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SUMMARY

The absolute cross sections for the single ionization of Ba*t
ions by electron impact have been measured as a function of incident
electron energy over the electron energy range from below threshold
(10.001 eV) to approximately 1000 eV. It is found that the cross sec-

16 cm2 between 15.5

tion increases from l.§4 x 10716 cn? to 3.76 x 10°
and 18 eV actual incident electron energy. This rapid rise is inter-
preted as the.onset of autoionization. Soeme evidence of structure
occurring near the peak of the cross section curve such as found in
the isoelectronic system of Cs is observed, but the relative magnitude
of the apparent structure is of the same order as the 90 percent
random error confidence limits and thus cannot conclusively be regarded
as being present. The maximum total error in the measurements is esti-
mated to have its greatest value of less than 20 percent at 15.5 eV
while tlQIpercent is typical of other energies. Of the total error,
7.0 percent is deemed to be systematic. At incident electron energies
below threshold, the cross section is found to be zero to within one
percent of the cross section at 48 eV. The present Bat ionization
data are compared with existing experimental and theoretical results.
These measurements were performed in an all metal ultrahigh
vacuum ¢rossed beam facility in which the nominal operating pressure

was less than S x 10-9 Toerr. In the experimental apparatus, approxi-

mately monoenergetic beams of Ba¥ ions and electrons are caused to

intersect in a well defined collision volume. The charge state
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composition of the emerging barium beam is determined by an inclined
parallel plate electrostatic analyzer. The Ba2+ beam current is
measured by means of a vibrating reed electrometer operating in the
rate~of~-charge mode, The ion source is a water cocled surface ioniza-
tion type ion source while the electron source is a modified 6L6GC
beam power tube. The two beam current density distributions are deter-
mined by means of a movable slit scanner driven from coutside of the
experimental chamber byla micrometer. The various particle currents,
particle energies and beam current density distributions represent the
experimental information from which the desired cross sections are
determined,

Continuous beam techniques were used for the majority of the
measurements, but modulated beam methods were employed as a check,
Measurements made by the two techniques agreed to well within the allow-
able experimental error and showed no systematic variations. Numerous
consistency checks were performed to evaluate possible sources of
experimental error such as pressure modulation of the background gas,
focusing of the ion beam by the electron beam, and errors in the beam

profile determinations.




CHAPTER 1
INTRODUCT ION

This research presents a detalled experimental study of the
single ionization of Bat ions by electron impact over the range of
incident electron energies from below threshold (10.001 eV) to approx-
imately 1000 eV. The primary purpose of this study was to reveal
possible structure in the cross section similar to that found in the
isoelectronic system of Cs. Such structure is expected to appear between
the threshold energy for the process and about ten times that value.
The spacings of the experimental electron energies were chosen so as
to obtain a maximum probability of detecting such structure consistent
with the uncertainties in the incident electron energy.

In order to provide a basis for discussing the structure found
in the electron impact ionization cross sections of the alkali metals
and the alkéline earth lons, a phenomenological description of the
several ionization processes is given. This is followed by a summary
and evaluation of the experimental and theoretical investigations of
ionization by electron impact in the alkali metals and their isoelec-
tronic equivalents, the alkaline earth ions. A short synopsis of the
theory applicable to the calculation of the ionization cross sections
of ions by electron impact is then given. This discussion of necessity

includes some analytical approaches to excitation processes, since it

appears that autoionization, a decay process reached via excitation,




contributes to the total ionization cross section.

Finally, a brief discussion of the present research is presented.

Phenomenological Description of the lonization Process

For the purpose of this discussion it is convenient to separate
the mechanisms responsible for the production of positive jons into two
categories. The first of these will be termed "ordinary" or "direct"
ionization and is the conventional process whereby a valence electron
or a loosely bound inner shell electron is removed in the ionizing
encounter. The second category includes ionization events that are
the result of an excitation process leading to a radiationless transi-
tion and the ejection of an electron.

