Excited)
Ionic States

Itis apparent that results mentioned in the preceding paragraphs have not included
studies which determine the specific states (electronic, vibrational, fine structure) of
ions produced by electron impact. There is only a small number of studies, all of
which are difficult to evaluate, because of the difficulty of absolute detection of either
radiation or metastable ions. Moreover, in case of radiative states the reported
partial ionization cross sections are not cross sections for production of ions in a
single specific state, but rather for the production of radiation of a specific
wavelength emitted by this state (emission cross section) without taking into
account cascading and branching ratios. It is outside the scope of this chapter to
discuss in detail these measurements. Some results have been included in the review
of Kieffer and Dunn (1966), some recent studies include, e.g. the work of Karstensen
and Schneider (1970) on Ca, Walker and John (1972) on Ne, Mentall et al. (1973) on
CO,, Tan and McConkey on Ar (1974), Gerzanich etal. (1976) on N,O,
Mandelbaum and Feldman (1976)on N,, Haasz and de Leeuw (1976) on N,, O, and
O, Van Sprang et al. (1978) on N, O, Allison et al.(1979) on N,, Dekoven et al. (1981)
on N,, Bloemen et al. (1981) on He, Hernandez et al. (1982) on N, and Perrin and
Schmitt (1982) on SiH,. Moreover, Eckhardt and Schartner (1983) have recently
reported absolute single and double cross sections of neon 2 s- and 2 p-subshell
ionization using photon spectroscopy (see also Chapter 6).
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It is interesting to note that there exist several studies which have determined partial
ionization cross sections functions for the production of singly charged metastable
atomic ions in He, Ar, Kr, Xe and Cs (Hagstrum 1956, 1960, Novick and Commins
1958, Nygaard and Hahn 1973, Kadota and Kaneko 1975, Varga etal. 1981).
According to Varga etal. (1981) the maximum cross sections are quite large
(~1072! m?)(see e.g. Fig. 5-44), however, these cross sections decrease in agreement
with predictions from Born-Bethe considerations at high electron energy faster than
cross sections dominated by optically allowed transitions. Moreover, Adams et al.
(1979) have determined the partial cross section ratios as a function of electron
energy for the production of Xe?* in the 3P ground state and 'D, and 'S, excited
state, respectively.

-
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N £ o ®

Il
00 200
Electron energy (eV)

o

Fig. 5-44. Partial ionization cross section as a function of electron energy for the production of singly
charged metastable Ar™ ions via process, Ar+e, as measured by Varga etal. (1981)

In addition, some studies have estimated partial ionization cross sections for the
production of long lived and/or metastable ions, however, without analysis of the
states produced. These studies include the production of excited O * and O;" (Turner
et al. 1968, Hughes and Tiernan 1971), of N,O*™ (Mirk etal. 1981a, see e.g.
Fig.5-33) and CO?*™ (Hille and Mirk 1978). See also Chapter9.4 for the
production of metastable O* and N*.
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Innershell Ionization Cross Sections *

C. J. Powell

Surface Science Division, National Bureau of Standards, Gaithersburg, Md.,
U.S.A.

6.1 Introduction

Previous chapters of this volume have described in some detail calculations and
measurements of ionization cross sections. The discussion has been almost
exclusively devoted to the ionization of atoms, molecules, or ions in the gas phase by
electron impact and to processes involving the removal of one or more valence
electrons.

The present chapter is concerned with the cross sections for removal of inner-shell or
core electrons by electron impact. Measurements of cross sections for removal of
inner-shell levels have been made both with gas-phase atoms and with solids. In
addition to the fundamental interest in determining physical mechanisms for inner-
shell excitation and de-excitation and in obtaining basic cross-section data for
comparisons with theory, cross-section data are needed in three types of materials
characterization: electron-probe microanalysis (EPMA), Auger-electron spectro-
scopy (AES), and electron energy-loss spectroscopy (EELS). Cross sections for
inner-shell ionization are also required in the modelling of the interactions of
ionizing radiation with matter. Calculations and some measurements of inner-shell
ionization cross sections have been made for free atoms and are expected (for
reasons to be discussed later) to be useful guides for inner-shell ionization in solids.
Inthe use of EPMA, AES, and EELS for materials characterization, data are needed
for the production of inner-shell vacancies. The term ionization cross section will
refer here to the cross section for the production of a vacancy in a specified inner-
shell or subshell even though, for a solid, an ionized state rather than a free ion is
produced. Cross sections for inner-shell ionization are typically much less than those
for the excitation (in a solid) or ionization (in a gas) of valence electrons. For an atom
or molecule, the inner-shell ionization cross section as just defined will be greater
than the cross section for the production of a free ion by the cross section for

* Contribution of the National Bureau of Standards, not subject to Copyright.
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excitation of an inner-shell electron to unoccupied discrete states that do not decay
by autoionization; this latter cross section is expected to be small (Codling, 1973).
The present author has published two reviews that summarize cross-section data
and related information for inner-shell ionization in atoms and solids (Powell,
1976 a; Powell, 1976b). The present chapter will summarize, update, and extend
these previous reviews. Emphasis will be placed on cross sections for inner-shell
ionization with incident electron energies less than 50 keV since information in this
range is useful in EPMA, AES, and EELS as well as for other purposes. For such
incident energies, relativistic corrections are usually small compared to other
uncertainties. (Note that mc? =510keV.) EELS measurements, however, are often
made at incident energies of 100keV and above and in these cases relativistic
corrections should be considered. Investigations of inner-shell ionization by
relativistic electrons have been published by Quarles (1976), Hahn (1976), Scofield
(1978), Tawara (1978), Hoffmann eral. (1980), Palinkas and Schlenk (1980),
Eschwey and Manakos (1982), Genz (1982), and Miiller et al. (1983). We note here
that there are two types of relativistic corrections. First, there are the kinematic
modifications to the cross-section formulas (Inokuti, 1971). Second, there are
modifications to the atomic charge distributions and core-electron binding energies
for which corrections are difficult.

It will be convenient here to review and compare cross-section formulas and data in
terms of Bethe’s (1930) formula for inner-shell ionization. The Bethe theory has been
successfully employed for many applications [see Chapters 2 and 7 and Inokuti and
Manson (1984)] as it provides a convenient and consistent quantum-mechanical
basis for electronic excitation and ionization in atoms and molecules (Inokuti, 1971;
Inokuti et al., 1978). The theory also provides a connection to electronic excitation
and inner-shell ionization in condensed matter. The Bethe theory is only expected to
be valid if the incident electron energy is sufficiently high. We will discuss later the
expected consequences of the incident energy not being sufficiently high and the use
of the Bethe formula, albeit empirical, at low incident energies and of certain
proposed modifications and alternatives to the Bethe formula. Relativistic cor-
rections can be made readily to the Bethe formula (Inokuti, 1971).

The dielectric theory of inelastic electron scattering in solids is reviewed in
Section 6.2 and related to the Bethe (1930) theory for atomic excitation and
ionization. Reference is made to recent calculations of inner-shell ionization cross
sections. Section 6.3 contains a summary of semi-empirical and empirical formulas
for ionization cross sections. The several techniques for measuring ionization cross
sections are reviewed in Section6.4 and examples of cross-section data given.
Measurements made since the previous review (Powell, 1976 a) are surveyed. A
comparison of calculations and measurements of inner-shell ionization cross
sections is made in Section 6.5 with emphasis given to phenomena that limit the
range of validity of particular formulas. Finally, examples are given in Section 6.6 of
applications of cross-section data to bulk analysis of materials by EPMA, surface
analysis by AES, and thin-film analysis by EELS.
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6.2 Theory

6.2.1 Dielectric and Bethe Theories of Inelastic Electron Scattering

We begin by discussing the theory of inelastic scattering of electrons in solids
(Schnatterly, 1979 ; Raether, 1980; Powell, 1984). The differential inelastic scattering
cross section, per atom or molecule, for energy loss E and momentum transfer g inan
infinite medium is

o 2¢? |: -1 j] 1
= Im — (6-1)

dEdq nwNv? e(w,q) | q
where N is the density of atoms, e is the electronic charge, and v is the velocity of the
incident electrons. For small scattering angles, g~ P (6*+0,2)*/2, P is the momen-
tum of the incident electrons, 6 is the scattering angle, 6= E/2 E, and E, is the
incident energy. The term Im[—1/¢(w, )] in Eq. (6-1) is the so-called energy-loss
function which is defined in terms of the complex dielectric constant ¢ (w, g), where
E=%hw. For g=0, the dielectric constant is related to the conventional optical

constants, the refractive index n and the extinction coefficient k, by

e(@,0)=(n+ik)=¢ +ie, (6-2a)
where

g, =n?—k?, (6-2b)

e=2nk=pcu,jo (6-2¢)
and

Im(—1/e)=¢,/(¢,> +&,°). (6-2d)

In Eq.(6-2c¢), p is the density of the solid, ¢ is the velocity of light, and p,, is the optical
(often x-ray) mass absorption coefficient.

For Eq. (6-1) to be valid, E, should be “much greater” than E. The extent to which
E, should be greater than E will be discussed later. Equation (6-1) can be extended to
materials with crystalline anisotropies and to include the terms associated with
specific surface excitations but these complications are not relevant here (Raether,
1980). Equation (6-1) can also be utilized for inelastic electron scattering in
liquids.

Equations (6-1) and (6-2) indicate the similarities and differences that occur for
inelastic electron scattering in condensed matter and in free atoms or molecules. The
denominator in Eq. (6-2d) is essentially unity for free atoms and molecules (¢, ~ 1,
¢, < 1), and the energy loss function is then proportional to ¢, and to the optical
absorption coefficient. For condensed matter, the denominator in Eq. (6-2d) may
depart significantly from unity; this situation generally occurs for inelastic
scattering processes involving valence-electron excitations. For inner-shell ioni-
zation in solids, however, and for energy losses > 100eV, ¢; =1 and &, <1 so that
Im (- 1/e)x¢,. Certain specific “solid-state” effects (extended x-ray absorption fine-
structure or EXAFS oscillations, near-edge density-of-states effects, and two-
electron or many-electron excitation satellites) can lead to small modulations of the
intensity of inelastically scattered electrons associated with inner-shell excitations or
to specific local modulations of the scattered intensity for excitation energies close to
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the threshold for core-level ionization (Powell, 1984). These effects arise when
relatively slow electrons are ejected and they are subject to delicate forces in the solid
state. It has recently been shown that “solid-state” effects can also modify the form
of photoionization cross-section data for some transition metals (Abbati et al.,
1983). With the exception of these specific effects, the energy-loss function for inner-
shell excitation in solids will be generally similar to the corresponding data (e, or p,,)
for free atoms and molecules. Thus, cross-section measurements that represent
integrals of Eq. (6-1) over appropriate limits of E and g for a particular element can
be expected to yield similar results whether or not measurements are made in the gas
phase or the solid phase (Codling, 1973; Kunz, 1973; Ing and Pendry, 1975).
Similarly, cross-section measurements for an element in different chemical states
should give similar results.

It is convenient to define the differential oscillator strength

df(E,q) _ 2EIm[—1/e(w,q)]
dE nQ,’

where Q,=(4n N ¢*/m)"/* and m is the electron rest mass. The differential oscillator
strength satisfies the Thomas-Reiche-Kuhn sum rule for each value of g:

X

(6-3)

J df(E,q)/dE1dE=Z (6-4)

0
where Z is the atomic number.
Equations (6-1) and (6-3) can be combined to yield

d*o _4ne4 df(E,q) 1
dEdg mv? " dE q’

Equation (6-5) is in the form of equations derived by Bethe (1930) to describe
electronic excitation and ionization of atoms and molecules by electron impact. For
excitation to a discrete state n of an atom, the function f,, (¢) is termed the generalized
oscillator strength (Bethe, 1930).

The determination of either a partial or total integrated cross section (see Chapter 1)
for inner-shell ionization from Eq. (6-5) requires knowledge of the function
df (E, q)/d E. With the increasing use of synchrotron radiation to investigate atomic,
molecular and solid-state properties, there is a growing amount of optical
absorption data for photon energies that can excite inner-shell electrons (e.g,,
Weaver et al., 1981). Data of this type give information on df(E,0)/dE. Very similar
data are obtained in measurements of electron energy-loss spectra in transmission
through thin specimen films for 6=0; although the minimum momentum transfer
Gumin fOr @ particular excitation is not zero, Im [ — 1/e(, i) ] X Im [— 1/e(w, 0)].
Information on df (E, q)/d E for small g can be obtained from EELS experiments in
electron microscopes over a range of scattering angles. Over the last several years,
calculations of df(E, q)/d E have been reported for a moderate number of atoms
(McGuire, 1977; Egerton, 1979 and 1981; Leapman etal., 1980; Inokuti and
Manson, 1983; Rez, 1984). These calculations are useful guides to the g-dependence
of df(E,q)/dE for the excitation of electrons from specific shells of representative
elements.

(6-5)




202 C. J. Powell:

We will assume for the moment that d f (E, q)/d E is a slowly varying function of g for
small ¢ where the differential cross section is large. That is,

df(E.q) _df(E,qy,) _df(E,0)
dE = dE = dE

(6-6)

where df (E,0) d E is simply related to the optical absorption coefficient. Equation
(6-5) can now be integrated from g, = E/v to an “effective” upper limit

qmax = (I’I’l c (E) E/2)1f2 (6'7)

where ¢ (E)is a term that depends on the specific g-dependence of df (E, q)/d E. From
calculations based on the hydrogenic approximation, Bethe (1930) estimated ¢ (E)
for discrete excitations to be approximately 4 although it is clear from recent
calculations (Leapman et al., 1980; Inokuti and Manson, 1983 ; Rez, 1984) that ¢ (E)
can depart appreciably from 4 for inner-shell ionization of certain shells of some
atoms. In such cases, there is substantial oscillator strength for momentum transfers
greater than 1 A ~!. Equations (6-5) —(6-7) can be combined to give the differential
cross section for energy loss E:

de 2me* 1 df(E,0) [C(E)mv2:|
x In .

d—EmN mvfhf' dE 2FE

(6-8)

It should be noted that ¢ (E)is, in general, strongly dependent on E although do/dE
is usually only mildly dependent on E (Inokuti, private communication).

