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2.6 lonization

2.6.1 Introduction and general description

General aspects of the ionization of neutral atoms by electron impact have been summarized in a
number of reviews71Ino]l] and books §5Marl]. Some surveys of the electron impact ionization
data have been reported in several compilati@&¥B¢ll, 87Tawl, 88Lenl 89Higl] as well as in
several databases (for example, NIksviv1l], JAERI www2], ORNL [www3] and IAEA [www4])
from where relevant numerical as well as bibliographic data can be retrieved electronically.

The apparent ionization cross sections,

2= Z mo™ (mis the charge state of the product ions),
m

for most of the neutral atoms can be determined with reasonably good accuracies by crossing the
energy-selected incident electrons through the gas targets and, then, measuring the secondary
electrons or ions with a pair of the parallel plates, except for elements such as high melting materials
which can not be easily evaporated and are hard to determine their absolute densities. Such neutral
atom targets can be prepared via the electron capture into the parent ions and, then, the ionization
cross sections can be determined through so-called crossed-beams technique where the target atoms
cross the mono-energetic incident electrons and the product ions are charge-analyzed to determine
the intensities of ions with different charges. However, it should be kept in mind that the neutral
atoms prepared in such ways often include a significant fraction of the excited or metastable state
beams which strongly influence the observed ionization cross sections.
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Fig. 2.6.1. Electron impact ionization cross sectionsthe electron impact energy. The solid lines are given
for various ionization states of Xe(m=1, 3,5, 7, 9, to guide eyes (The data are taken from our database at
11, 13) ions from neutral Xe atoms as a function oNIFS).
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Fig. 2.6.2. Comparison of single-electron ionization double-electron ionization of the ground state helium
cross sections for the ground and metastable Hmtoms.
atoms under electron impact, together with those for

Another technique such as a time-of-flight spectrometer or magnetic analyzer is required to get
the partial ionization cross sections{{") for ions with different charge states)( Typically, as the
the number of the electrons to be ionized {ncreases, the cross sections decrease drastically due to
the increased binding energy, as shown in Fig. 2.6.1 where the observed cross sections of the
production of multiply ionized X& (m = 1...13) ions from neutral Xe atoms under the single
collisions of electron impact are given as a function of the electron impact energy.

Usually the metastable state beams have very large cross sections as well as the lower ionization
threshold energy. In Fig. 2.6.2 is shown a comparison of the ionization cross sections for the ground
He(1€) and metastable He(1s3S) atoms under electron impact which are prepared via electron
capture into H& ions passing through gas targets. It is worth to note that the agreement among
different experiments seems to be reasonably good for the metastable state helium atoms. Clearly the
observed curve for the metastable state helium atoms shows the lower threshold energy and their
cross sections are much larger than those for the ground state. Also the double-electron ionization
cross sections into Heions from the ground state He atoms are also compared in this figure.
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2.6.2 Experimental techniques for neutral atom targets

2.6.2.1 Orthodox method

Here is some short description of experimental techniques relevant to the ionization of neutral atoms
under electron impact. Measurements of the ionization cross sections of neutral gas atoms by
electron impact are relatively simple. There are some good reviews on the ionization phenomena by
electron impact and the most important aspects of these processes have been sungbdtardd [

So-called condenser-plate techniques can provide reliable apparent total ionization cross section,

namely Zmaim*, with the accuracies of.23 % [86Be]. The partial ionization cross section for
m

each m-electron ionization stateg™, should be determined through separately measuring the
relative fractions of ions in different charge states, for example by the time-of-flight techniques
[87Shal or magnetic analyzers, and then by normalizing them to the apparent total ionization cross
sections.