Ordinary Ionization

Consider an encounter between a projectile electron and a target
atom or ion. Energetically, the valence electron(s) is (are) most acces-
sible to the perturbing field of the incident electron. It therefore
follows that usually the greatest contribution to the total ionization
cross section will come from the removal of the valence electron{s}.

It is also possible for the incident electron to remove an inner shell
electron. This will leave the ion in an excited state. Such an excited
ion may decay by spontaneous radiation and emit a photon of the appro-
priate energy, or if the energy of the excited state exceeds that of

the next highest ionization potential, an Auger transition may occur
further ionizing the ion. The Auger process is an example of a radia-
tionless transifion, a subject that is treated below._

Ionization via Radiationless Transitions

The Auger effect and autoionization are two names that are




associated with a class of radiationless transitions.1 Auger processes
usually refer to interactions in deep lying electronic shells acces-
sible only to high energy particles or to x-rays, while the term auto-
ionization" is concerned with the effects occurring in the outer shells
that are observable in ultraviolet absorption Spectra.2 In the context
of general use, however, there is a further difference between the two
processes. One usually considers an Auger process to begin with the
removal of an electronlas, for example, in x-ray photoionization. An
autoionizing event is generally associated with the excitation of one
or more electrons. Both phenomena are, however, basically the same and
may occur whenever the atomic configuration is changed so that one or
more electrons occupy an energy state that lies above an ionization
limit of the system. If the appropriate configuration interactien exists,
i.e., the required selection rules are satisfied, the excited system may
decay without the emission of radiation and the excess energy will be
carried off by an ejected electron. Of course, it is not necessary
that the final state reached by the radiationless transition be the
ground state of the particular ion; it may be and dften is an excited
state of the residual ion.

Although the discovery of the Auger Effect antedates that of
autoionization, the latter is of more importance in the present research
and will be discussed first in some detail. A few of the interesting
and applicable aspects of the Auger processes are then covered.

Autoionization. Consider the physical result of exciting an

*
Autojonization is alsc called pre-iocnization. The analogous
phenomenon in molecules is called pre-dissociation.




inner shell electron, or possibly exciting two or more outer shell
electrons simultaneously, by means of some process. The atomic sys-

tem will now have assumed a new configuration and an entire new series
of energy levels will exist. The excited electronic states in this new
system may well have energies greater than that required to ionize the
original system. Each of these new excited states can be properly char-
acterized by its appropriate wave function. The existence of these new
energy levels is experimentally verified by the use of absorption spec~
troscopy.

Lying ébove the ionization limit of the original atomic system
is a continuum of energies each of which has associated with it a con-
tinuum of orbital angular momenta. Each of these continuum states is
completely described by its appropriate wave function. If the matrix
element connecting one of the highly excited states with an adjacent
continuum state is non-zero, then each state assumes some of the char-
acteristics of the other. The result is that after a very short time
the electron in the highly excited state assumes the unstable orbit
characteristic of continuum statesy that is, it islunbound. This
property of almost spontaneous ionization as the result of excitation
to a highly excited state is known as autolonization. It is important
to note that this is a lateral transition and emits no radiation. The
atomic system undergoes a transition to an jonic ground state or te¢ an
excited state with no simultaneous emission of radiation, all of the
excess energy being taken up by the electron as kinetic energy.

The ionized electron carries with it angular momentum about the

center of mass and spin as well as energy. The residual ion is also




characterized by its proper set of quantum numbers. It is therefore
logical that a set of selection rules must govern the process of auto-
ionization since just as in ordinary de-excitation the initial and
final states are designated by a set of quantum numbers. As usually
formulated, the final state includes the ionized electron and the
residual ion. The selection rules are therefore specified in terms

of this formulation,

The selection rﬁles for autoionization are derived by means of
perturbation theory just as are the selection rules for radiative decay
processes. The selection rules are therefore characteristic of the
perturbation operator connecting the discrete and continuum states.