The total integrated cross section ¢,; per atom or molecule for ionization of the n!
shell can now be found by integration of Eq. (6-8) from a lower limit E,,,, the binding
energy of electrons in the nl shell, to some upper limit E, ... If the differential
oscillator strength df(E, q)/dE is known from calculations, the integrations of Eq.
(6-5) over g and E can be performed numerically and the limit E,,, can be chosen to be
infinity. If, however, df(E,0)/dE is obtained from experimental (e.g., optical
absorption) data, the upper limit E,_,, must be chosen carefully since the
experimental data for any excitation energy may contain significant contributions
from the ionization of two or more shells. While the customary assumption that E,_,
can be chosen to the binding energy of the next most tightly bound shell may be a
satisfactory approximation to infinity in some cases, in other cases there may be
appreciable error (Powell, 1984). In the latter situations, one cannot determine a,,
without developing a satisfactory algorithm for determining the component of
df(E,0)/dE associated with nl-shell ionization over a sufficiently large range of
excitation energies.

Bethe (1930) has expressed 6, in the form

. 2ne* Z,b, In |:CnlE0:|

=
" mv*? E E

g

(6-9)

nl nl

where Z, is the number of electrons in the n! shell, and b,,and ¢, can be regarded as
parameters for a specific shell and element. Equation (6-9) is in the form described
and discussed in Section 7.2.2 of Chapter 7; see also Inokuti (1971). Comparison of
Egs. (6-8) and (6-9) indicates that
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Enax
E, 1 df(E,0 (E)E
b= J 1 )ln <(E)E, dE
Z,In(c, Ey/E,) E dE E

E,

Eoa
Enl 1 df(E’O)
R — ——~dE. 6-
Z, J E dE (6-10)

E,

Note that the determination of b, from Eq. (6-10) (e. g., with use of photoabsorption
data) is subject to uncertainty concerning the extent to which the integral is
dominated by contributions to the differential oscillator strength from only the nli-
subshell, as just discussed.

Equation (6.9) can be rewritten:

Ol En12 =T 84 an bnl In (Cnl Unl)/Unl (6'1 1 a)
or, with values of constants inserted,

0nE,2=651x10"*Z b, In(c, U,)/U,, cm?eV? (6-11b)

where U, often referred to as the overvoltage, is equal to Ey/E,,. Equation (6-11)
indicates that plots of o,,, E,,,* versus U, for the ionization of a given shell are useful
in determining whether the parameters b,, and c,,, are a function of Z; if not, values of
o, for the ionization of a particular shell in one element can readily be scaled to
derive values of g, for ionization of the same shell in other elements. In addition, a
plot of 6, E,* U, /ne* Z,, versus In U, for a given element shows directly the range
of U, for which Eq. (6-11) is valid and allows a convenient means of determining the
parameters b, and ¢,;. Such a plot is referred to as a Fano plot (see Chapter 7).

Equation (6-11), like Eq. (6-1), has been derived with the use of the first Born
approximation (Inokuti, 1977); that is, it has been assumed that U,, is sufficiently
large. This requirement will be discussed below.

6.2.2 Atomic Calculations of Inner-Shell Ionization Cross Sections

We will now discuss several recent quantum-mechanical calculations of cross
sections for inner-shell ionization in atoms (see also Chapters 1 and 2).

McGuire (1977 and 1979) has reported extensive calculations of cross sections for
inner-shell ionization of various atomic subshells using the plane-wave Born
approximation (PWBA). His results have been presented in scaled form, that is,
values of 6, (E,))* as a function of U,,. For a particular subshell and a selected value
of U,,, it would be expected from Eq. (6-11) that « =2 if b,,, or ¢, was not a function of
atomic number (with appropriate consideration of the Z,, term). McGuire found
that the parameter o often departed substantially from the expected value of 2 for
subshells with fairly low binding energy (i.e., for E,, typically less than 500 to
1000 eV, depending on the subshell). For example, McGuire found o= 1.70 and
o =1.655 for ionization of the 2 s and 2 p subshells, respectively, of the elements Na
through Ar; o =2 for ionization of both subshells for elements with Z > 18. Similarly,
the cross-section calculations indicated values of o of 1.67,1.69, and 1.48 for 3 s, 3 p,
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and 3d subshell ionization for the elements Mn-I, Cr-I, and Ga-In, respectively.
Some measurements of inner-shell ionization cross sections support the trends
found in McGuire’s calculations although calculations of b, from photoabsorption
data with the use of Eq. (6-10) do not show the strong Z-dependence found by
McGuire (Powell, 1976 a).

Hippler and Jitschin (1982) have extended the PWBA for K-shell ionization of light
atoms to relatively low values of Uy. They took account of electron exchange with
the Ochkur approximation and found good agreement with experimental data
(Z=6to 18) for Ug>2.

Rudge and Schwartz (1966) derived an analytic formula based on a calculation of ok
and o, for a fictitious hydrogenic ion with Z=128 using the Born-exchange
approximation. Their result is:

1.626x10°'4Z,,S,, In U,,

o cm? eV? (6-12a)
Unl
where
Sxk(Ug)=2.799 0218 0047 (6-12b)
e U — Ug? ‘
and
S (UL) 2168+1'147 0.212 (6-12¢)
=2. —_ -12¢
b b UL; Usz

and has been obtained for 1.25<U,, <4. The approach of Rudge and Schwartz has
been extended by Golden, Sampson and co-workers in a series of papers which are
summarized by Moores et al. (1980). They have fitted total cross sections for the
ionization of electrons from the K, L,, L,;, M,, M,;, and M5 levels of a heavy
hydrogenic ion for 1.125<U,,; <6 to the formula:

6,8 (U)=[AInU+B(1—U "2 +(CU '+DU ) (1— U~ YU

(6-13a)
where ¢, * is a reduced cross section defined by
Z%
R nl
o= 6.13b
' n*ralZ, ( )

InEq. (6-13b), a, is the Bohr radius and Z is the nuclear charge. If (Z/n)? is assumed
to be equal to E,;/E where Eg is the Rydberg energy (i.e., no correction is made for
screening), Eqs. (6-13a) and (6-13b) can be rewritten as

owE,>=1.628x10"*Z o,® cm?eV2. (6-13¢)

Values of the parameters for Eq. (6-13 a) are given in Table 6-1.

Egerton (1979) has calculated generalized oscillator strengths for K-shell ionization
of low-Z elements. He has utilized a simple hydrogenic model and has obtained
partial and total K-shell ionization cross sections for E,>30keV (conditions
appropriate for materials microanalysis by EELS). The calculated cross sections
agree quite well with experimental measurements. He has used the same approach
to compute L-shell ionization cross sections (Egerton, 1981).
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Table 6.1. Values of the parameters in Eq. (6.13) for ionization of the indicated levels [ from Moores et al.

(1980)]

Shell A B C D
K 1.13 4.41 —2.00 3.80
L, 0.823 3.69 0.62 1.79
Ly, 0.530 5.07 1.20 2.50
M, 0.652 3.83 0.64 2.10
M., 0.551 438 1.83 1.90
M, 0.280 5.70 221 2.65

Leapman, Rez, and Mayers (1980) have performed calculations of generalized
oscillator strengths and differential scattering cross sections as a function of
excitation energy for K-, L-, and M-shell ionization of selected low- and medium-Z
elements. These authors employed a Hartree-Slater potential for determining the
generalized oscillator strengths. The general features of the calculated differential
scattering cross sections agreed with experimental data for solids although, not
surprisingly, there were discrepancies near the thresholds for core-electron exci-
tation. Further calculations of the same type, including L- and M-shell ionization of

Table 6-2. Values of the Bethe parameters b, and c,, determined by

Rez (1984)
Element b, Cut
(a) K-shell ionization
Al 0.709 1.113
P 0913 0.933
K 1.195 0.706
Ti 0972 0.873
Cr 0.980 0.864
Fe 1.102 0.846
Cu 1.037 0.831
Ge 1.052 0.822
Y 1.081 0.804
(b) Ls-subshell ionization
Zr 0.958 0.862
Ag 0.972 0.846
Sb 0.972 0.854
Ba 1.007 0.828
Gd 1.045 0.801
w 1.094 0.744
(c) M,-subshell ionization
w 1.211 0.700
Au 1.251 0.688
Pb 1.209 0.704
8) 1.223 0.717

These values were obtained from Fano plots [Eq. (6-11)] and

calculated cross sections for U, >2.
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a few heavy elements, have been reported by Rez (1984). The differential and total
cross sections for K-shell ionization calculated by Leapman et al. (1980) and Rez
(1984) agreed well (typically better than 5 — 10%) with the cross sections calculated
using the hydrogenic approximation. Rez has also fitted his calculated cross sections
to the Bethe equation via Fano plots [cf. Eq. (6-11)] and has determined values of
the Bethe parameters for U,,>2 (for which the Fano plots are “reasonably” linear).
Values of the Bethe parameters determined by Rez are given in Table 6-2.
Similar calculations of generalized oscillator strengths for K- and L-shell ionization
of atoms with Z <30 have been reported by Inokuti and Manson (1984). The
generalized oscillator strengths have been computed both with the use of the
Hartree-Slater potential and with the hydrogenic approximation for a wide range of
excitation energies. For the L, and L, 5 subshells of elements such as Na, Al, and Cl,
the Hartree-Slater and hydrogenic results differ by up to a factor of five for excitation
energies close to the relevant subshell binding energy. In an earlier calculation,
Omidvar (1977) has found that total cross sections for ionization of the krypton 3d
subshell differ by 5 — 139, when computed with the Hartree-Slater and hydrogenic
approaches.

Inokuti and Manson (1984) discuss mechanisms by which generalized oscillator
strengths for atoms may be modified in molecules and solids. Shape resonances
occur widely in the photoionization spectra of molecules and so-called EXAFS
(extended x-ray absorption fine structure) modulations of x-ray absorption and
EELS data occur in molecules and solids.

A specific calculation for M ,s-shell ionization of Kr has been reported by Omidvar
(1977). With the use of Hartree-Slater wave functions, he has calculated cross
sections for 1.2 < U, <36.3. The maximum cross section occurs for U, ~ 8 rather
than 3—4 found for K- and L-shell ionization.

Finally, Gryzinski (1965) has developed a classical description of excitation and
ionization that has been widely applied largely because of its simplicity and general
utility. His expression for inner-shell ionization is

0,> E, 2 =651x10""*Z,,g(U,,) cm?eV? (6-14 )

where

U=t [—*U_ITZP 2 (1 1)1 27+(U—1”2]} 6-14b)
g( nl)_ﬁ Ut +? U n[2. ) . (6-

A review of classical and binary-encounter collision theories has been given by
Vriens (1969). Tung (1980) has pointed out recently that the constraints of several
oscillator-strength sum rules can yield more accurate generalized oscillator
strengths for small momentum transfers than is possible with the classical binary-
collision model. His calculated cross sections for K-shell ionization in C and O agree
quite well with experimental measurements.

6.3 Semi-Empirical and Empirical Formulas

A large number of formulas have been proposed to represent calculated and
measured inner-shell ionization cross sections. Many of these formulas are
modifications of the Bethe formula [Egs. (6-9) and (6-11)] either to gain analytic
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simplicity or to extend the applicability of the Bethe formula to low incident electron
energies. We will summarize here briefly the older formulas that have been utilized
in data analysis (e.g., in the quantification of EPMA, AES, and EELS data) and the
newer formulas that are generally more accurate or more useful (e.g., over a wide
range of Z and U,); comparisons with experimental data will be made in
Section 6.5.

de la Ripelle (1949) has modified the Bethe formula to be useful near the threshold for
ionization:

, 651x107 14ZaIn(U,)
e Kt (Ui + 2nt)
where k,, and y,, are parameters; k,, is equivalent to 1/b,, in Eq. (6-9). de la
Ripelle (private communication) has fitted experimental K-shell ionization cross
sections to Eq. (6-15) and finds that kx=1.18 and yx=1.32.

Worthington and Tomlin (1956) have also modified the Bethe formula in order to

give a convenient (but nevertheless arbitrary) analytic description of the cross
section near threshold. Their formula is

651x 10714 Z, b,y [ 4U,
n
1.65+2.35exp(1—U,)

cm?eV? (6-15)

g,

2

ntBnp = U

o J cm? eVZ2.
(6-16)

Green and Cosslett (1961) assumed ¢y in Eq. (6-11) to be unity and adjusted by to
agree with experimental measurements of o for Ni and Ag in the vicinity of Ui =3.
Their result,

o E2=792% 10" % 1In(Uy)/Ug cm?eV?2 (6-17)

nl

corresponds to by =0.61.
Kolbenstvedt (1967) has obtained the following approximate formula for K-shell
ionization:
3.590 x 10~ 1*In(2.38 Uy) N
Uk

. 1013 1+InU

Pl [1— o "J cm?eV?.,
UK UK

-Drawin (1961) has reviewed earlier semi-empirical cross-section formulas and has
proposed

6, E,2=432%x1071% Z, f,(U,,~1)In(1.25f, U,)/U,2 cm?eV? 019
( -

O-KEK2=

(6-18)

where f; and f, are parameters estimated to have values in the ranges 0.7 to 1.3
and 0.8 to 3.0, respectively, but which are often assumed to be unity. For U, > 1,
Eq. (6-19) reduces to Eq. (6-11) with b,,=0.66 and c,,=1.25.