2.6.2.2 Magneto-optically trapped targets

This is a new technique to determine the ionization cross sections without knowing the absolute
target densities. In the magneto-optical trap (MOT), the quadrupole magnetic field is shaped to be
zero at the center of the trap where the laser force traps atoms at the room temperature, cool down to
100K and confine them to the size of a half mm with the density of abduatbths/cri. Then, the

trapping magnetic and laser fields are switched off and the target atoms are stabilized to the ground
state and the electron beam is sent into a ball of the the target atoms which are ionized. Now the
trapping fields are restored where the ionized ions can leave the trapping, meanwhile the non-ionized
atoms are once again retrapped and recooled down. The absolute ionization cross sections can be
determined through the loss rate measurements of the trapped atoms and the accurate knowledge of
the electron beam density distributions over the target. The most important merit of this method is
the fact that no absolute target density is required to know. The observed cross sections represent the

total ionization cross section, nameE o™ (Note that "total cross section" is different from
m

"apparent cross section" obtained through the parallel plate technique mentioned above). The
accuracies are estimated to be roughly 10 %, depending slightly upon the collision energy, which
comes mostly from the escape loss of the recoiling atoms from the shalloWégh.

2.6.2.3 Excited species targets

In many applications, the excited neutral species, in particular those in the metastable states, are
known to play an important and critical rol@2[Tral, 96Tan]. Therefore, it is necessary to have the
reliable ionization data for such species. It is natural to expect that the cross sections for such excited
species are quite large, compared with those in the ground state species. Therefore, even a very small
fraction of such excited species in the target significantly influence the observed results.
Unfortunately, it is not easy to get such species (specified in its electronic states) prepared with
sufficient intensities under the controlled conditions. As shown in Fig. 2.6.2 (Subsect. 2.6.1), the
metastable He(1s2'8) atoms have been investigated by different authors using the crossed-beams
technique and the observed cross sections show relatively good agreement with each other. Here
He(1s2s’S) atoms are produced through the electron capture intioHs.

Only a limited number of the experiments have been performed for some species, such as alkali
or alkaline metal targets, using the three (electron + ground state species + laser)-beams crossed
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technique in combination with the laser excitation. Some detailed description of the important
aspects of the preparation (gas-discharge, electron beam impact, electron capture, laser excitation),
detection, target density determination and comparison of the relevant cross sections over the ground
state has been give@4Tra]. It should also be noted that their production efficiencies are generally
quite small and, thus, the densities of the excited species target are small, compared with those for
the background gas atoms.

Indeed the absolute density determination of the excited state species is one of the most difficult
tasks in measurements of the collision cross sections. The laser-based technique for the excitation of
the target atoms including the species with the short life-time should be the most reliable and
possible to get relative high efficiencies but the present-day lasers are still limited in applications
only to alkali or alkaline metal atom®83Giel, 93Ricl, 97Dep]. Also it is not straightforward to
define the electronic states and the fractions in the product beams which often include some different
electronic configurations, except for some neutral beam with a single metastable state.

Furthermore, in combination of a series of the lasers with different wave-lengths in multi-step
excitation processes, it is possible to get quite pure excited species even in very high Rydberg states
such asn = 10 where the collision cross sections can be as large a5 ch¥ [95DeP]. The
metastable beam targets such as He*(1s2s) can be obtained through the electron capture into the
proper ions such as Heons and have been used in the crossed-beams technique. One of typical
cross sections for the metastable He(1s2s) beam is already shown in Fig. 2.6.2, compared with those
for the ground state He(®)sbeam.

In Table 2.6.1 are shown the metastable state species of rare gas atoms and their features.

Table 2.6.1.Energies and lifetimes of the metastable states
of rare gas atom®pTral.

Atom Term Energy [eV] Lifetime [s]

He 233, 19.82 610°
215, 20.61 21072

Ne 3°P, 16.62 =
33P, 16.72 =

Ar 43p, 11.55 =
43p, 11.72 =

Kr 5°3p, 9.92 =
5°3P, 10.56 =

Xe 6°p, 8.32 -
6 3P, 9.45 -

2.6.3 Contribution of various processes to ionization

Not only thedirect ionization processes in neutral atoms where some electrons in the outermost-shell
as well as in the inner-shell are directly removed from the target but alsadinect ionization
processes following the innershell excitation processes play a role in the overall ionization processes
and related fields. In some electronic configurations of the target ions as will be shown in
Section 3.2, the contribution of the indirect ionization processes to total ionization becomes far more
significant and often are more important than that of the direct processes.
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2.6.3.1 Direct processes

In simple atomic targets, the contribution to the ionization dominantly comes from so-diaéiet
ionization(DI) process where m electrons are ionized under electron impact as expressed as follows:

e+A- e+ A" +me. 1)

Also it should be noted that not only a single electmn=(1) but also two electronsn(= 2: double
ionization) can be ionized simultaneously with relatively high probabilities. The single-electron
ionization cross sections are generally larger than those of double- or multiple-electron ionization, as
seen in Fig. 2.6.1.