In general, autoionization as referred to in the liter;ture is the
result of the electrostatic interaction between electrons. This
interaction is the strongest and results in typical autoionizing state

lifetimes of 10-13 to 10-15

seconds. As a consequence of the uncertainty
principle, such autoionizing states, when observed in absorption spec-
troscopy, are characterized by very broad lines. If Russel-Saunders or
LS coupling is assumed, the selection rules for auﬁoionization via a
Coulemb interaction are simply stated. The rules are,3

(1) a8 =20 (S is the total spin angular momentum.)

(2) aL =0 (L is the total orbital angular momentum.)

(3) aJ =0 (J is the total angular momentum, J = L +5.) W)

{(4) Parity m is conserved, or even terms do not combine

with odd terms.

In the above formulation of the selectionm rules, the initial excited

state is specified by L, S, J and = while the continuum state is




described by the configuration of the residual ion, the energy of the
ejected electron, the angular momentum of the ejected electron and the
overall configuration of the continuum state. This is best illustrated
by an example. Let a Cs atom be excited to the possible autoionizing
configuration, (5p5655d)2Pg/2. Note that the last few electronic
shells, where changes have occurred, are giveﬁkfollowed by the term
designation. (Often one finds that there is not enough information
known to specify the term designation and only the electronic con-
figuration is given.) The above state can decay via autoionization to

the ground state of Cs*. The reaction is given by

1

S 2 + 2
(5p°6s5d) pg/205 — [(5p%)!s_cst + ¢ pl pg/2 . (2)

0

The ejected electron has energy €, one unit of spin angular moementum
and one unit of orbital angular momentum. Observe that the selection
rules are satisfied.

If the matrix element of the Coulomb interaction connecting the
given discrete state to the continuum vanishes, then that state is meta-
stable against autoionization. Such a state will either decay by a
radiative transition or will autoionize due to a weaker magnetic inter-
action. It is very possible for a state to be metastable against both
autoionization and radiative transitions. In general, the relative
probability that a given state will autoionize as opposed to decaying

by spontaneous radiation is given by

A

) .
P = T +A (3)
s a




where Aa and AS are, respectively, the transition rates for autolioni-
zation and for spontaneous emission from the given state. If the
state is not metastable against autoionization, then autoionization

is almost certain to occur as a consequence of its much larger transie

tion rate. Typical transition rates for autoionization are 1013 to

1015 per second. This compares with about lO8 to lO10 for the elec-
tric dipole radiative transition, which is the fastest type of radia-
tive transition,

The above discussion briefly summarizes the process of autoioni-
zation as it applies to the present research. Autecionization is of
great importance in other processes such as photoabsorption and elastic
and inelastic scattering.4 The process that is the inverse of auto-
ionization, dielectronic recombination, is also of significance in
astrophysics.4

Auger Effect. The Auger effect is initiated by producing a
vacancy in one of the tightly bound filled shells of an atom. The
energy required to remove such an electron is usually far more than
the ionization potential of an electron in any of tﬁe remaining filled
states above that shell containing the vacancy. The ion thus produced
is therefore in a very highly excited state. The same situation then
exists as in autoionization, and there is a possibility of a radiation-
less transition to the continuum. If such an event occurs, the inner
vacancy is filled without the emission of radiation by an electron from

a higher shell, and an electron, usually in the same higher shell, is

ejected with great kinetic energy. The residual hole produced by the

ejection of the Auger electron again leaves the a2tomic structure in a




highly excited state, and the process may cascade. Such cascading may
lead to the eventual production of a highly ionized ion. For example,
in vacancy cascading induced in Kr by K-shell photoionization, the
mean tharge of the residual ion is found to be +6 and ions having a
charge of +12 are experimentally observed.5

Just as in the case of autoionization, the Auger process does
not always occur since there is also a probability that a given state
may decay via a radiative tranmsition. The relative probability of
Auger and radiative type transitions 1s called the Auger yield6 and

is defined as

a = —h_ (4)

where NR and N, are the numbers of radiative and Auger transitions,

A
respectively, for an initial vacancy in the Jth shell. Note the simi-
larity between Equations (3) and (4).