Lotz (1970) has suggested the formula

O-nlEnl2 =dy an In Unl {1 —"bnlexp [—Cnl (Unl - 1)]}/Unl (6'20)

where a,, b, and ¢, are parameters (not to be confused with the Bethe parameters



208 C.J. Powell:

b, and ¢, in Eq. (6-9)). Values of the parameters in Eq. (6-20) were selected by Lotz
on the basis of cross sections for the removal of valence electrons of atoms to produce
ions. Equation (6-20), however, has been found useful in describing inner-shell
ionization cross sections (Pessa and Newell, 1971; Szajman and Leckey, 1981). A
slightly modified version of the Lotz formula has been proposed by Campeanu and
Koch (1981) to fit McGuire’s (1977 and 1979) calculated ionization cross sections.
Casnati et al. (1982) have analyzed a large number of measured K-shell ionization
cross sections and have proposed a rather complex expression:

o Ex’> =(Zga? REg* Y ¢1n U)/U (6-21a)
where

l//:(EK/ER)d (6'21 b)

d= —0.031840.3160/U —0.1135/U? (6-21c¢)

¢=10.57exp[(—1.736/U)+(0.317/U?)] (6-214d)

and a, is the Bohr radius (5.29 x 10 "'* m), E is the Rydberg energy (13.606 €V), and
Ris a complex relativistic correction factor (taken to be unity here). Equation (6-21)
was found to fit cross section data typically better than + 109, over the range
1<Ug<20 and 6<Z<79.

Many of the formulas listed here have been incorporated into data-reduction
algorithms (e.g., the determination of elemental concentrations from EPMA
measurements). The formulas have served a useful function although they have often
been derived from a much more limited base of measured and calculated cross
sections than is available now. The apparent success of a particular formula in one
application, often over a limited range of U ,, and with a variety of additional sources
of uncertainty in the data analysis, should not necessarily suggest that the same
formula is useful in other applications under different conditions. A particular
hazard with empirical and semi-empirical formulas is their possible lack of validity
beyond the range of conditions for which they were initially developed.

6.4 Experimental Measurements
6.4.1 Techniques for Inner-Shell Cross-Section Measurements

Three techniques have been used to measure inner-shell ionization cross sections for
both gas and solid targets. With one technique, measurements are made of the
number of electrons that have excited a particular core level while for the other two
techniques, measurements are made of the decay products, either characteristic
x-rays or Auger electrons, from a specific core level. The latter approach is of
particular value since data on the cross sections for the yields of x-rays or Auger
electrons, relevant to EPMA and AES, respectively, are acquired directly. These
cross sections, for other than K-shell excitation, are generally not the same as
ionization cross sections since an ionization in some initial shell or subshell may be
rapidly transferred to another by one or more Auger or Coster-Kronig processes
(Bambynek et al., 1972; Krause, 1979). In general, Coster-Kronig processes are
rapid so that, for example, an ionization in the L,-subshell of Al is rapidly
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transferred to the L,- or L;-subshells and the resulting emission of Auger electrons
from each subshell (by L, V'V, L,VV, or Ly V'V transitions) does not reflect the
relative number of initial ionizations in the L,, L,, or L subshells.

Data for fluorescence yields, Auger, and Coster-Kronig probabilities are available
for K-shell excitation and to a lesser extent for L- and M-shell excitation (Bambynek
etal., 1972; Krause, 1979). The increasing complexities of the multiple decay
channels following M- and higher-shell ionization is largely responsible for the
limited data on innershell ionization cross sections as well as on the associated
fluorescence yields, Auger, and Coster-Kronig probabilities. A difficult, though
potentially valuable method of identifying specific decay channels is the use of
coincidence techniques. By this approach, Haak et al. (1978) have separated the two
components of the Ly V'V Auger emission from copper due to initial ionizations of
the L, and L, subshells. The initial ionizations in this experiment were created with
x-rays but the method could be extended to electron excitation in a manner similar
to that developed for other purposes (Celotta and Huebner, 1979; Bonham, 1979).
The first measurements of inner-shell ionization cross sections were made by
measuring the absolute yield of characteristic x-rays from a target under electron
bombardment (Webster et al., 1933). The principal corrections and calibrations
required for valid cross-section measurements include : slowing down of the incident
beam in the target; x-ray absorption in the target; the fluorescence yield; efficiency
of the detector; solid angle; and bremsstrahlung background (Bambynek et al.,
1972 Jessenberger and Hink, 1975).

For core electrons with low binding energy (< 1 keV), the fluorescent yield is small
(<0.01) and often not well known (Bambynek et al., 1972; Krause, 1979), and thus
inner-shell ionization cross sections determined from x-ray yields can have large
uncertainties. For this situation, of particular interest to AES, it is better to measure
instead the yield of characteristic Auger electrons that result from the decay of a
particular level (Glupe and Mehlhorn, 1967 and 1971). Corrections and calibrations
for such measurements include: slowing down of the incident beam; attenuation of
the Auger-electrons in the target; analyzer transmission; detector efficiency; solid
angle; secondary-electron background; and additional ionizations due to
bremsstrahlung and characteristic x-rays emitted by the target (Glupe and
Mehlhorn, 1971; Powell et al., 1977; Cazaux and Mouton, 1984).

A more direct approach for the determination of inner-shell ionization cross sections
is to measure the electron energy-loss spectra associated with the excitation of
electrons from a particular shell (Swanson and Powell, 1968). This type of
measurement, now often made in a transmission electron microscope equipped with
an electon energy analyzer (Joy and Maher, 1980), can give differential cross sections
integrated experimentally over limited ranges of energy loss and scattering angle or
momentum transfer (cf. Egs. (6-5)—(6-8) and the discussion in Section 6.2) of
particular relevance to EELS measurements.

A total inner-shell ionization cross section requires both the determination of a
varying background due to other inelastic scattering processes (e.g., multiples of the
much more probable valence excitations) and the separation, in general, of the
overlapping contributions to an energy-loss spectrum from the ionization of two or
more shells. Methods for making such a separation have not been developed
although it is possible that an algorithm could be developed with the use of



210 C. J. Powell:

calculations of df(E,q)/dE (cf. Section 6.2). The signal of interest also has to be
corrected for plural inelastic scattering and for different angular collection
efficiencies associated with single and plural scattering (Swanson and Powell, 1966
and 1968; Stephens, 1980). Other aspects of data analysis have been discussed by
Joy and Maher (1981).

The three techniques for the measurement of inner-shell ionization cross sections
described above can be applied to both solid and gaseous targets. Nevertheless,
essentially all of the cross sections determined by the x-ray yield and electron
energy-loss methods have been obtained using solid targets while the cross sections
determined by the Auger yield method have been almost entirely obtained with
gaseous targets. It would be valuable to apply the x-ray and electron energy-loss
methods to gases in which case the experimental requirements discussed by Kieffer
and Dunn (1966), also summarized in Chapters 5 and 7, Kuyatt (1968), Langenberg
et al. (1975), Celotta and Huebner (1979) and Bonham (1979) should be considered.
Similarly, in applications of the Auger-yield method to solids, the experimental
details discussed by Powell (1968), Powell et al. (1977), and Zaporozhchenko et al.
(1979) should be examined.
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Fig. 6-1. Experimental values of o E;? as a function of Uy. a Data for C (open circles), Al (open squares).
and Ni (solid circles); the solid squares represent data for Al, Mn, and Cu from Fischer and Hoffmann
(1967). b data for C (triangles), Ne (crosses), N (squares), and O (circles) (Powell, 1976 a)

Figs.6-1 and 6-2 show cross-section data for K- and L-shell ionization (Powell,
1976 a). These plots are in the form of o, E,;*> versus U, as suggested by Eq. (6-11),
for a number of elements. The data in Fig. 6-1 a were obtained with the x-ray yield
method while those in Fig. 6.1 b were obtained using the Auger yield method; it is
clear that good consistency has been obtained with these two methods. Most of the
data in Fig. 6-1 appears to lie close to a common curve and there is thus not a
substantial variation of the Bethe parameters by and cg with atomic number Z. In
contrast, Fig. 6-2 shows a larger variation of cross sections for L,;-shell ionization
amongst the several elements (all measured with the Auger yield method) and it is
found that the parameters b;,, and c,,, increase with Z (Powell, 1976 a).
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Fig. 6-2. Experimental values of 6 ,, E; ,,* asa functionof U . Data shown are for P (squares), S (circles),
Cl (triangles), and Ar (crosses and open circles (Powell, 1976 a)

Cross-section measurements published since the previous review (Powell, 1976 a)
was prepared will now be briefly described. This summary will discuss in turn
measurements made with the x-ray yield, Auger-electron yield, and electron energy-
loss methods.

6.4.2 X-Ray Yield Measurements

Jessenberger and Hink (1975) measured K-shell ionization cross sections of Ti and
Ni for Ug in the ranges 1 to 10 and 1 to 6, respectively, using the x-ray yield
technique. Their cross sections were larger, when scaled [Eq. (6-11)], than those
shown in Fig. 6-1 and about 209 higher than expected from the results of Rudge and
Schwartz [Eq. (6-12)] and Gryzinski [Eq. (6-14)]. The data could be fitted well to
Drawin’s formula [Eq. (6-19)] with f, =12 (Ti), f{ =1.3 (Ni) and f,=1.2 (Ni and
Ti).

Subsequent measurements have been made with incident energies close to threshold
(U,;<5) for which the Bethe theory described in Section 6.2 would not be expected
to be applicable. Shima (1980) and Shima et al. (1981) have measured cross sections
for K-shell ionization of Mn, Cu, Ge, and Ag for 1 <Ug<2.5 and found close
agreement with the Green and Cosslett (1961) empirical formula [Eq. (6-17)]. In this
range of Uy, the Green-Cosslett formula predicts cross sections very similar to those
of the Rudge-Schwartz [Eq. (6-12)] and Worthington-Tomlin [Eq. (6-16)] formulas
but appreciably larger (by 25 — 100%; or more, depending on Uy) than cross sections
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predicted by the Gryzinski formula [Eq. (6-14)]. For Uy <1.2, Shima et al. (1981)
find better agreement with the Green-Cosslett formula [Eq. (6.17)] with the
constant reduced from 7.92x 107'* to 7.2 x 1074,

Quarles and Semaan (1982) have reported K-shell ionization cross sections of argon
for 1.3<Ug< 3.2 which agreed well with McGuire’s (1977) calculations. These
authors found that their data could be fitted to the Bethe (1930) equation [Eq. (6-9)]
with parameters b, =0.63 and c¢x =0.82; the value of by is about 309 less and the
value of ¢y about 30%; more than values found previously (Powell, 1976 a)for U >4.
K-shell ionization cross sections of argon have also been measured by Hippler et al.
(1982) for U < 5; the data of these authors agree well with the data of Quarles and
Semaan (1982).

L-subshell ionization cross sections have been obtained for W for 1<U <4 by
Chang (1979) with the use of the x-ray yield method. Similar measurements on gas
samples have been made for Xe by Hippler et al. (1981) for 1 < U, <3 and total L-
shell cross sections have been measured by Quarles and Semaan (1982) for Kr
(2.1<U.<4) and Xe (1.2<U;<2). Both Chang and Hippler etal. find their
measured cross sections are comparable to the calculated results of Gryzinski (1965)
and McGuire (1977) for U, >2 but the measurements decrease less rapidly with U,
for U, <2 than indicated by the calculations; the calculations would not, however,
be expected to be valid at such low values of U, . The Krdata of Quarles and Semaan
(1982) is found to be about 409 less than the values calculated by McGuire (1977)
while the Xe data of Hippler et al. (1981) are about 20— 309, larger than McGuire’s
calculations; this apparent discrepancy is due to the different methods used to select
the fluorescent yields in the two experiments (Hippler, private communication).
Hippler et al. (1983) have measured ionization cross sections with incident energies
from about 10 eV to 1keV above threshold. They have examined the cross-section
dependence for K-shell ionization in Ar and L;-shell ionization in Xe on excess
electron energy above the threshold for ionization, namely

0, € (Eg—E)'. (6.22)

The exponent n was found to be 1.10 4 0.04 for the Ar K-shell cross section, a value
consistent with that predicted (1.127) by Wannier (1953) from a consideration of the
correlated motion of the two slow electrons escaping the ion. For L5 ionization in
Xe, n=0.964+0.04 and this value was interpreted by Hippler etal. (1983) to
correspond to uncorrelated electron escape for excess energies above 10eV. Under
these conditions, a linear dependence of the cross section on excess energy is
expected.

6.4.3 Auger-Electron Yield Measurements

We turn now to the use of the Auger-yield method for the measurement of inner-shell
ionization cross sections. There are only two known recent measurements. Hink
et al.(1981) have reported new measurements of K-shell ionization cross sections for
Nein therange 1 < Uy < 5.2; these measurements agree closely with the earlier data
of Glupe and Mehlhorn (1971). Hink er al. (1981) havealso determined the exponent
in relation (6.22) to be 1.13+0.02. Yagishita (1981) has determined cross sections for
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the ionization of the M,, M5, and M, subshells of Kr for 1<U, <34. These
measurements are typically about one-half of the values calculated for each subshell

by McGuire (1977) and also show a less rapid decrease with decreasing U,, for
Uy <3.

6.4.4 Electron Energy-Loss Measurements

Finally, we mention use of the EELS method to determine K-shell ionization cross
sections of 80keV electrons in graphite and aluminium nitride by Rossouw and
Whelan (1979). They measured differential K-shell excitation cross sections for C
and N at small scattering angles which were then integrated and fitted to the Bethe
(1930) equation [Eq. (6-9)]. Their values of the Bethe parameters were by ~1(C),
br=0.92(N), and c¢x~2.9 (C and N).

6.5 Comparison of Theory and Experiment

In this section we will discuss measured inner-shell ionization cross sections and
compare these data both with calculated cross sections and with semi-empirical and
empirical formulas that have been presented in Sections 6.2 and 6.3. We will discuss
separately data for K-and L-shell ionization and then indicate how the data’ can be
interpreted in terms of the Bethe equation [Eq. (6-11)] and the likely (empirical)
dependence of the parameters in this equation on incident electron energy.