As the electron impact energy increases, some of the innershell electrons can be ionized. As the
energy required to ionize the inner-shell electron is larger than that for the outermost-shell electron,
the cross sections usually show some shoulders at the threshold energy of the inner-shell electron
ionization, in addition to the first threshold due to the ionization of the outermost-shell electron when
the cross sections are plotted as a function of the electron impact energy. A typical example of the
contribution of the (4d) innershell-electron ionization is compared with that of the (5s+5p) outer-
shell-electron ionization in Fig. 2.6.3 where the single-electron ionization from six 5p-shell or two
5s-shell electrons results in X®ns from Xe atoms.

Also a further deep innershell-electron ionization results mostly in the production of multiple-
electron ionization through cascading processes. Among multiple ionization, the double-electron
ionization fn = 2) processes are usually dominant over highree 3) ionization processes and can
contribute significantly to the total ionization (more than 30 % in Xe atom ionization).
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Fig. 2.6.3. A typical example of the contribution of electron impact. The upper curve represents the total
the outer (5p+5s)- and inner (4d)-shell electrorsingle-electron ionization cross sections and the lower
ionization of Xe atoms resulting in Xdons under curve corresponds to the 4d-shell electron ionization.
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2.6.3.2 Indirect processes

But in many-electron targets, the significant contribution often comes from so-called indirect
processes which involve the innershell electrons. After one of the inner-shell electrons is excited
under the incident electron impact, the doubly or triply excited states are formed which decay
through the secondary (as well as ternary) processes such as the autoionization processes and finally
are stabilized into the ground state of highly ionized ions.

There are a number of different types of the indirect processes. In ionization of neutral atoms, the
most significant is the innershell-electron excitation followed by autoionization (EA) process where
one of the inner-shell electrons in a target atom is first excited above the threshold of the ionization
limit of singly-charged ions, forming the intermediate doubly excited states, a part of which are
stabilized though the autoionization process:

e+A-e+A™* ,e+A +e. (2)

The rest is the simple excitation process and stabilized through radiative emission which does not
contribute to the ionization. The double ionization processes can also be contributed by similar
indirect processes mentioned above.

2.6.4 Recommended ionization cross sections for neutral atoms

2.6.4.1 General features of the ionization cross section behavior

The cross sections for single- as well as multiple-electron ionization have been measured for a large
number of the neutral atoms, which can also be seen on databases, for example at NIFS. As
mentioned in Introduction, there are some compilations and reviews of the ionization data for neutral
atom targets under electron impa&3Bell, 87Tawl 88Lenl 89Higl]. Table 2.6.2 shows a
summary of the present situations on the electron impact ionization data of neutral atoms which are
stored and available in our databases at NIFS.

These data have different degree of the accuracies. Therefore, we have to evaluate them to
provide reliable cross sections of ionization for the basic research as well as applications.

Table 2.6.2.Summaries of the experimental electron impact ionization data of neutral atoms under
electron impact seen in the databases at NIFS. The final charge of ions produced are shown on the
abscissa (horizontal direction) for each element (the vertical direction) and the number in tables
shows the number of the experimental investigations performed so far.