The Auger effect as distinguished from autoionization is rela-
tively unimportant in the present research. The deeply lying atomic
shells cannot be reached with the low energy (1 keV maximum) electrons
used in the present experiment. If cascading effects initiated by a
vacancy in some energetically accessible shell were to occur, they
could not be observed because the charge state analyzer in the experi-
ment allows only doubly charged ions to be detected. If the Auger

process were very strong, however, there might be the possibility of a

"resonance" effect at the energy corresponding to the Auger transition.

The next section presents a summary of experimental and




theoretical results relating to the existence of structure in the
electron impact ionization cross sections of the heavy alkali metals
and the alkaline earth ions. Before reviewing this body of data, it
is helpful to restate the processes most responsible for ionization
by electron impact in atomic¢ systems,

If only single ionization events are considered, the mechanisms
responsible for ionization by electron impact are listed below.

(1) Direct ionization of a valence electron.

(2) Direct ionization of an electron from one of the most
loosely bound inner shells.

(3) Autoionization.
Each of the above processes has its individual cross section and chare
acteristic threshold energy. The total ionization cross section will
thus exhibit a variation which depends upon a summation of the cross
sections for the several events. It is apparent, that if two or more
processes can occur, each having different magnitudes and threshold
energlies, then this maf be reflected as an unusual variation in the
total c¢ross sectioen.

Experimental Evidence of Structure in the Electron Impact

Ionization Cross Sections of the Alkalj Metals and Alkaline
Earth lons_and Possible Theoretical Explanations for such Structure

The electron impact ionization cross sections for alkali metals
heavier than Na (Z = 11) exhibit well defined double maxima. This struc-
ture is quite prominent and has been observed by a number of investiga-

7-13

tors. With the advent of modern crossed beam techniques it is

possible to study the electron impact ionization cross sections of the
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alkaline earth ions, which are iscelectronic to the alkali metals.
These measurements will allow comparisons to be made between the
behavior of the electron impact jonization cross sections for two
members of each alkali metal isoelectronic sequence. Such compari-
sons should lead to a better theoretical understanding of the ioniza-
tion processes and how they affect the shape of the cross section curve.
The present research, which is directed toward this end, is primarily
designed to examine the electron impact cross sections of Ba™ for
structure similar to that found in the cross sections of Cs.

Some experimental evidence of the existence of structure in elec-
tron impact cross sections and the theoretical explanations offered for
such structure will now be summarized., The alkali metals will be con-
sidered first followed by the alkaline earth ions.

lonization of the Alkali Metals

A number of experimental and theoretical studies of the heavier
alkalis are summarized in Table 1. There appear to be no quantum
mechanical calculations for the electron impact ionization of any of
these heavy alkalis.23 All of the theoretical calﬁulations presented
rely upon either classical or empirical approaches.

An analysis of the work summarized in Table 1, allows one to
make, with a reasonable level of confidence, the following generaliza-
tions concerning the occurrence of structure in the electron impact
ionization cross sections of the alkali metals.

{1) Several processes must contribute to the total cross sec-

tion or there would be no structure.

(2) Valence electron ionization, inner shell jomization and




Table 1

Summary of Experimental and Theoretical Studies of Electron Impact
Ionization of Heavy Alkali Metals

Heavy Alkalis

(K, Rb, Cs) Investigator(s) Explanation{s) Calculations or other Supporting Data
Studied for Structure

(K, Rb, Cs) Tate and smith7 None --

(K) Kaneko® None --

(K, Rb) Brinkg’10 Autcionization Cites autoionizing levels tabulated by
Msore (Ref. 17) as corresponding to the
observed locations of structure.

(K, Rb, Cs) McFarland and None -

Kinney
(Cs) Heil and Scott12 Autoionization Cites autoionizing levels observed by

Beutler and Guggenheimer {Ref. 18) as
corresponding to the observed location

of structure. Estimates magnitude of
autoionization cross section. Calculates
partial ionization cross sections using
the methods of Gryzinski (Ref. 19) and
Drawin (Ref. 20).

I




Table 1.