6.5.1 K-Shell Data

Fig. 6-1 shows representative measurements of K-shell ionization cross sections for
a number of elements. With the exception of one data point in Fig. 6-1 a, most of the
data appears to lie close to a common curve within the expected accuracy of
individual measurements. That is, the plots of ox Eg* as a function of Uy do not
appear to vary with Z for Z <29.

Fig. 6-3a shows again the data of Fig.6-1b. These data for C, N, O, and Ne have
been selected for further analysis since they represent the most comprehensive set of
measurements from a single laboratory [Glupe and Mehlhorn (1971)] and there
should therefore be minimal relative error. In addition, the cross-section measure-
ments for C have been subsequently confirmed by Hink et al. (1981).

The smooth curve in Fig. 6-3a has been drawn through the experimental points
and has been also replotted in the other panels as a solid line. The dashed line in
Fig.6-3a is the Bethe (1930) equation [Eq. (6-11)] with bg=0.9 and cx =0.65; the
dashed line coincides with the solid line for Ug >4.

Figs.6.3 b, ¢ and d show comparisons of cross sections predicted by a number of
formulas with experiment (as represented by the data in Fig.6-3a). Plots of the
formulas of Worthington and Tomlin (1965) [Eq. (6-16)] and of Green and Cosslett
(1961) [Eq. (6-17)] in Fig. 6-3 b do not agree at all well with the experimental data.
The formulas of Gryzinski (1965) [Eq. (6-14)], Drawin (1961) [Eq. (6-19)], and Lotz
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Fig. 6-3. Plot of o Ex? versus Uy (Powell, 1976 b). a Experimental values for C(triangles), Ne (crosses), N
(squares), and O (circles) (also shown in Fig.6-1b). The solid line is a smooth curve through the
experimental points (and is replotted in the other panels) and the dashed curve is the Bethe (1930)
equation [Eq. (6-11)] with by =0.9 and ¢y =0.65. b The short-dashed curve (W T) is the Worthington and
Tomlin (1956) equation [Eq. (6-16)] and the long-dashed line (GC) is the Green and Cosslett equation
[Eq. (6-17)]. ¢ The short-dashed line (L) is the Lotz (1970) equation [Eq. (6-20)], the long-dashed curve
(G) is the result of Gryzinski (1965) [Eq. (6-14)], and the dot-dashed curve (D) is the result of Drawin
(1961)[Eq. (6-19)]. d The short-dashed curve (M) represents calculations of McGuire (1971) for Be, C, and
0, the long-dashed line (RS) is the result of Rudge and Schwartz (1966) [Eq. (6-12)], and the dot-dashed
curve (K) is the result of Kolbenstvedt (1967) [Eq. (6-18)]

(1979) [Eq. (6-20)] are shown in Fig. 6-3 c. The Gryzinski formula agrees well with
experiment for U, <6. The Drawin formula would agree well with experiment if the
parameter ay was increased by about 25%.

Fig. 6.3 d shows a curve based on McGuire’s (1971) calculations for Be, C,and O, the
result of Rudge and Schwartz (1966) [Eq. (6-12)],and Kolbenstvedt’s (1967) formula
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[Eq. (6-18)]. McGuire’s result agrees reasonably with experiment, particularly near
threshold. The Rudge and Schwartz equation is close to experiment for U =5 but
closer to threshold (the region for which the calculations were made), the agreement
is less satisfactory. Kolbenstvedt’s formula does not agree particularly well with
experiment.

0 10 20 30
Uk

Fig. 6-4. Plot of o E;? versus U g. The solid curve is the Bethe (1930) equation [Eq. (6-11)] with bx=0.9

and cx=0.65 (cf. Fig.6-3a), the short-dashed curve (F) is the result of Fabre de la Ripelle (1949)

[Eq. (6-15)], and the long-dashed curve [C(C)] and the dot-dashed curve [C(Ne)] are the results of
Casnati et al. (1982) [Eq. (6-21)] for C and Ne, respectively

Fig.6-4 is a comparison of the Bethe equation [Eq. (6-11)] with by =0.9 and
cx=0.65, as shown also in Fig. 6-3a, with the predictions of two other formulas,
those of de la Ripelle (1949) [Eq. (6-15)] and of Casnati et al. (1982) [Eq. (6-21)]; Eq.
(6-21) has been evaluated for carbon and neon. With consideration of the difference
between the Bethe equation and the experimental data in Fig.6-3a for Uk <4,
Fig. 6-4 indicates that both the de la Ripelle and Casnati et al. results represent the
experimental data well.

Fig. 6-5 is a comparison of the calculations of Rez (1984) with the Bethe equation in
which by =0.9 and ¢y =0.65, as in Fig. 6-4. Rezfitted his calculated cross sections for
a number of elements to the Bethe equation and the derived parameters, for Uy >2,
are listed in Table 6-2. The cross sections of Rez in Fig. 6-5 vary significantly with Z
although the experimental data in Fig.6-1 do not show any Z dependence.

Fig. 6-6 shows measured and calculated cross-section data for the threshold region
(U g <4). The experimental results show a high degree of consistency, particularly for
U < 1.3, even though the measurements were made with different techniques (x-ray
yield and Auger-electron yield) and with both gaseous and solid samples. The solid
line in Fig. 6-6 is the result of Moores et al. (1980), Eq. (6-13), the dashed line is
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Fig.6-5. Plot of 6 E? versus Uy. The solid curve in both panels is the Bethe (1930) equation [Eq.(6-11)]

with b =0.9 and cx=0.65 (cf. Figs. 6-3a and 6-4). The other curves are the results of Rez (1984) for the

indicated elements. Rez fitted calculated cross sections to the Bethe equation and his parameters are listed
in Table 6-2
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Fig.6-6. Plot of 6 E? versus Uy. The point show the measurements of: Hink et al. (1981) for neon (O):

Hippler et al. (1982 and 1983) for argon (+); and of Shima et al. (1981) for Cu ( x ). The lines are plots of

the results of: Moores et al. (1980), Eq. (6-13), solid line; Gryzinski (1965), Eq. (6.14), dashed line: and

Lotz (1970), Eq. (6-20), dot-dashed line. The Lotz plot has been computed with the parameter a; in

Eq.(6-20)equal to 5.0 x 10~ '*cm?eV?, an increase of 25% over the value reccommended by Lotz and used
in Fig.6-3 ¢, as suggested in Section 6.5.1 of the text
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Gryzinski’s (1965) formula, Eq. (6-14), and the dot-dashed line is Lotz’s semi-
empirical result, Eq. (6-20), with his ay parameter increased by 259 as indicated by
Fig. 6-3 c. The Gryzinski and Lotz formulas in Fig. 6-6 approach the experimental
data in the vicinity of Ux =4 but both are appreciably less than the measurements
for Ug>2. The calculations of Moores et al. agree well with the measurements for
Uk < 1.5 but exceed the data for Ug>1.5. A correction for screening (Hippler et al.,
1983) improves the agreement in the latter region.

6.5.2 L-Shell Data

Fig. 6-2 shows measured values of g, E; *forlow-Z elementsasafunction of U,
(Powell, 1976 a). These data indicate that the Bethe parameter b, , isincreasing with
Z ., aresult expected from the calculations of McGuire (1977). The observed variation
with Z, however, is much less than that expected from the calculations but is greater
than that calculated from photoabsorption data by use of Eq. (6-10), (Powell,
1976 a). In view of this inconsistency and the extremely limited number of cross
section measurements, the discussion of L-shell data will be brief.

Rez (1984) has recently calculated cross sections for L;-shell ionization of medium-
and high-Z elements (Table 6-2). In this range of Z, the Bethe parameters b, ,, and
¢1,, do not vary appreciably, a result consistent with McGuire’s (1977) calculations,
and are comparable to Rez’s values of by and ¢y for Ti. A comparison of Rez’s Ti
cross section curve in Fig. 6-5 with the experimental data for low-Z elements in
Fig. 6-2 together with consideration of the Z,, term in Eq. (6-11) indicates that the
calculated L,-shell cross sections are approximately double those measured.
The shape and magnitude of the Lj-shell cross sections calculated from the
Worthington and Tomlin (1956) [Eq. (6-16)] and Lotz (1970) [Eq. (6-20)]
expressions do not agree at all well with the data in Fig. 6.2 (Powell, 1976 a). The
Gryzinski (1965) [Eq. (6-14)] and Drawin (1961) [Eq. (6-19)] formulas, however,
agree reasonably well with the Ar data in Fig. 6-2.

6.5.3 Analysis of Experimental Cross-Section Data with the Use of the
Bethe Equation

The Bethe equation, Eq. (6-11), is convenient and appropriate for the analysis of
experimental cross-section data. Within its range of expected validity, to be
discussed shortly, it is expected to describe inner-shell ionization in atoms,
molecules, and solids, as discussed in Section 6.1 and 6.2.

A simple and effective means of analyzing cross-section data is the Fano plot based
on Eq. (6-11) (see also Chapter 7). A Fano plot is made from experimental (or
calculated) cross-section data by plotting o, E,*U,/ne*Z, versus InU,.
Linearity of the plot defines the range of U,, for which Eq. (6-11) describes the data
and enables values of the Bethe parameters b,; and ¢, to be determined by a linear
least-squares fit to the plotted data.
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Fig. 6-7. Plot of experimental values of gx Ex? U/1.302 x 10713 versus In Uy [a Fano plot based on Eq.

(6-11)]. Successive plots have been displaced vertically for clarity. The solid lines represent the range of

Uy for which linear least-squares fits were made; the dashed lines are extrapolations. The derived Bethe
parameters are shown in Table 6-3 (Powell, 1976 a)
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Fig. 6-8. Plot of experimental values of o,  E; | 2 U, /3.906 x 10~** versus In U, [a Fano plot based on
Eq. (6-11)]. See also caption to Fig.6-7 (Powell, 1976 a)
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Table6-3. Effective values of the Bethe parameters found from the Fano
plots shown in Figs.6-7 and 6-8 (Powell, 1976 a)

Shell Range of U, Bethe parameters
K-shell 4<Ug<25 b ~0.9
cx ~0.65
L,;-shell 4<U,,, <520 b,,,~0.5-09
cr,,~0.6

Examples of Fano plots based on the cross-section data of Figs.6-1 and 6-2 are
shown in Figs.6-7 and 6-8 for K- and L,;-shell ionization, respectively. Linear
regions are typically found for 4 <U,, <25. Values of the Bethe parameters derived
from the linear least-squares fits to the plots in Figs. 6-7 and 6-8 are summarized in
Table 6-3 (Powell, 1976 a). The range of values for the parameter b, ,, is associated
with the Z-variation of the cross section data in Fig. 6-2.

The fact that the Fano plots of Figs. 6-7 and 6-8 are linear only over limited ranges of
U, is not surprising. The derivation of the Bethe formula is based on the validity of
the first Born approximation and other kinematic approximations justifiable at high
U,;- At low values of U,,, however, the first Born approximation is not valid and
exchange effects also have to be considered (Chapter5). It is clear from the
discussion in Section 6.2 that a total inner-shell ionization cross section at a given
incident energy is derived from an appropriate integration of the generalized
oscillator strength [Eq. (6-5)] or the energy-loss function [Eq. (6-1)]. Such an
integration has to be made over the kinematically allowed range of momentum
transfer and energy transfer. For some elements, the oscillator strength for inner-
shell ionization may be concentrated in a relatively small range of excitation
energies (say from E,, to 3 E,,;,) while for other elements the oscillator strength may be
distributed over a much larger range of excitation energies (say, from E,, to 10 E,,, or
more) (Powell, 1984). As the cross section for a specific excitation energy or energy
loss is similar in shape to those shown in Fig. 6-1, it is clear that the incident electron
may have to be quite high such that U, is greater than, say, 20 or 30 before it can be
expected that the available oscillator strength for the ionization of a particular shell
has saturated at close to its maximum value and thus the parameter b,, has reached
its maximum value [Eq. (6-10)]. Similarly, the term ¢ (E) in Eq. (6-8) depends on the
distribution of oscillator strength for a specific excitation energy as a function of
momentum transfer.

The Fano plot is an extremely useful means of assessing experimental cross-section
data (Chapter7). If U, is sufficiently high, the Fano plot should be linear; if
necessary, the relativistic (kinematic) modification to the Bethe formula should be
made (Inokuti, 1971). For U,, smaller than the values for the linear region, the
parameters b, and c,, will, in an empirical sense, be a function of U,,. That is, these
parameters would not reach their “saturation” values until U,, is sufficiently large.
The Fano plot can also be used to determine the reliability of cross-section data. For
example, two sets of cross-section data for carbon are shown in Fig. 6-7; the data
shown as solid circles have a “reasonable” dependence on In U, whereas the data
shown as triangles are more erratic.
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A surprising feature of the Fano plots of Figs. 6-7 and 6-8 is that they are linear over
a substantial range of U, extending down to U,,=4. This result is certainly useful
since the Bethe equation with parameters derived from the Fano plots can be
conveniently used over a substantial range of U, thatis, the range of U, for which
the Fano plot is linear. It was found in previous analysis (Powell, 1976 a), however,
that values of by from Fig. 6-7 were larger and that values of cx were smaller than
those expected (e.g., by calculation of by from photoabsorption data with the use of
Eq. (6-10)). This result could be understood from a consideration of the expected
distributions of oscillator strength, as just discussed. If ¢ was arbitrarily assumed to
be a larger value and constant (in this case 2.42, a value proposed earlier), the
“effective” value of by could be calculated as a function of Uy from the cross-section
data. As expected, by increased and reached a saturation value for U g 225 (Powell,
1976 a). A similar result was found for the variationof b;,, with U, .. The saturation
values of b,, were then in closer agreement with values derived from photo-
absorption data. Although the magnitudes and variations of the derived b, values
with U, appear to be reasonable, they are of limited significance since an arbitrary
value of ¢,; was assumed. It is possible that c,, could also be a function of excitation
energy and thus also of U,. Unfortunately, knowledge of the momentum-
dependence of the generalized oscillator strength is still limited (Leapman etal.,
1980; Inokuti and Manson, 1984). Measurements of the generalized oscillator
strength have not been made over a sufficiently large range of energy and
momentum transfers for either atoms or solids to validate the calculations and to
permit a more detailed analysis and correlation of the photoabsorption and
ionization cross-section data. The cross-section calculations of McGuire (1977) and
Rez (1984), for example, appear to agree only qualitatively with experiment. There
are also inconsistencies between experimental Lj-shell cross-section data and
photoabsorption data (Powell, 1976 a).