Atom Final charge state

1+ 2+ 3+ 4+ 5+ 6+ 7+ 8+ O+ 10+ 11+ 12+ 13+

H 8
He 26 8
Li 6 1
Be 2
B 1
C 2
N 3
0] 7 3
F 1
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Atom Final charge state
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Evaluation of experimental data

In evaluating experimental data of absolute ionization cross sections in electron impact, the
following issues are the most important and not only the data but also the experiments themselves
should be closely scrutinize@{Taw1:

(1) primary electron beam, (2) target species, (3) collision product and (4) detection system.
There are a number of critical issues in each, as shown in Table 2.6.3. Unfortunately very few papers
published have discussed the details on such issues and the access to the details is sometimes
difficult. The most important but often neglected issue is the contribution of the excited or
metastable state target species with relatively high internal energy. Though most of the target gases
evaporated in high temperature ovens are in the ground state, the internal energy of the target atoms
is critical in ionization processes, for example, in crossed-beams experiments where the neutral
target atoms are formed through electron capture into charged particles. The ionization cross sections
for such atoms are often much larger than those for the ground state species. Therefore, the excited
states (nl) of the colliding neutralized beams have to be specified and and their fractions have to also
be known accurately. Otherwise, the observed cross sections would be largely scattered.

Sometimes the observed cross sections have been, for simplicity, normalized to some known
(previously observed, calculated or scaled) values. For example, the experimental cross sections for
atomic hydrogens, due to difficulties in preparing the targets and in determining the absolute
densities, are often normalized to those at high energies where the Born or other approximations can
be assumed to be valid. In such a case, it should be noted that, if the collision energy is not
sufficiently high, the Born approximations fail to give the exact values.

Table 2.6.3.Critical issues in evaluating experimental ionization cross sections in electron impact.

Critical issues Comments
Primary electron beam kinetic energy spread important in resonance observation
beam focusing and divergence transmission through apertures
edge scattering straying electrons produced
external field deflection of low energy beam
Target beam contamination and residual gases water vapor often included in gas line
purity high purity target gases available
effective target density due to diffusion through apertures
beam overlapping with electrons  important at low energies
internal energy or excited state very critical in neutralized target atoms
Products product specification mass/charge
collection and transmission discrimination in collecting system
efficiencies
single collisions correction to double collisions
recoil/dissociation energy loss of collection
internal energy
life-time loss of detection
external field charge discrimination
Detection absolute detection efficiencies or normalized to others
pulse-height distributions noise-discrimination
secondary particle emission spurious counting
uniform sensitivities detector with large area
sensitivities to strayed particles strayed photons or electrons
reflection from surfaces loss of particles
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Evaluation of theoretical data

Some theoretical calculations are requisite when no experimental data are available. There are some
critically important issues in evaluating the calculated cross sections. Indeed it is sometimes quite
difficult to know if they are properly treated in references (see Table 2.6.4).

Table 2.6.4.Important issues in evaluating the calculated cross sections under electron impact.

Critical issues Comments

approximation Born, distorted-wave, close-coupling, R-matrix etc.

wave-function distorted wave-function? electron correlation included?

interaction potential simple electrostatic potential, exchange or distorted potential ?
number of states not always accurate even for a large number of states considered
continuum states guasi-continuum

validity (energy) region limited energy region

Following some criterions as shown in Tables 2.6.3 and 2.6.4, the experimergkd-electron
ionization cross sections for a series of the ground state neutral species ranging from hydrogen to
uranium atoms have been evaluated and listed in Table 2.6.5 (for neutral atoms ranging from H to
Ne), Table 2.6.6 (Na-Ca), Table 2.6.7 (Sc-Zn), Table 2.6.8 (Ga-Zr), Table 2.6.9 (Mo-Xe) and Table
2.6.10 (Cs-U) as a function of the electron impact energy. It should be noted that, as the smooth
variation of the cross sections as a function of the electron impact energy is assumed, some
structures are not clearly seen in the present tables.

The smoothed data are also shown in Fig. 2.6.4 (H-B), Fig. 2.6.5 (C-Ne), Fig. 2.6.6 (Na-P),
Fig. 2.6.7 (S-Ca), Fig. 2.6.8 (Sc-Mn), Fig. 2.6.9 (Fe-Zn), Fig. 2.6.10 (Ga-Br), Fig. 2.6.11 (Kr-Zr),
Fig. 2.6.12 (Mo-In), Fig. 2.6.13 (Sn-Xe) and Fig. 2.6.14 (Cs-U). Note that the smoothed data plotted
in these figures may be slightly different from those in tables.