{Continued)

Summary of Experimental and Theoretical Studies of Electron Impact
Ionization of Heavy Alkali Metals

Heavy Alkalis

(K, Rb, Cs) Investigator(s) Explanation(s) Calculations or Other Supporting Data
Studied for Structure
(Cs) Nygaard13 Autoionization Cites work by Feldman and Novick {Ref.
with possible 21) on metastable autoionizing states
contribution in Cg and notes that their work suggests
from inner shell that a doublet state also exists with
ionization. the autoionizing configuration proposed
by Beutler and Guggenheimer (Ref. 18)
Estimates the magnitude of the auto-
jonization cross sectiony the value
agrees well with that estimated by Heil
and Scott (Ref. 12). Also calculates
the cross section including inner shells
using method of Gryzinski (Ref. 19), but
concludes that this does not provide a
complete explanation of the observed
structure.
(K, Rb, cs)*® McFarland'” Inner shell Uses Gryzinski‘'s method (Ref. 19) to
ionization and calculate contributions from closed
auteionization shells to the cross section. Notes

that the double peaking may be explained
qualitatively in this manner. Expects
autoionization effects to be small.

Al




Table 1. (Concluded)

Summary of Experimental and Theoretical 5tudies of Electron Impact
Ionization of Heavy Alkali Metals

Heavy Alkalis

(K, Rb, Cs) Investigator(s) Explanation{s) Calculations or Other Supporting Data
Studied for Structure
(K, Rb, Cs)* Garcial5 Inner shell Calculates the ionization cross sections
ionization using Gryzinski's method (Ref. 19) with
a delta function velocity distribution.
*
(K, Rb) Prasad16 None Calculates electron impact cross sec-

tions using universal curve of Prasad

and Prasad (Ref. 22) and the theory of
Drawin (Ref. 20). Notes that McFarland's
(Ref. 14) calculated double peak is the
result of assuming a particular set of
ionization energies.

*
These are purely theoretical papers. All of the others are experimental, usually including
some theoretical discussion.

£l




14

autoionization are all likely to be present.

(3) The inner shell ionization is probably responsible for the
somewhat "flat" appearance of the cross sections when appropriately
compared (using the reduced cross gection for example) with those of
elements where inner shell processes are either absent or are insig-
nificant. At higher energies, the major contribution to the total
cross section is from the closed shells.

(4) Autoionization is probably responsible for the structure
in the cross sections, producing a small abrupt change in the cross
section at its onset. However, until better calculations are avail-
able, the possibility that the inner shell ionization at least con-
tributes to the observed structure cannot be ignored.

Ionization of the Alkaline Earth Ions

The above conclusions give considerable insight into the
processes responsible for producing the observed structure in the
alkali metal electron impact ionization cross sections. The same
processes should be expected to be active in the electron impact
ionization of the alkaline earth ions, however, the manifestation of
these processes in the form of structure in the cross sections might
be expected to be slightly different due to the reasons tabulated below.

(1) The electronic binding energies of a given alkaline earth
ion are larger than those of its iscelectronic neutral due to the net
positive charge on the ion. This effect becomes of less importance as
one progresses downward into the closed electronic shells.

(2) The threshold laws for the jonization of ions and neutrals
24-26

by electron impact are probably slightly different.
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(3) The threshold laws for the excitation of atoms and ions by
electron impact are apparently significantly different. This fact is

of importance because any autoionizing states present must be reached

by excitation. Both theoreticale_Q? and experimentalz7-29 evidence

leads to the conclusien that the excitation cross sections for ions

are finite at threshold energy. This is not true for neutral atoms.25-2?

At the present time there are only a few experimental and theo-
retical results for the ionization of the alkaline earth ions by elec-
tron impact. Cross sections for the electron impact ionization of Mg+

30 and those for Ba+ by Peart and

32

have been measured by Martin et al.
Dolder.31 Theoretical.calculations are also rather limited. Bely
has predicted structure due to autoionization in the scdium-like iso-
electronic sequence, Moores and Nussbaumer33 have calculated the elec-
tron impact cross sections for the ionization of Mg+ using the Coulomb-
Born approximation. (The Coulomb-Born and some other quantum mechanical
approximations are discussed elsewhere in this chapter.) Bely and Van
Regemorter26 indicate that there is an as yet unpublished calculation
by Bely and Schwartz of the cross sections for the ionization of Ba+
by electron impact. The above studies will now be examined in addi-
tional detail.