6.6 Applications

As noted in the introduction, inner-shell ionization cross-section data are required
in materials characterization by electron probe microanalysis (EPMA), Auger-
electron spectroscopy (AES), and electron energy-loss spectroscopy (EELS). These
techniques are utilized for bulk analysis, surface analysis, and thin-film analysis,
respectively, and are schematically illustrated in Fig.6-9; EPMA is also used for
thinfilm analysis in the transmission and scanning transmission electron micro-
scopes. An electron beam bombards the specimen of interest in each case, and
although the experimental arrangements are different in detail for each technique
there are considerable conceptual similarities.

We will describe briefly the use of each of the three techniques. Some remarks will
then be made concerning how all three techniques (and others) may be combined in
what has become known as analytical electron microscopy. Finally, we will
comment on the common problem of electron-beam damage during these analytical
measurements.
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Fig.6-9. Schematic experimental arrangements for (a) electron probe microanalysis, () Auger-electron
spectroscopy, and (c) electron energy loss spectroscopy

6.6.1 Bulk Analysis (Electron-Probe Microanalysis)

An electron beam of energy usually between 10 and 50 keV bombards what is often a
macroscopic specimen (Fig. 6-9 a). The incident electrons are scattered elastically
and inelastically many times by atoms of the specimen. As long as the electron
energy is greater than the binding energy of one or more atomic core levels, inner-
shell ionization of specimen atoms may occur. Some of these inner-shell ionizations
decay by characteristic x-ray emission so that measurement of the x-ray spectrum
can give information on the elements present in the specimen. Further details of the
principles of instrument operation and use are given by Heinrich (1981).

The average penetration depth of the incident electron beam in the specimen
depends considerably on the incident energy and the atomic number of the specimen
constituents but is typically about 1 um. Inner-shell ionizations may be produced
not only directly by the incident electron beam but also by photoionization from x-
rays produced elsewhere in the specimen (i.c., fluorescence). The intensity of x-rays
reaching the x-ray spectrometer will depend on the amount of absorption in the
specimen at the particular x-ray energies of interest and the geometry. These factors
together with the spreading of the incident beam (and of course the beam geometry)
determine the specimen volume that produces the measured x-ray spectrum. This
volume will typically have dimensions of about 1 um and gives rise to the “bulk”
analysis by EPMA. By rastering the electron beam across the specimen surface,
compositional information can be obtained as a function of position.
Quantitative analysis by EPMA has been described in some detail by Heinrich
(1981). An extensive procedure has been developed, the so called ZAF method, in
which separate corrections are made to the measured x-ray intensities for atomic-
number (Z) effects, absorption (4), and fluorescence (F). The atomic number
correction includes factors describing the inner-shell ionization cross section as a
function of electron energy, electron backscattering, and the stopping power of the
specimen. If, as is often the case, measurements from an “unknown” specimen are
compared with measurements from a standard of similar composition, the atomic-
number correction is small so that accurate information concerning inner-shell
ionization cross sections is not required. On the other hand, if the specimen is not
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flat, homogeneous over the volume probed by the incident beam, and electron-
opaque, the ZAF method cannot be applied. For specimens such as thin films,
inclusions, fine particles, or sections of biological tissue, the modelling of the electron
transport in the specimen is more complex and data for inner-shell ionization cross
section is required. For this non-ideal type of specimen, modelling using Monte
Carlo methods is useful (Heinrich et al., 1976; Heinrich, 1981).

Bulk analysis by EPMA is based on a reasonable physical model of the microscopic
processes that give rise to the measurement of an x-ray spectrum for a given
specimen. Although certain simplifying approximations have been made in the
development of the ZAF method and knowledge of some of the parameters is still
limited, this approach has been used widely. The use of a standard of similar
composition to the unknown specimen serves to minimize uncertainties in the ZAF
correction procedure as well as, in effect, to calibrate the instrument for the
particular measurement conditions. Alternatively, it is possible to make use of
empirical sensitivity factors for the elements if the instrument is operated under
carefully controlled conditions and if only semi-quantitative analytical information
(i.e., without corrections for possible matrix or geometrical effects) is requ:red
(Heinrich, 1981).

6.6.2 Surface Analysis (Auger-Electron Spectroscopy)

The specimen is typically bombarded by electrons of energy between 3 and 25 keV
(Fig. 6-9 b). Inner-shell ionizations are created as the incident electrons are scattered
elastically and inelastically, as in EPMA. Some of the atomic ionizations decay by
the emission of Auger electrons, particularly for shells with binding energies less
than 5keV (Bambynek et al., 1972). These Auger electrons can be detected with an
electron energy analyzer and elements in the specimen can be identified from the
characteristic energies of the Auger electrons. Details on the practice of AES are
given by Joshi et al. (1975).

The surface sensitivity of AES arises from the high inelastic scattering cross sections
for low-energy (e.g., 50—2000¢eV) electrons in solids. For Auger electrons with
energy in this range, the inelastic mean free paths are generally between 3 and 30 A
(Seahand Dench, 1979). The measured Auger-electron signal originates mostly from
a depth of several multiples of the inelastic mean free path and an area determined
by the incident beam and the subsequent multiple scattering, as in EPMA.
Quantitative surface analysis by AES has been described by Joshi etal. (1975),
Powell (1978), and Holloway (1980). The procedures have not been as well
developed as for EPMA and there are a number of additional complications
(Powell, 1980). It is not always easy to determine whether the specimen is
homogeneous over the volume being probed (or to correct for inhomogeneities), it is
difficult to measure intensities reliably, and there are significant variations in
measurements made by different instruments (Powell et al., 1982). While the
imprecision or repeatibility of a surface analysis by AES may be satisfactory (e. g., a
few per cent) and comparable to bulk analysis by EPMA, the accuracy of the surface
analysis may be much worse.
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There are three approaches utilized in surface analysis by AES. First, measurements
from an “unknown” specimen can be compared with a standard of similar
composition. Although simple in concept and execution, this method suffers from
the difficulty of ensuring that the standard can be regenerated reliably with the same
composition and topography. Second, measured Auger intensities can be norma-
lized by published atomic sensitivity factors determined from measurements with
pure elements or compounds under the same conditions. With this approach, it is
assumed that the matrix corrections associated with possible variations of inelastic
mean free path and electron backscattering are insignificant and that the local
instrument has a sufficiently similar performance to those on which the sensitivity
factors were determined. Third, measured Auger intensities can be corrected with
the use of a physical model, as for the ZAF method in EPMA. This approach
requires data for a number of parameters including inner-shell ionization cross
sections, much of which are not well known for a wide range of elements and
conditions.

Auger-electron spectroscopy has been developed much more recently than EPMA
so it is not surprising that the analytical methodology is at a more primitive stage.
Surface analyses are most often made with the use of sensitivity factors because of
their simplicity and convenience. Hall eral. (1977) have shown that improved
accuracy in the analysis of binary alloys can be obtained if matrix corrections are
made to the sensitivity factors as indicated by the physical model. A test of the
physical model has shown that it appears to be sound (Powell, 1977).

6.6.3 Thin-Film Analysis (Electron Energy-Loss Spectroscopy)

Electron energy-loss spectroscopy is a technique developed recently for thin-film
analysis in the electron microscope. A thin specimen, of typically 50 — 100 nm
thickness, is irradiated by an electron beam of energy often between 50 and
250keV.

Electrons transmitted through a selected region of the specimen film are energy
analyzed, as indicated in Fig.6-9c. Structure in the energy-loss spectrum at
characteristic values of energy loss can be associated with core-electron excitation in
particular elements. Joy and Maher (1980, 1981) have summarized how EELS
experiments are performed.

One of the principal advantages of EELS measurements in the electron microscope
is the capability for microanalysis; this capability exists in both the conventional
and the scanning transmission electron microscopes. A region of interest can be
selected in an electron microscope image and composition data can be obtained
from a specimen area as small as 107'®~10"'7 m?. Information on the chemical
state of an element can in favorable cases be obtained from small “chemical’’shifts in
the threshold energy loss and from the shape of the energy loss spectrum. It is also
possible to perform EXAFS (extended x-ray absorption fine structure) analyses of
the energy-loss data to obtain local structural information for selected elements.
EELS is particularly valuable for biological samples since light elements can be
readily detected, in contrast to EPMA.
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Quantitative analysis by EELS has been described by Joy and Maher (1981) and by
Egerton (1982). The energy-loss signal of interest is usually measured on a
background due to another core excitation or to a core excitation plus a valence-
electron excitation. Although the intensity associated with inner-shell excitation will
generally extend over a large range of energy loss (Powell (1984) and Section 6.5.3
above), for example 1000 eV, the signal can only be separated meaningfully from the
background over a limited energy-loss range, for example 100 eV. The measured
energy-loss spectrum is also associated with a limited range of scattering angles. An
analysis therefore requires correction of the intensities of different elements for the
particular limits of energy loss and scattering angle for the measurement. This
correction depends on adequate knowledge of the generalized oscillator strength
[Eq.(6-5)]. Use has been made of the calculations of Egerton (1979, 1981) for K- and
L-shell ionization based on a hydrogenic model and of Leapman et al. (1980) based
on a Hartree-Slater model. These calculations have been discussed in Section 6.2.
For K-shell ionization, the simpler calculations of Egerton are satisfactory but for L-
shell ionization appreciable errors are to be expected (Sklad etal., 1981). For
incident electron energies greater than about 10—20keV, relativistic corrections
should be applied to the cross-section formulas (Inokuti, 1971).

A comparison of EELS measurements in five laboratories has been reported by Joy
and Newbury (1981). Although the data base is limited, the variation in the results
indicates that better control of the instrumental operation and the measurements is
required.

6.6.4 Materials Analysis (Analytical Electron Microscopy)

The three methods of materials analysis just described, EPMA, AES, and EELS, are
frequently applied separately in individual instruments. Recently, these and other
techniques have become available in a single instrument, generically termed the
analytical electron microscope (Hren et al., 1979; Geiss, 1981). For characterization
of thin-film specimens using the scanning transmission electron microscope (STEM)
and of macroscopic specimens using the scanning electron microscope (SEM), it is
possible to detect emitted characteristic x-rays (EPMA) as well as to generate images
and diffraction patterns. With the STEM, EELS is possible while in the SEM.
various electron signals can be measured: backscattered electrons (Z contrast)
secondary electrons (topography and Z contrast), and Auger electrons (surface
composition). With multiple techniques, different microscopic properties of a
selected region of a specimen can be probed. Furthermore, a consistent physical
model can be used to describe the interaction and transport of the incident beam in
the specimen, the generation of the signal(s) of interest, and the subsequent
scattering or absorption of the signal radiation. The Monte Carlo method shows
promise for this purpose as it can be readily applied to complex specimen geometries
or morphologies (for example, Heinrich etal., 1976). Appropriate inner-shell
ionization cross sections are needed in such calculations in order to determine
elemental concentrations from observed x-ray intensities (EPMA). The same
procedure could be used for surface analysis by AES in the SEM although data for
electron backscattering effects at low electron energies has only recently become
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available (Ichimura et al., 1983). Additional data on ionization cross sections and
Coster-Kronig transition rates is still needed for medium- and high-Z elements so
that useful surface analyses can be made. Cazaux (1983) has recently published
expressions for the minimum detectable mass that may be achievable with EPMA,
AES, and EELS.

6.6.5 Radiation Damage

The interaction of electron beams with solids can lead to various kinds of damage or
change to the specimen during an analysis. Damage processes in the electron
microscope have been described by Isaacson (1977) and by Hren et al. (1979) while
Pantano and Madey (1981) have reviewed damage processes important in AES.
Different types of damage (dissociation, desorption, reduction, polymerization,
oxidation, carbonization, diffusion, etc.) have been reported in different specimens
but the damage rates are not sufficiently documented to make quantitative
predictions for particular materials.

One type of electron-beam damage is the desorption of ions from surfaces. One
mechanism for the desorption of ions is the ionization of an inner-shell electron
followed by an Auger transition after which two ionic fragments dissociate due to
Coulomb repulsion (Tolk et al., 1983; Madey et al., 1983). For specimens in which
this type of damage predominates, the damage rate and a possible signal (an Auger
electron or a characteristic x-ray) intensity may both be proportional to the cross
section for inner-shell ionization under the particular excitation conditions (i.e., for
incident electrons of a particular energy and for a particular energy distribution of
backscattered electrons). For other types of damage, it may be possible to optimize
the experimental conditions to minimize specimen damage (e.g., by cooling the
specimen, lowering the partial pressure of hydrocarbons in the specimen chamber).
In general, however, the analyst has limited time to acquire information from a
particular specimen volume on account of damage and tradeoffs must be made
between spatial resolution, accuracy and precision of analysis, sensitivity for the
detection of particular elements and chemical state, and beam damage.

A final form of damage not associated with materials analysis concerns the
interaction of ionizing radiation with living tissue for diagnosis or therapy. If the
radiation is used for therapy, the nature of the radiation exposure has to be selected
so as to maximize the desired effects and to minimize unwanted side effects. This
optimization can be performed with Monte Carlo calculations of the type described
in Section 6.6.1 for which pertinent inner-shell ionization and other cross-section
data are required. Similar analyses are made to predict damage and to protect
semiconductor electronic devices exposed to ionizing radiation.