2.6.4.2 Innershell electron ionization

The ionization of an innershell electron results in the formation of an innershell hole which follows a
series of cascade processes before stabilization and finally a multiply charged ion is formed in most
cases. The ionization cross sections for relativistic inner-shell electrons of neutral atom targets by
relativistic electron impact have been surveyed receB8pwl 90Lon]].
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Table 2.6.5.Recommended cross sections for single-electron ionization of neutral atoms (H-Ne) under electron impact as a functientadrthe e
impact energy (cf. Fig®.6.4and2.6.5.

Energy [eV] Cross section [cin
H He Li Be N O F Ne
6 1.00E-16
8 2.80E-16
10 3.85E-16 2.50E-17 3.00E-17
15 9.00E-18 4.25E-16 1.43E-16 1.25E-16 1.10E-17 1.00E-17
20 3.10E-17 4.05E-16 2.15E-16 1.91E-16 1.10E-16 4.10E-17 3.20E-17 7.50E-18
25 4 50E-17 3.70E-16 2.43E-16 2.20E-16 1.50E-16 7.20E-17 6.00E-17 2.10E-17
30 5.30E-17 6.50E-18 3.40E-16 2.59E-16 2.43E-16 1.80E-16 9.00E-17 7.40E-17 3.30E-17 1.00E-17
40 6.10E-17 1.75E-17 2.90E-16 2.60E-16 2.52E-16 2.10E-16 1.21E-16 1.05E-16 5.10E-17 2.30E-17
50 6.40E-17 2.30E-17 2.50E-16 2.50E-16 2.49E-16 2.25E-16 1.39E-16 1.20E-16 6.80E-17 3.00E-17
60 6.30E-17 2.90E-17 2.20E-16 2.38E-16 2.41E-16 2.30E-16 1.48E-16 1.30E-16 8.00E-17 4.30E-17
80 5.90E-17 3.50E-17 1.70E-16 2.13E-16 2.22E-16 2.30E-16 1.57E-16 1.40E-16 9.20E-17 5.80E-17
100 5.40E-17 3.65E-17 1.45E-16 1.91E-16 2.03E-16 2.15E-16 1.56E-16 1.45E-16 9.60E-17 6.80E-17
150 4 50E-17 3.65E-17 1.00E-16 1.49E-16 1.63E-16 1.85E-16 1.41E-16 1.40E-16 9.80E-17 7.50E-17
200 3.80E-17 3.45E-17 8.00E-17 1.29E-16 1.46E-16 1.60E-16 1.28E-16 1.25E-16 9.00E-17 7.40E-17
300 2.80E-17 2.80E-17 5.60E-17 9.80E-17 1.13E-16 1.30E-16 1.05E-16 9.95E-17 7.75E-17 6.50E-17
400 2.30E-17 2.35E-17 4.40E-17 8.20E-17 9.40E-17 1.10E-16 9.10E-17 8.50E-17 6.75E-17 5.70E-17
600 1.70E-17 1.75E-17 3.00E-17 6.00E-17 7.20E-17 8.50E-17 7.20E-17 6.70E-17 5.50E-17 4 50E-17
800 1.35E-17 1.45E-17 2.35E-17 4.90E-17 5.80E-17 7.20E-17 5.90E-17 5.40E-17 4 55E-17 3.80E-17
1000 1.10E-17 1.20E-17 1.90E-17 4.10E-17 4.90E-17 6.20E-17 5.00E-17 4 .65E-17 3.91E-17 3.20E-17
2000 6.30E-18 7.00E-18 1.00E-17 2.40E-17 2.90E-17 3.90E-17 3.10E-17 2.80E-17 2.40E-17 1.95E-17
4000 3.50E-18 3.90E-18 5.30E-18 1.40E-17 1.70E-17 2.20E-17 1.80E-17 1.60E-17 1.43E-17 1.15E-17
6000 2.40E-18 2.75E-18 3.80E-18 1.00E-17 1.25E-17 1.55E-17 1.30E-17 1.20E-17 1.05E-17 7.80E-18
10000 1.60E-18 1.80E-18 2.45E-18 7.00E-18 8.50E-18 1.00E-17 8.50E-18 7.60E-18 7.00E-18 5.10E-18




Table 2.6.6.Recommended cross sections for single-electron ionization of neutral atoms (Na-Ca) under electron impact as a funeiectrafthe

impact energy (cf. FigR.6.6and2.6.7).