Bely has developed a theory that predicts the contribution of
autolonization to the structure of the sodium-like ions.32 He con-
structed the cross section curve by considering the autoionizing effect

due to the excitation of the internal electrons with principal guantum

number n = 2. The excitation of the closed shell electrons was computed

using estimated Coulomb-Born cross sections. The cross section estimates
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were made by scaling along the Fe XVI isoelectronic sequence. Bely's
results indicate that the ionization cross sections for the ionization
of Mg+ by electron impact should have substantial discontinuities at
approximately 57 and 101 eV energy. The experimental results of Martin
et 31.30 do not show any significant discontinuities. Martin et al.
estimated that an autoionization contribution as small as 3.0 x 10"18
cm2 would have been detected.

Moores and Nussbaumer33 have completed a more sophisticated
calculation of the ionization of Mg+ by electron impact. The Coulomb-
Born {with exchange neglected) approximation was used, and both inner
shell ionization and autcionization were included., The direct ioniza-
tion componerit was taken to be the sum of the partial cross sections
for the removal of the 3s valence electron and the 2p and 2s inner
shell electrons. Excitation to the 1522522p535n1 levels for n=3,4, 5
and 1 = 0, 1, 2 were included in calculating the contribution to the
ionization cross section due to autoionization. It was found that
autoionization gave rise to a small amount of structure below the
threshold (68 eV) for ionization of a 2p electron with a maximum jump
of about 4.4 x 10718 cm? occurring at about 57 eV incident electron
energy. Extrapolation procedures were used to extend the range of the
calculations to incident electron energies above 150 eV, The result
of Moores and Nussbaumer shows c¢learly that inner shell contributions
must be included when discussing the ionization of this alkaline earth

ion. The auteciconization contribution, although much less than Bely‘s32

estimate, is still in conflict with experiment since Martin et al.30

could have detected any discontinuity due to autoionization greater
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than 3 x 10778 cn?. The total calculated cross section is 20 percent
higher than the measured value at 150 eV electron energy decreasing to
about 10 percent higher at 2000 eV.

It would appear, that in view of the variocus approximations used
by Moores and Nusshaumer, their calculations indicate a reasonable
degree of agreement with experiment. The authors discuss the limita-

tions of their methods in detail.

Peart and Dolder have measured the cross sections for the single
fonization of Ba't by electron impact from below threshold to approxi-
mately 2000 eV.al The authors present their experimental data ir both
tabular and graphical forms. While Peart and Dolder tabulate only three
data points between threshold and 30 eV, and three points between 30
and 100 eV, their graphical data (Figures 3 and 5 in their paper) indi-
cate that cross sections were measured for quite a few additional values
of incident electron energy. It appears that the tabulated values were
taken from a smooth curve drawn as some "best fit"™ through the experi-
mental data values. This is a policy often followed by Dolder and his
colleagues.30’34’35

The authors state in the text of their paper that an abrupt rise
occurs in the cross section near 18 eV of incident electron éenergy which

they attribute to autoionization via the (5p5655d)P excited state of Ba+.

This structure is shown in detail by giving a recorder trace showing the

cross section as a function of the electron energy from about 8 to 30




le

eV.'

The trace was made by holding the electron beam current sensibly
constant while sweeping the electron beam energy. The recorder trace
shows a definite break that could represent the onset of autoionization.
The slope of this break, which ideally should be infinite, is consis-
tent with the authors' estimated electron beam energy distribution.
Other features of the cross section shown qualitatively by the recorder
traces are several small dips above about 20 eV of incident electron
energy. The authors tentatively attribute these to be due to the onset
of higher states of inner shell electron excitation. Peart and Dolder
do not mention the pessibility of direct inner shell ionization.