6.7 Summary
Measurements and calculations of inner-shell ionization cross sections by electron

impact have been reviewed with emphasis on developments since the preparation of
two previous reviews by the author (Powell, 1976 a and 1976 b). Although there have
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been a number of new calculations of generalized oscillator strengths since 1976, the
agreement between calculated and measured cross sections is still only semi-
quantitative. Most measurements of inner-shell ionization have been made for K-
and L-shell ionization and there is virtually no data for the ionization of other
shells.

It is convenient to examine whether measured cross sections can be described
adequately by the Bethe (1930) expression [ Eq. (6-9)] since this formula is expected
to be valid for sufficiently high incident electron energies. This formula can also be
readily applied to all elements and is analytically simple for many applications. The
extent to which the Bethe formula describes measured cross-section data can be
established easily with the use of a Fano plot and experimental cross-section data.
Although reasons were given for expecting the Bethe formula not to be valid for
overvoltages U, less than about 20 to 30 with parameters consistent with other
data, it was found empirically that the Bethe formula described cross-section data
well for overvoltages in the range 4 < U, < 25. The values of the parameter b, found
in these empirical results were different from those expected from photoabsorption
data but this apparent inconsistency could be resolved by a consideration of the
likely variations of generalized oscillator strengths as a function of excitation energy.
An important conclusion is that the values of the parameters in the Bethe equation
for different elements should be regarded only as convenient, empirical data that
should not be applied outside the range of U, for which the Bethe equation with
these parameters has been shown to be a valid description. In addition, the Bethe
formula with parameters determined from theory or with b,, determined from
photoabsorption data should not be used unless U, is at least 30; it has not been
possible here to establish a lower limit for U, since the asymptotic regions of the
Fano plots have not been reached with the available cross-section data.

We now present recommendations and comments concerning cross-section data:

(1) Cross Sections for K-Shell Ionization. The Bethe formula describes measured K-
shell cross sections for 6 <Z <28 in the overvoltage range 4 < Uy <25 with para-
meters by 0.9 and cx~0.65 (Powell, 1976 a). The cross section data is also fitted
well by the empirical formulas of de la Ripelle [Eq. (6-15)] and of Casnati et al. [Eq.
(6-21)]. Other formulas have been frequently utilized in EPMA and other
applications, particularly those of Gryzinski [ Eq. (6-14)], Worthington and Tomlin
[Eq.(6-16)], Green and Cosslett [Eq. (6-17)], Drawin [Eq. 6-19)], and Lotz [Eq. (6-
20)]. Of these formulas, that due to Lotz agrees best with experiment over the range
4<Ug<25 if the parameter ag in the formula is increased by 25%,. For near-
threshold excitation (U <4), the Bethe formula is definitely not expected to be valid
and should not be used. For such values of Uy, the formula of Moores et al., [Eq. (6-
13)] agrees reasonably well with experiment and better than the formulas of
Gryzinski [Eq. (6-14)] and Lotz [Eq. (6-20)]. The recent calculations of K-shell
ionization cross sections by Rez (1984) show appreciable variations in the effective
Bethe parameters with Z that are not observed in the experimental data.

(2) Cross Sections for L-Shell Ionization. The data for L-shell ionization are much
more limited than for K-shell ionization. Scaled values of L,5-shell ionization cross
sections show a variation with Z that is qualitatively similar to that expected from
several calculations; there are, however, inconsistencies between the limited
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experimental cross-section data and experimental photoabsorption data. The Bethe
formula can be used nevertheless to fit cross-section data for 15<Z <18 in the range
4< U, <20 (Powell, 1976 a). These results together with photoabsorption data
suggest that reasonable values of the Bethe parameters are b;,, x0.5—0.9 and
cr,,~0.6; it should be emphasized that these values are estimates due to limitations
and uncertainties of the cross-section data. The shape of the cross-section curve
calculated from the L;-shell formula of Lotz [Eq. (6-20)] differs significantly from
the experimental results (Powell, 1976a).

(3) Cross Sections for Other Shells. There are very few measurements and
calculations of cross sections for ionization of M and N shells. For these shells, it
would be expected that “delayed onsets” of oscillator strength in photoabsorption
data would lead to qualitatively different curves of ionization cross section versus
incident electron energy than found for K-shell ionization. Experimental evidence
for this expectation was found by Smith et al. (1974) from Auger-yield measurements
associated with N,-shell ionization in Au, Pb, and Bi. The Bethe formula should
therefore not be used for U, < 10; likewise, other formulas for the ionization cross
section should not be used near threshold until further data and better guidance is
available.

Finally, we make some remarks concerning the adequacy of the information now
available on inner-shell ionization cross sections. Data for K-shell ionization cross
sections exist for a wide range of elements and for a wide range of incident electron
energies. Unfortunately, there are relatively few measurements or calculations for
other shells. For situations in which there may not be adequate data available, it
may still be necessary to make reasonable estimates. Nevertheless, it should not be
assumed that an empirical formula found to be useful under some conditions is
necessarily valid under other conditions. Due consideration should be given to the
obvious benefits associated with analytical convenience of a particular formula
versus the possible inaccuracies.

There is a strong need for both measurements and calculations of inner-shell
ionization cross sections. The measurements of cross sections for other than K-shells
become more difficult due to the redistribution of vacancies by Coster-Kronig
transitions; coincidence techniques could be helpful in determining the various
atomic rearrangement rates. Knowledge of generalized oscillator strengths is
required both for the calculation of total ionization cross sections as well as for
intensity-correction algorithms in EELS measurements. It would be valuable to
have measurements of generalized oscillator strengths and total ionization cross
sections for gas-phase elements as a function of incident energy so that the energy
range over which the Bethe theory is valid can be determined (as has been
demonstrated for valence-electron excitations by Vriens et al. (1969)).
Information on inner-shell ionization cross sections is required in bulk analysis,
surface analysis, and thin-film analysis of materials by EPMA, AES, and EELS,
respectively. A qualitatively similar physical model for each technique is used to
describe electron transport in the specimen, inner-shell ionization, and the eventual
detection of x-rays, Auger electrons, or scattered electrons. The complexity of
atomic rearrangements following the ionization of L, M, ... shells is such that it may
be difficult to make effective use of cross-section data even if it were available. That
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is, the prediction of the yields of characteristic x-rays or Auger electrons (or the
correction of measured intensities) depends on knowledge of relevant Coster-
Kronig and Auger transition rates as well as on ionization cross sections. In EELS,
measurements of loss intensities over limited ranges of energy loss and scattering
angle may be perturbed by “solid-state’ effects (Powell, 1984). In such cases it may
be necessary to determine “effective’ yields of the quantity of interest for a range of
elements rather than to rely on ionization cross-section data. Comparative
measurements with a limited number of reference materials may be sufficient for
determining needed instrumental parameters. Otherwise, measurements of the
specimen may need to be compared with measurements made using a standard of
similar composition.
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Total Ionization Cross Sections*
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7.1 Experimental Techniques

7.1.1 General

The measurement of the total ionization cross section, g,, for a gaseous sample
requires the determination of four quantities. They are the current i, (7) of a beam of
electrons having incident energy 7., the total ion current i;(7) produced by the
electron beam, the number density p of atoms or molecules in the gas, and the
collision pathlength L over which the produced ions are collected. Then, 6, may be
obtained from the relation

i(T)/i,(T)=pLo, (D). (7-1)

The total ionization cross section (or electron-production cross section) may be
expressed as

o,=2,z0,, (7-2)

where ¢, represents the partial ionization cross section for the z-fold ionization, i.e..
for the production of z electrons plus ion (or ions) having total charge +ze. In the
measurement of ¢,, no information is obtained about individual o, in general, except.
of course, at energies below the threshold for multiple ionization. [Another
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research program of the Stichting voor Fundamenteel Onderzoek der Materie (Foundation for
Fundamental Research on Matter) and was made possible by financial support from the Nederlandse
Organisatie voor Zuiver-Wetenschappelijk Onderzoek (Netherlands Organization for the
Advancement of Pure Research).
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exception may occur at electron energies T slightly above a multiple-ionization
threshold, for instance, the double-ionization threshold. Then, one may be justified
to assume either a threshold behavior for the double ionization cross section o, (7)
or a smooth continuation of the single-ionization cross section o, (7); to the extent
that such an assumption is valid, one may infer from measured o,(7), 6, (T) and
0, (T) separately.]

The total ionization cross section a,(7), as discussed above, is sometimes called the
gross ionization cross section. There are also a few experiments that determine
another kind of cross sections, namely, the counting ionization cross sections (or ion-
production cross sections) given as

6,=2,0,. (7-3)

For comparison with certain theories, it is sometimes more convenient to treat o..
Under certain circumstances, the single ionization is dominant, and then one may
write

0,=0,=0,. (7-4)

This applies rigorously at electron energies below the double ionization threshold. It
also applies approximately for single-shell systems such as He and H,.

Kieffer and Dunn (1966) have extensively discussed most of the problems
encountered in obtaining accurate experimental g, values. Indeed, Table 1 of their
review article is a valuable checklist for judging the reliability of given o, values from
a purely experimental point of view. As we shall see in Section7.2.2, it is also
possible, and is indeed useful, to apply some criteria based on theory for judging the
data reliability; this is expecially true at high incident-electron energies.

In what follows we shall discuss various methods for determining absolute values of
ag,, as opposed to relative values (which represent the 7-dependence of o, up to an
overall normalization factor). We restrict our discussion to the most salient points,
and will not repeat all the details given in earlier excellent treatments by Kieffer and
Dunn (1966), by Massey and Burhop (1969), by Massey (1969), by Kerwin et al.
(1969), by Field and Franklin (1970), and by Mark (1984).

7.1.2 The Condenser-Plate Method

This method has been used most often for measuring o, by use of a static-gas target.
One of the earliest measurements with this method was carried out by Compton and
Van Voorhis (1925), who successfully dealt with many problems. In their
experiment, however, it was difficult to prevent those electrons scattered out of the
primary beam from reaching the ion-collecting electrode. Therefore, a large negative
potential had to be applied, leading to a bad definition of the energies of the electrons
producing ionization.

Tate and co-workers [as seen in Smith (1930, 1931) and in Tate and Smith (1932) for
example] avoided the difficulty by introducing a longitudinal magnetic field of a few
hundred Gauss to keep the scattered electrons close to the primary-beam direction.
The design of an apparatus by Tate and co-workers, shown in Fig. 7-1, has been used
in many later experiments, and is still used now with only slight modifications. In
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Fig.7-1. Schematic diagram of the apparatus used by Tate and Smith. K cathode, S collimeter, P, and P,
condenser plates, C Faraday cage

view of the excellence of that design, it is not surprising to find that the results of
these workers compare very well with other more recent results for some gases.
In the apparatus shown in Fig. 7-1, electrons emerge from cathode K, pass through
the collimator S, receive acceleration, and finally enter the collision chamber filled
with a gas. An electric field of 5 V/cm is applied across the condenser plates P, and
P, (together with the latter’s guard plates), so that the positive ions may be collected
at Py and its current i;(7) determined. An axial magnetic field prevents the primary
electron beam from deflecting, and suppresses secondary-electron emission from P, .
The primary electron beam is eventually trapped in cage C, and its current i,(T) is
measured. The pathlength L, to be used in Eq. (7-1), follows from the length of plate
P, in the beam direction. The two guard plates serve to establish a homogeneous
electric field in the region of ion collection. The number density p (cm ™ ?)is evaluated
from the gas pressure p, (Torr) and temperature T.(K) of the collision chamber from
the relation

p=3.535x10'p,(273.2/T.). (7-5)

So far we have presented principles involved in the measurements of the four
quantities necessary for the evaluation of o, (7). Now we shall discuss circumstances
that influence the accuracy of g, (7). The following discussion is limited, because
fuller treatments have been given by Kieffer and Dunn (1966), by Massey and
Burhop (1969), and by Massey (1969).

1. Measurement of the ion current i,(7)

It is essential that the electric field between plates P, and P, is strong enough to
ensure complete collection of all the positive ions formed between the plates. In a
monatomic gas, electric fields of about 5 V/cm appear to be sufficient. In a molecular
gas, some of the ions produced through dissociative ionization may have appreci-
able kinetic energies (as seen in Chapter 4) and therefore stronger electric fields (of
about 30 V/cm) are often necessary to realize the saturation of the ion current, taken
as an indication of complete ion collection.

For measurements at higher incident energies (at which the total ionization cross
section becomes small), one must avoid effects of additional ionization by energetic
secondary electrons, which may arise from an ionizing collision of an electron with a
gasmolecule or from electron bombardment of a slit. These effects can be reduced by
a system of electrode potentials chosen such that the ionization region between the
condenser plates has the largest negative potential, as described for instance by
Schram et al. (1965). The longitudinal axial magnetic field also helps to reduce the
same effects. The stronger the magnetic field is, the more efficient is the suppression
of the effects.
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2. Measurements of the Electron Current i, (E)

One must make certain that every electron in the primary beam enters the collector
and no reflected electron escapes. Furthermore, there should be a negligible number
of secondary electrons and ions that enter or leave the collector. In other words, the
goal is to build the apparatus so that no charged particles, apart from the primary
electrons, either enter or leave the collector. To meet the requirements for good i, ( T)
measurement, one usually applies appropriate electric fields in the collector and uses
low enough gas pressures to allow only a small number of secondary electrons and
ions in the collision region.