Energy [eV] Cross section [cin
Na Mg Al Si S Cl Ar K Ca
6 1.35E-16 5.20E-16
8 3.30E-16 8.00E-17 2.50E-16 7.90E-16 2.50E-16
10 4.35E-16 2.80E-16 5.60E-16 9.00E-17 9.00E-16 7.40E-16
15 4.75E-16 4.90E-16 9.15E-16 5.10E-16 3.00E-16 1.9E-16 5.00E-17 9.00E-16 9.50E-16
20 4.60E-16 5.25E-16 9.60E-16 6.40E-16 4.20E-16 3.3E-16 1.80E-16 6.00E-17 8.40E-16 8.90E-16
25 4 .35E-16 5.10E-16 9.70E-16 6.90E-16 4 85E-16 4.0E-16 2.55E-16 1.30E-16 7.80E-16 8.20E-16
30 4.15E-16 4.80E-16 9.60E-16 7.00E-16 5.20E-16 4.2E-16 3.00E-16 1.80E-16 7.30E-16 7.30E-16
40 3.55E-16 4.30E-16 9.30E-16 6.90E-16 5.25E-16 4.4E-16 3.40E-16 2.30E-16 6.20E-16 6.10E-16
50 3.20E-16 3.85E-16 8.90E-16 6.70E-16 5.20E-16 4.4E-16 3.55E-16 2.40E-16 5.70E-16 5.20E-16
60 2.90E-16 3.40E-16 8.30E-16 6.40E-16 5.10E-16 4 5E-16 3.60E-16 2.45E-16 5.40E-16 4.60E-16
80 2.45E-16 2.85E-16 7.30E-16 5.80E-16 4.75E-16 4.3E-16 3.50E-16 2.45E-16 5.00E-16 3.80E-16
100 2.10E-16 2.40E-16 6.50E-16 5.20E-16 4.40E-16 4.2E-16 3.30E-16 2.45E-16 4.90E-16 3.20E-16
150 1.65E-16 1.80E-16 5.00E-16 4.30E-16 3.80E-16 3.7E-16 2.90E-16 2.30E-16 4.20E-16 2.30E-16
200 1.40E-16 1.30E-16 4.10E-16 3.90E-16 3.20E-16 3.3E-16 2.60E-16 2.20E-16 3.90E-16 1.80E-16
300 1.10E-16 8.50E-17 3.30E-16 2.6E-16 1.75E-16 3.10E-16 1.30E-16
400 9.00E-17 6.00E-17 2.70E-16 2.2E-16 1.40E-16 2.50E-16 1.05E-16
600 7.30E-17 2.20E-16 1.7E-16 1.05E-16 1.90E-16 7.20E-17
800 6.00E-17 1.80E-16 1.4E-16 8.60E-17 1.50E-16 5.50E-17
1000 5.20E-17 1.50E-16 1.3E-16 7.20E-17 1.30E-16 4 50E-17
2000 9.00E-17 7.6E-17 4.25E-17 7.30E-17 2.30E-17
4000 4.5E-17 2.40E-17 4.20E-17 1.30E-17
6000 3.2E-17 1.80E-17 3.00E-17 8.30E-18
10000 2.3E-17 1.15E-17 2.10E-17 5.10E-18




Table 2.6.7.Recommended cross sections for single-electron ionization of neutral atoms (Sc-Zn) under electron impact as a funaleantadfrthe
impact energy (cf. Fig®.6.8and2.6.9.