In the unpublished theoretical study of the ionization of Bat

2 the

done by Bely and Schwartz and cited by Bely and Van Regemorter,
authors state the theoretical agrezement with the experimental work of
Peart and Dolder31 is satisfactory so far as the position and magnitude

of the autoionization process is concerned. No additional information

is presently available concerning this study.

Review of Applicable Theory

Previous material in this chapter has presented both experi-
mental results and some theoretical explanations for those results. It

is now appropriate to examine the status of the available theory as it

*There are a number of significant inconsistencies in the paper
by Peart and Dolder that complicate the interpretatior of their low
energy data. For example, the authors state in the text that the
recorder trace shows the cross section to be increasing between 18 to
20 eV, Actually, the recorder trace shows the cross section to be
decreasing from 18 to 20 eV. This and other inconsistencies are dis-
cussed in detail in Chapter V.




19

applies to the situation where both direct ionization and autoioni-
zation contribute to the total ionization c¢ross section. Only a brief
summary will be given here; the reader is referred to several review
paper524’26’27’36’37 for additional details and references.

Consider an ionizing event produced by an electron impact where

both direct ionization and autoionization may be important. The total

ionization cross section g (total ionization) can be written as

A_(i)
o , a
s{total ioniz.) ZGD(dire,ct ioniz.) +2Aa T +As i ai(exc.) (5)

n i
where the direct ionization is summed over the n contributing shells
and the excitation cross section os{exc.) is summed over i levels lying
above the ionization limit of the target. The excitation cross sections
are weighted by the branching ratic for radiationless and radiative
transitions as previously defined in Equation (3). If as in the usual

case of autoiopnization, Aa > As’ Equation (5) becomes

a(total ioniz.) = zicn(direct ioniz.) 4 z:ci(exc.) . (6)

n 1

If the positions of the autoionizing levels and the ionization energies
of the various shells are known, the problem is reduced to calculating
a set of ionizaticn and excitation cross sections.

Unfortunately, at the present time, methods available for cal-

culating the required cross sections are rather limited and usually

give only approximate results. Even these approximate calculations,
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except for some of the classical and empirical methods, involve a great
deal of mathematical labor in their implementation.

The exact quantum mechanical collision problem involving exci-
tation or ionization by electron impact is an example of the many-body
problem and cannot be sclved. In addition, in the usual formulation of
the collision problem, the total wave function® is expanded in terms of
the unperturbed wave functions of the target. Such an expansion leads
to an infinite set of coupled partial differential equations. Since
the solution of an infinite set of differential equations is mathe-
matically impossible, approximations are always required. The approach
usually followed is that of solving only those few equations as required
to obtain an approximate solution and ignoring the remainder of the
infinite set.

The available quantum mechanical approximations are relatively
sp crude and mathematically difficult that semiclassical, classical
and even empirical methods are of significant importance. The follow-
ing material discusses a few of the various approaches to the excita-
tion and ionization problem that could be applied to the present
research.

Excitation

Excitation is conceptually simpler than ionization since no
electron is ejected and both the initia)l and final states of the atomic
system are bound states. However, good agreement between experiment

and theory is more often achieved in the case of ionization. Reasons

" .
The total wave function includes the target particle, the inci-
dent electron and, in the case of ionization, the ejected electron(s).
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for this apparent inconsistency are discussed by Bely and Van
Regemorter.26

Quantal Approximations. The simplest quantal approximation is

the Born approximation. The Born approximation reduces the infinite
set of differential equations to a single'equation by assuming that the
projectile electren is unaffected in the collisjion and that the only
effect in the target is the coupling of that pair of eigenstates
invelved in the excitation. This is, in effect, a first-order perturba-
tion-type calculation. 1In the Born approximation, the initial and
final state wave functions are taken as the product of the unperturbed
wave function for the state in question and a plane wave representing the
incident or scattered electron.
The Coulomb-Born approximation for the excitation of positive
ions is similar in concept to the Born, but Coulomb waves are used in
lieu of plane waves to account for the distortion of the incident and
scattered waves by the electric field of the ion.
The Bethe-Born approximation is the same as the Born, except
that additional mathematical approximations are employed. These
approximatiens 