3. The Pathlength L

To a first approximation, we may set L equal to the length [ of plate P, in the beam
direction. However, the presence of the axial magnetic field necessitates some
corrections. An electron in the collimating magnetic field has a helical path.
Moreover, in the crossed electric and magnetic field a trochoidal drift is possible, but
its effect on L is usually negligible, as seen in Schram et al. (1965). For electrons of
velocity v with transverse component v,, the pathlength is given by

L=I[1-(v /v*)] 2. (7-6)

It was noted early that a maximum pathlength could be associated with v, as limited
by the electron-gun collimating apertures. However, Asundi (1963) argued that
more realistic limits on the transverse velocity were set by the transverse momentum
received in the electron gun in the lens system; thus, he found that (v, /v)> = 0.001 for
conditions used by Tate and Smith. Sources of transverse velocities in a magnetically
confined electron gun have been studied in detail by Taylor et al.(1974). Craggs et al.
(1975) pointed out that the scattering of electrons by the gas molecules also
contributes to the transverse component of the electron velocity. According to
Kieffer and Dunn (1966), it might well be that the systematic differences in the
ionization cross sections of rare gases between Smith (1930) and Rapp and
Englander-Golden (1965) are connected to the gas scattering effect. In other words,
Smith used higher pressures, but neglected a correction to / for the gas-scattering
effect, which may have been appreciable. Kurepa er al. (1974) paid much attention to
various effects that may affect L; however, these effects appear to be negligibly small
in their experiment.

4. Measurement of the Number Density p

A variety of methods have been used to measure the gas pressure and thence to
determine p. It isimportant to consider the difference between the temperature T in
the gauge and the temperature T, in the collision chamber. This difference leads to
the difference between the pressure p; in the gauge and the pressure pe in the
collision chamber. For an ideal gas, there is the relation

pe/pe=Tc/Tg- (7-7)

In the past a McLeod gauge was most often used to measure pressure. The
measurement with a McLeod gauge in general is no more accurate than a few
percent, because of the capillary depression effect. To inhibit contamination by
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mercury, it is necessary to introduce a cold trap between the McLeod gauge and the
collision chamber. However, as Ishii and Nakayama (1961) first showed, this
arrangement gives rise to a steady mercury stream from the mercury reservoir to the
cold trap, thus simulating a diffusion pump and leading to incorrect results in the
pressure measurement. This effect (now called the Ishii effect) had been predicted by
Gaede (1915), and was considered in detail by the Vries and Rol (1965). Schram et al.
(1965) followed suggestions by Ishii and Nakayama (1961), and cooled the walls of
the McLeod gauge so that the temperature there was only slightly above the
reservoir temperature; then, the pressure readings changed to higher values, ranging
from 19, for H, and 149, for Xe.

Rapp and Englander-Golden (1965) used a MclLeod gauge for H, only. For each
sample gas, an effusive flow was generated through a leak between the high-pressure
reservoir and the collision chamber, and also out of the collision chamber through
another aperture leading to pumps. Rapp and Englander-Golden showed that the
collision-chamber pressure should be proportional to the reservoir pressure;
therefore, using the knowledge of the pressure of the collision chamber when it is
filled with H,, it was possible to evaluate the pressure of other gases in the collision
chamber once the reservoir pressure is measured.

As the foregoing discussion illustrates, the measurement of the gas pressure may give
rise to substantial systematic errors in the total ionization cross section. Thus,
measurements done before 1961, especially on heavier gases, are likely to suffer from
errors due to the Ishii effect. The seriousness of this effect depends on the dimension
of a McLeod gauge used, and its magnitude can be evaluated absolutely for any
target as soon as the magnitude for one heavier gas, say Xe, may be considered as
known. Formulas for the evaluation of the Ishii-effect are given by de Vries and Rol
(1965). A key number here is the coefficient D,, of diffusion of the gas in mercury in
the McLeod gauge. By use of the method of de Vries and Rol, de Heer (1981)
evaluated the Ishii-effect correction for the measurement on CH, by Tozer (1958)
and for those on C,H, by Tate and Smith (1932), considering the ionization cross-
section values reported by the same workers for He, Ne, Ar, Kr, and Xe.

In newer experiments, gas pressures are mostly measured with a membrane
manometer calibrated by a continuous-flow method, as described for instance by
Bannenberg and Tip (1968) and by Bannenberg et al. (1969). In this way, accuracies
as good as 1 — 2%, have been accomplished at pressures above 102 Torr. At these
high pressures, one may calibrate an ionization manometer against a membrane
manometer; then, one may use the ionization manometer at lower pressures. For
instance, Cowling and Fletcher (1973) used an AEI VH ion gauge below 1073 Torr
and an NRC Alphatron gauge above 10~ *Torr. Both of these gauges were
calibrated against an MKS Baratron membrane manometer as a secondary
standard; thus, the calibration with the use of a successive-expansion technique, led
to errors of only 0.5% in the Alphatron gauge and of about 29; in the ion gauge at
lower pressures. The Baratron calibration was checked against an oil manometer
and was found to be accurate to within 0.29(. For discussion of typical problems with
the use of a membrane manometer, see for instance, Blaauw et al. (1980).
Kurepa et al. (1974) measured gas pressures with great care, using calibration with a
constant-gas-flow method, in their determination of the total ionization cross
section of Ar by electrons.
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5. The Electron Energy T

Upon consideration of the definition of 7, one must first note that ions are collected
at P, by means of an electric field that is due to a positive voltage at P, and the earth
voltage at P,. As a result, there is a voltage drop across the electron-beam width,
leading to a spread in the electron energies across to the beam. Of course, one can
apply corrections to T for the nonzero voltage at the beam axis. The field in the
ionizing region is avoided in certain apparatuses, e.g., in the Lozier tube to be
described in the next subsection. To avoid the field in the condenser-plate method,
Cowling and Fletcher (1973) used a pulsed electron beam and a pulsed ion collector
voltage. The duration of the pulsed beam was 0.5 us. For slow-ion collection, a 6-us
pusher voltage was applied across the condenser plates 0.5 us after each electron-
beam pulse.

Another critical element in the definition of 7, especially important near the
ionization threshold, is the potential drop across the filament. Still another element
is the contact-potential differences between electrodes, which can make the actual
electron energy T quite different from the value given by the voltage applied between
the cathode and the collision region; the difference may amount to one eV or greater.
This difference is unimportant at high energies, where the total ionization cross
section varies slowly with 7'in general. But the same difference is significant near the
threshold, where the total ionization cross section either rises steeply with 7 (as a
result of direct ionization) or has complicated structures (as a result of auto-
ionization). Measurements near the threshold are treated by Read in Chapter 3,
and therefore we shall present here a few remarks only. One method of absolute
calibration of the electron energy is to introduce a gas for which the (first) ionization
threshold energy is well known, say, from some spectroscopic studies. One may
observe the appearance of the single charge ions of this gas in a region slightly above
the threshold, and may extrapolate theionization signal as a function of the electron
energy. So long as direct ionization dominates over autoionization, the signal should
depend on the excess energy (i.e., the electron energy minus the threshold energy)
almost linearly. Then, if one extrapolates the signal to the abscissa, one may equate
the intercept with the known threshold energy.

7.1.3 The Lozier Tube

Since an apparatus was first described by Lozier (1934), there have been several
measurements made by use of similar apparatuses [e.g., Asundi et al. (1963) and
Craggs et al. (1975)], and of a variant, i.e.,a cylindrical tube that has grids instead of
vanes in the Lozier tube [e.g., Schulz (1962)]. In this kind of measurement, only
relative ionization cross sections (i.e., only the energy dependences of the total
ionization cross section) are determined; the data thus obtained are subsequently
normalized by use of the results such as those by Smith (1930)and by Tate and Smith
(1932). Even then, the method is subject to substantial errors in measuring total
cross sections for molecules because of the anisotropy in the angular distribution of
dissociation products (Dunn 1962).
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Fig.7-2. Schematic diagram of the Lozer tube. F tungsten filament, 4, B, and C apertures, D collision
chamber, E trap, I inner vanes, O outer vanes, L rear plate, H ion collector, G guard electrode

Fig.7-2 shows the apparatus used by Tozer (1958). Electrons from a hot tungsten
filament F first pass through apertures A, B, and C, and then enter a collision
chamber D. In this chamber there is no electric field, but an axial magnetic field is
applied to confine the electron beam, as it is done in the condenser-plate method.
Theelectrons are eventually collected on trap E, whichisset at 50 V positive. A set of
vanes [ are placed so that they are concentric with the axis of the chamber and are
perpendicular to it. The vanes, as well as the front plate C and the rear plate L, are
set at the earth potential. A number of outer vanes O are set at a negative voltage
when one wants to draw out positive ions formed by electron collisions; they are set
at positive voltage when one wants to draw out negative ions. The ions are collected
on cylinder H, which is surrounded by guard electrode G. The whole apparatus is
shielded by cylinder M, which is set at the earth potential. By applying an
appropriate voltage between H and O, one can prevent H from collecting those ions
which are initially formed with less than a fixed amount of kinetic energy. In this
way, one can measure the energy distribution of ions resulting from dissociative
ionization, although it may be distorted because of the antisotropy effects (Dunn
1962).

By varying the primary energy of the electrons emerging from the gun, one can
determine the relative total ionization cross section. To determine the absolute
ionization cross section, one must resort to a normalization procedure, because the
efficiency of collection of the ions is smaller than unity and is unknown in general. In
his measurements on methane, Tozer (1958) normalized the signal against that due
to Ar, for which he used the total ionization cross section given by Tate and Smith
(1932). As pointed out by Tozer (1958), the method of normalization may be
questionable for polyatomic gases, because dissociative ionization processes may
lead to ions of differing masses and energies, and therefore of differing collection
efficiencies. In addition to the ion-collection problem, one also faces the same
problems as discussed in the case of the condenser-plate method.

The Lozier tube has been used in the determination of appearance energies and of
the kinetic energies of different ionic species resulting from molecules, as seen in
Massey (1969) and in Field and Franklin (1970).
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7.1.4 The Summation Method

This method was introduced in the present form (i.e., in the determination of total
cross sections) by Miark and Egger (1977), and the appellation is due to Mirk
(private communication). Like the Lozier-tube method, this method gives only the
relative values of the total ionization cross section. But the experimental approach is
quite different. Following Bleakney (1929) and Tate and Smith (1934), one uses a
mass-spectrometric technique to separate ions of different ratio ¢/M of the charge g
and the mass M of ions. This enables one to determine the partial ionization cross
section o, as used in Egs. (7-2) and (7-3). For an atom, g, is characterized by the
charge g =ze, where —e is the charge on the electron, M being practically the same
for all ionization produced (apart from an isotope effect). For Ar as an example, we
obtain Ar*Zions, where m takes a sequence of integer values starting with unity. For
a molecule, the mass M of the ionic products also varies. For the PH; molecule
treated by Mirk and Egger, one may obtain the parent ion PHy , fragments such as
PHS,PH* P",H;S, and H", as well as a substantial number of doubly charged
ions of the parent and fragment species.

In several experiments, care has been taken to make certain that the ion-collection
efficiency is independent of g/M, and also of T. Then, every partial ionization cross
section for a given gas is obtained on the same scale, viz., it differs from the absolute
value by a common constant factor. One may evaluate the factor by the use of Eq.
(2); one may sum up the relative partial ionization cross sections as on the right-
hand side of Eq. (2) and set the result equal to the total ionization cross section
determined by the condenser-plate method. (See also Schutten etal., 1966, and
Adamczyk etal., 1972.)

When Mirk and Egger (1977) treated PH,, no value of the total ionization cross
section was available. They measured relative partial ionization cross sections for
PH; and Ar, summed the values for each gas, and normalized the sum for PH;,
against the sum for Ar at 90 eV by use of the total ionization cross section of Ar as
measured by Rapp and Englander-Golden (1965). As long as one may assume the
same normalization factor for PH;, this summation method should lead to reliable
values of the total ionization cross section for this species.

Mirk and co-workers carefully considered the influence of the ion-collection
efficiency on the measurement of partial ionization cross sections. This topic is
extensively treated in Chapter 5 by Mirk. Stephan et al. (1980 b) have demonstrated
the reliability of the summation method for noble gases He, Ne, Ar, and Kr at
electron impact energies ranging from the threshold to 180¢eV. The results obtained
by the summation agree well in the impact-energy dependence with the total
ionization cross sections measured by Rapp and Englander-Golden (1965), apart
from a constant factor for each gas.

7.1.5 Gas-Filled Counters

Another kind of measurement was introduced by Graf (1939), and was conducted by
McClure (1953). It has been carried out most extensively by Rieke and Prepejchal
(1972) on forty gaseous species and for electrons of kinetic energies between 0.1 and
2.7 MeV.
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Fig.7-3. Schematic diagram of the apparatus used by Rieke and Prepejchal (1972). J electron source (f-

ray emitter, M double focusing magnetic analyzer, G gas-filled chamber, D silicon detector, d channel that

registers a primary electron, g channel that registers an ionization event in G, g, channel that follows g
with stretch, u counts in channel d- g (i.e., d and g), w counts in channel d - g,(i.e., d and not g,)

An electron passing through a chamber of thickness L filled with a gas of molecular
number density p produces the average number of « of ions as given by

a=pLo. (7-8)

The probability that the transit of an electron produces no ionization in the chamber
is #=e" % according to the Poisson statistics. Thus, measuring 6 and knowing p and
L, one can determine o,. Fig.7-3 shows the apparatus of Rieke and Prepejchal.
Electrons from beta emitter J are selected for energy by the magnetic analyzer M,
pass through the gas-filled chamber G, and eventually reach the silicon barrier-layer
detector D. A pulse in channel d - g indicates that a primary electron passed through
G and caused an ionization event. However, one obtains no information of about the
kind of that event (viz., whether it was a single ionization or a multiple ionization),
because the signal in g is greatly amplified to give rise to a pulse. A pulse in channel
d - g, indicates that a primary electron passed without causing any ionization. The
“stretch” is introduced to exclude dead-time effects. If there are u counts in channel
d-gand w counts in channel d - §,, the probability ¢ that the transit of an electron
through G gives rise to no count in G is given by

d=w/(u+w). (7-9)

If there were no wall effects, one could equate ¢ with 6=e" *. Wall effects may occur
because some of the electrons due to the gas ionization generated near either window
of G are lost by diffusion to the window and because there is some secondary-
electron emission from the window into the gas. Thus, the effective number of
ionizations per primary electron is not quite « of Eq.(7-8), but is given by (1 —4/p) a.
where 4 is a positive constant. Suppose that the secondary emission gives rise to z;
electrons that reach the sensitive volume of G. Then, one may write

¢p=w/(u+w)=exp[—p Lo (1—4/p)—z]. (7-10)
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By measuring ¢ at a series of pressures (i.e., p values), one can derive o, at each
electron energy from a straight-line fit of In ¢ against p, provided z, may be taken as
independent of p.