Energy [eV] Cross section [cin
Sc Ti \% Cr Mn Fe Co Ni Cu Zn
6
8 6.60E-16 5.20E-16 1.40E-16 9.30E-17
10 1.35E-15 5.70E-16 1.05E-15 2.30E-16 2.70E-16 1.30E-16 2.25E-16 1.20E-16 2.10E-16 5.00E-17
15 2.10E-15 8.05E-16 1.55E-15 5.00E-16 4.60E-16 4.00E-16 4.70E-16 3.40E-16 2.83E-16 2.00E-16
20 2.25E-15 8.20E-16 1.63E-15 6.40E-16 5.00E-16 5.00E-16 5.10E-16 4.20E-16 3.10E-16 3.40E-16
25 2.20E-15 7.90E-16 1.60E-15 7.70E-16 5.05E-16 5.20E-16 5.34E-16 4.35E-16 3.13E-16 4.10E-16
30 2.10E-15 7.45E-16 1.55E-15 8.20E-16 5.06E-16 5.25E-16 5.55E-16 4.30E-16 3.08E-16 4.20E-16
40 1.90E-15 6.40E-16 1.40E-15 7.50E-16 5.00E-16 5.15E-16 5.75E-16 4.05E-16 2.93E-16 4.10E-16
50 1.70E-15 5.70E-16 1.28E-15 6.50E-16 4.90E-16 4.90E-16 5.70E-16 3.70E-16 2.85E-16 3.90E-16
60 1.55E-15 5.10E-16 1.15E-15 5.80E-16 4 80E-16 4.60E-16 5.65E-16 3.40E-16 2.67E-16 3.70E-16
80 1.30E-15 4.25E-16 1.00E-15 4.70E-16 4 50E-16 4.15E-16 5.30E-16 2.95E-16 2.51E-16 3.25E-16
100 1.15E-15 3.50E-16 8.75E-16 4.00E-16 4.15E-16 3.70E-16 5.00E-16 2.60E-16 2.30E-16 2.80E-16
150 8.90E-16 2.70E-16 6.75E-16 3.05E-16 3.50E-16 3.10E-16 4,15E-16 2.00E-16 2.00E-16 2.30E-16
200 7.32E-16 2.20E-16 5.50E-16 2.35E-16 3.05E-16 2.70E-16 3.60E-16 1.60E-16 1.75E-16 1.95E-16
300 5.50E-16 1.70E-16 4.20E-16 1.80E-16 2.40E-16 2.10E-16 2.85E-16 1.25E-16 1.50E-16 1.45E-16
400 4.40E-16 1.35E-16 3.40E-16 1.40E-16 2.00E-16 1.70E-16 2.40E-16 1.00E-16 1.30E-16 1.20E-16
600 3.25E-16 9.80E-17 2.50E-16 1.05E-16 1.55E-16 1.27E-16 1.80E-16 7.30E-17 1.05E-16 9.00E-17
800 2.60E-16 7.60E-17 2.00E-16 8.30E-17 1.25E-16 1.05E-16 1.49E-16 5.80E-17 8.50E-17 7.30E-17
1000 2.18E-16 6.30E-17 1.65E-16 7.00E-17 1.07E-16 8.70E-17 1.25E-16 4 .80E-17 7.30E-17 6.10E-17
2000 1.20E-16 3.40E-17 9.50E-17 3.90E-17 6.35E-17 7.50E-17 2.75E-17 4.40E-17 3.50E-17
4000 7.00E-17 1.90E-17 5.30E-17 2.20E-17 3.70E-17 4.35E-17 1.55E-17 2.00E-17
6000 5.00E-17 1.30E-17 3.80E-17 1.50E-17 2.60E-17 3.10E-17 1.10E-17 1.40E-17

10000 3.20E-17 8.30E-18 2.40E-17 1.00E-17 1.70E-17 2.05E-17 7.40E-18 9.00E-18




Table 2.6.8.Recommended cross sections for single-electron ionization of neutral atoms (Ga-Zr) under electron impact as a function
of the electron impact energy (cf. Figs6.10and2.6.11).