This experiment, conducted at high impact energies, is particularly suited to study
the cross-section expression given by the Bethe (1932, 1933) theory:

o,=p"*(Ax+B), (7-11)
where A4 and B are constants,
x=In[f*/(1-p*]—p>, (7-12)

and B is the speed of the primary electron measured in the light speed ¢ in vacuum.
The formula may be written in the form

o.=4n(h/mc)y* B~ (M2 x+Cis (7-13)
where M, 2 and C, > are the quantities whose meanings are extensively discussed
by Inokuti (1971). In particular, M, ? is the total dipole matrix element squared
measured in units of the Bohr radius squared, ay? = (h*/me?)*.

In order to make connection between experimental results and Eq. (7-13), values of
B? o, obtained for a series of primary electron energies may be plotted against x, as
first suggested by Fano (1954). The points should fall on a straight line with slope
M, ? and intercept C,,, with the horizontal axis, apart from the vertical scale
corresponding to the universal constant 4 7 (h/mc)?>.

Rieke and Prepejchal (1972) discuss several critical aspects of the experiment. The
counter G has been used in the Geiger-Miiller mode in most of the cases, and in a
proportional-counter mode in a few instances, depending on the occurrence of
electron avalanches. Pressures in the counter were much higher than those used in
other methods, and were measured by use of a Wallace and Tierman gauge that was
calibrated against a Texas-Instrument fused-quartz Bourdon gauge. Gas pressures
were of the order of tens of Torr and the measurements were accurate to 0.05 Torr.
The electron pathlength L was determined by the counter design to an accuracy of
half a percent. The results of Rieke and Prepejchal, pertaining to forty molecular
species, are highly important for the establishment of the asymptotic behavior of the
ionization cross section at high primary electron energies.

7.1.6 Crossed-Beam Methods

This method was introduced for measuring the ionization cross sections of atomic or
molecular species that are not chemically stable at ordinary temperature and
pressure; they include, for instance, atomic hydrogen, atomic oxygen or nitrogen,
alkali metals, atoms or molecules in metastable states, and ionic species. Funk
(1930) first used the method to study the ionization of sodium vapor by electrons.
The use of an atomic or molecular beam as target necessarily means a low number
density p, and thence weak signals of ionization, which must be distinguished from
the signals due to the ionization of the background gas. In order to obtain a
significantly strong signal, one may modulate the target beam and use a highly
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sensitive detection method, as discussed by Boyd and Green (1958) and by Fite and
Brackmann (1958).

In a series of studies on the ionization of initially ionic species by electrons, Dolder
etal. (1961) introduced the use of the modulation of both a target beam and an
electron beam. Furthermore, it is worth mentioning the time-of-flight coincidence
method, which was used by Shah and Gilbody (1981) for measuring the ionization
cross section for ion-atom collisions more accurately than had been done with the
use of a modulating-beam technique; certainly, the same approach will be effective
in electron-atom collisions. In this approach, one prepares a pulsed primary beam
and analyzes the time-of-flight of the ions produced. Thus, one distinguishes the
atomic-beam ions from the background-gas ions by means of their different times of
flight resulting from their different masses. Shah and Gilbody (1981) applied the
method to study the ionization of atomic hydrogen.

The basics of the crossed-beam technique are explained in an excellent discussion by
Kieffer and Dunn (1966). Fig.7-4 is a reproduction of their block diagram for
explanation. For discussion of the crossed-beam method, one must modify Eq. (7-1).
which pertains to the static-gas target. Suppose that a beam of electrons traveling at
speed v, crosses a beam of target particles traveling perpendicularly at speed v,. Let S
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Fig.7-4. Schematic diagram of a typical crossed-beam apparatus, taken from Kieffer and Dunn (1966). I,
the electron-beam current, I; the ion current generated by electron impact, R the number of atomic
particles per second arriving at the target detector
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be the number of the target particles arriving at the detector in each second. The
relative collision energy 7 is of the order of T,+(m/M,) T,, where T, is the electron
kinetic energy, T,is the target kinetic energy, and M, is the target mass. The electron
beam current i, may be measured in theusual way be means of a Faraday cage. Let i;
be the ion current. Then, the cross section g,(7) at the relative collision energy T
may be determined from the relation

ii/ie=0,(DS[(v.2 + )" /o, 0] F, (7-14)

where F is the beam overlap factor to be discussed later.

When i, is the toral ion current, one obtains from Eq. (7-14) the total ionization cross
section. When the produced ions are selected for charge or mass, one obtains a
partial ionization cross section.

To determine i;, one may have to apply an electric field to extract the ions from the
collision region. In several experiments, a field is applied across the condenser plate,
as in the condenser-plate method. Sometimes, a hole is made in one of the plates to
allow mass analysis of the ions, as was done, for instance, by Fite and Brackmann
(1958, 1959). In their work on atomic hydrogen, the mass analysis was necessary
because the target beam consisted mainly of H, but also contained a small amount of
H,, and the electron impact led to both H* and Hj .

The factor F in Eq.(7-14) represents the overlap of the beams in the collision region.
Suppose that j,(z) is the spatial distribution of the electron beam at distance z
perpendicular to the two beam directions, and that j, (z) is the spatial distribution of
the target beam at the same distance. The distributions can be determined by
scanning each beam with a movable slit. Then, F may be given as

F=Jje(2)jz(2)dz/[JJE(Z)dZJj,(Z)dZ]- (7-15)

For neutral targets, there are a number of difficulties involved in obtaining accurate
values of cross sections from crossed-beam experiments. For instance, it is
particularly difficult to determine S for neutral particles in the ground state.
Therefore, a normalization procedure had been often used to put experimental data
on an absolute scale. For instance, Fite and Brackmann (1958, 1959) normalized the
signal from an atom (e.g. H or O) against that from the corresponding parent
molecule (H, or O,) which had been studied under the same crossed-beam
condition. As a reference on absolute values, results of measurements on H, by the
condenser-plate method could be used. The atomic beams were obtained by heating
the gas in a tungsten oven [Fite and Brackmann (1958)] or by radio-frequency
discharges [Boyd and Green (1958)]. As pointed out earlier, mass analysis of the
ions produced was needed to determine the degree of dissociation in the target beam.
For further details of the procedure, the reader is referred to the original article or to
the discussion by Massey and Burhop (1969). An alternative is to use some
theoretical results for data normalization. For instance, Fite and Brackmann (1958)
normalized a measured relative value of the total ionization cross section of atomic
hydrogen to the result of the first Born approximation at 500eV. The two sets of
results obtained by Fite and Brackmann (1958) using the two methods of
normalization agree extremely well with each other.
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As pointed out by Kieffer and Dunn (1966) and by McDowell (1969), there are
certain questions concerning S in the measurements on alkali metals by Brink (1964)
and by McFarland and Kinney (1965). In these measurements, a hot wire was used
as a surface ionization detector for the determination of the neutral-beam intensity.
In the determination of the efficiency of ionization at the hot wire, it was assumed
that the reflection coefficient of the incident beam was zero. It was also assumed that
the ratio (1 —r,)/(1 —r;) was unity, where r, is the reflection coefficient of the atom
and r; is that of the ion, both under thermal equilibrium on the hot wire. These
assumptions are questionable (Datz and Taylor, 1956), and the uncertainties in the S
determination may have caused uncertainties as large as 309 in the ionization cross
sections reported by Brink (1964) and by McFarland and Kinney (1965).

There are other methods for the S determination. Zapesochnyi and Aleksakhin
(1969) determined the total mass of alkali atoms condensed on the surface of a
piezoelectric quartz crystal (cooled by liquid nitrogen), from the change of the
natural oscillation frequency.

In the work on Li, Jalin eral. (1973) collected a neutral beam on a tantalum plate
cooled by liquid nitrogen, and measured after each experiment the amount of
material deposited on the plate by use of an isotope dilution technique or by atomic
absorption spectroscopy. They also undertook independent experiments to de-
monstrate negligible reflection of the atomic beam at the surface kept at low
temperatures.

Nygaard (1968) studied the surface ionization by comparing the measured number
density of Cs atoms with the value given by the formula of Taylor and Langmuir
(1937). Then, he measured the ionization cross section of Cs in both the vapor phase
and an atomic beam; results from the two cases agreed within 39%,. In the vapor
phase, the number density obtained by the surface ionization was consistent with the
formula of Taylor and Langmuir (1937), which should apply to a Knudsen flow.
Nygaard and Hahn (1973) analyzed data on the surface ionization of K and Rb and
concluded that S values for these species should be (98 +2) 9; of the value for Cs. This
probably means that the same S value applies to all alkalis except for Li. [For fuller
discussion, see Nygaard (1974).]

In studies on He?* —Li collisions, Kadota et al. (1982) used an optical method for
the density determination. They observed the resonance line of Lil at 670.8 nm
produced by impact of 500-eV electrons, and used the emission cross section
reported by Leep and Gallagher (1974) for the density determination. They obtained
the density profile by scanning the position of the atomic beam by means of a
turnable mirror and of optical lenses so that a one-to-one image of the intersecting
region was generated at the entrance slit of the monochrometer used for the
detection of the radiation. Such scanning can be accomplished also with a movable
slit.

An optical method for normalization has also been used recently by Dettmann and
Karstensen (1982) in a crossed-beam measurement on the ionization of Ba by
electrons. They used a calibrated filtered photomultiplier to measure the yield of
photons emitted from the collision region, and used the results of Chen and
Gallagher (1976) for data normalization. Chen and Gallagher studied the resonance
line of Bal at 553.5nm, and normalized the excitation cross section to the Bethe-
theory prediction at high electron energies; the uncertainty in the absolute scale is
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estimated at about 5%. Dettmann and Karstensen (1982) used the relation
0. (E)/0 o (E)=T/rcx, (7-16)

where r, is the rate of z-fold ionization and r,, is the rate of excitation, both to be
measured. In the experiment, the electron beam was pulsed periodically and the ions
were separated for different charges by means of a time-of-flight analyzer.
Measurements were made on the fraction of the ions that passed into the analyzer. A
circular opening on a metal sheet in the path of the ions defined the aperture of the
analyzer. First, the opening was shut, and the total charge on the first collector was
measured; yet, different degrees of ionization were not distinguished. Second, in a
separate experiment the ions passed through the opening, and were detected in a
Faraday cup after the time-of-flight analysis. The sum of the intensities of all major
ionic species thus obtained agrees within a few percent with the total charge
determined in the first experiment, indicating that there is no appreciable loss or
gain of charge in the analyzer. The experiment, like that of Cowling and Fletcher
(1973), uses a pulse technique, so that the collision region is field-free at the moment
of ionization because the electric field for ion extraction is applied when the electron
beam is off.

Experiments with modulated crossed-beams have been carried out by Halle et al.
(1981) for electron-impact ionization of U atoms. An absolute scale for the cross
section was set by comparison of the electron impact with associative ionization on
thermal collisions

U+0,-U05 +e, (7-17)

the cross section for which had been determined earlier [Halle et al. (1980)].

So far we have discussed various problems in crossed-beam experiments in which
the target particles have thermal speeds and are in the ground electronic state. Now
we take up experiments in which target particles have thermal speeds and are in a
metastable (or otherwise long-lived) state. A typical example is the electron-impact
ionization of the 23S and 2!S states of He, studied by Vriens et al. (1968), Koller
(1969), Long and Geballe (1970), Fite and Brackmann (1964), and Shearer-Izumi
and Botter (1974). Problems in these experiments are difficult to overcome, as may
be readily recognized from the large discrepancies in the results given by different
workers [see Shearer-Izumi and Botter (1974)].

Vriens et al. (1968) used a crossed-beam apparatus, in which the atomic beam was
crossed perpendicularly by two electron beams. A schematic drawing of the
apparatus is seen in Fig. 7-5. The first electron beam produces the metastable states,
and the second electron beam ionizes some of them. The ions thus produced are
extracted by an electric field, accelerated, analyzed for mass, and finally detected
with a Daly (1960) detector. Relative values of the ionization cross section were
obtained at various electron impact energies. The metastable states were produced
by electrons of 20.5—23 eV, which may be compared with the threshold 19.82 eV for
the 23S state and the threshold 20.3 eV for the 2 'S state. However, no difference was
found in the relative ionization cross section with varying electron energies for the
metastable production.

Fite and Brackmann (1964) studied metastable states of He, Ne, Ar, and O,. A
neutral beam emerging from a 30-MHz radio-frequency gas discharge contained the
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Fig.7-5. Schematic diagram of the crossed-beam apparatus used by Vriens et al. (1968) for measurements
of the ionization cross sections of metastable atoms

metastable states as well as the ground state. Thus, the electron-impact ionization of
the metastable states could be studied unambiguously only at electron energies
below the ionization threshold of the ground state. Only for He was it possible to use
a surface electron-ejection detector to determine the number density of the
metastable atoms [Stebbings (1957)], and in this way an approximate estimate of
the absolute ionization cross section was obtained. Long and Geballe (1970)
undertook a more difficult task of determining the ionization cross sections of the
23S state and the 2'S state separately. The first electron beam crossed per-
pendicularly the neutral He beam, and the yield of metastable states was measured
as a function of the electron impact energy, the metastable states being recorded on
an electrode by means of secondary-electron emission. The result was compared
with that of finer energy-resolution measurements by Schulz and Fox (1957) and by
Fleming and Higginson (1964); eventually, Long and Geballe set the energy of the
exciting electron beam at 2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>