Energy [eV] Cross section [¢in
Ga Ge As Se Br Kr Rb Sr Zr
6 5.20E-16
8 2.30E-16 8.00E-16 7.40E-16 3.90E-16
10 4.80E-16 1.00E-16 8.10E-16 9.80E-16 6.00E-16
15 8.60E-16 5.50E-16 2.80E-16 2.10E-16 1.05E-16 2.10E-17 7.60E-16 1.09E-15 8.10E-16
20 9.85E-16 6.30E-16 4.50E-16 3.80E-16 2.10E-16 1.20E-16 8.80E-16 1.05E-15 8.82E-16
25 1.05E-15 7.15E-16 5.50E-16 5.00E-16 3.10E-16 2.10E-16 9.30E-16 9.65E-16 8.92E-16
30 1.06E-15 7.30E-16 5.85E-16 5.40E-16 3.70E-16 2.60E-16 9.00E-16 8.85E-16 8.80E-16
40 1.03E-15 7.30E-16 6.20E-16 5.90E-16 4.30E-16 3.20E-16 8.30E-16 7.65E-16 8.18E-16
50 9.80E-16 7.20E-16 6.15E-16 5.90E-16 4.40E-16 3.40E-16 7.10E-16 6.65E-16 7.55E-16
60 9.15E-16 7.00E-16 5.95E-16 5.80E-16 4.40E-16 3.50E-16 6.30E-16 5.94E-16 6.95E-16
80 7.90E-16 6.35E-16 5.60E-16 5.55E-16 4.30E-16 3.50E-16 5.20E-16 4.94E-16 6.03E-16
100 6.90E-16 5.80E-16 5.25E-16 5.30E-16 4.05E-16 3.40E-16 4.60E-16 4.18E-16 5.23E-16
150 5.40E-16 4.60E-16 4.45E-16 4.60E-16 3.55E-16 3.20E-16 3.60E-16 3.00E-16 3.92E-16
200 4.50E-16 3.80E-16 3.98E-16 4.10E-16 3.10E-16 2.85E-16 3.10E-16 2.53E-16 3.34E-16
300 3.30E-16 2.75E-16 3.40E-16 2.35E-16 2.45E-16 1.87E-16 2.50E-16
400 2.80E-16 2.15E-16 3.00E-16 2.00E-16 2.10E-16 1.47E-16 2.01E-16
600 2.15E-16 1.60E-16 2.45E-16 1.45E-16 1.60E-16 1.08E-16 1.48E-16
800 1.80E-16 1.30E-16 2.05E-16 1.20E-16 1.40E-16 8.50E-17 1.15E-16
1000 1.50E-16 1.05E-16 1.75E-16 1.00E-16 1.25E-16 7.00E-17 9.60E-17
2000 9.00E-17 5.95E-17 1.07E-16 5.90E-17 4.00E-17 5.50E-17
4000 3.20E-17 5.90E-17 3.15E-17 2.20E-17 3.10E-17
6000 2.30E-17 4,20E-17 2.20E-17 1.60E-17 2.20E-17

10000 1.60E-17 2.90E-17 1.40E-17 1.00E-17 1.40E-17




Table 2.6.9.Recommended cross sections for single-electron ionization of neutral atoms (Mo-Xe) under electron impact as a function of the
electron impact energy (cf. Fig8.6.12and2.6.13.

Energy [eV] Cross section [cin
Mo Ru Ag Cd In Sn Sb Te I Xe
6 3.90E-17 8.00E-18 2.00E-18
8 1.40E-16 9.00E-17 3.20E-17 2.00E-16 1.15E-16 5.20E-17
10 3.50E-16 2.20E-16 1.05E-16 1.25E-16 4.20E-16 3.30E-16 1.95E-16 1.20E-16 4.00E-18
15 6.30E-16 4.08E-16 2.00E-16 3.60E-16 7.00E-16 7.49E-16 5.70E-16 7.78E-16 1.90E-16 1.00E-16
20 7.18E-16 4.63E-16 2.60E-16 4 54E-16 7.00E-16 9.04E-16 7.26E-16 1.05E-15 3.82E-16 2.45E-16
25 7.46E-16 4.92E-16 2.90E-16 4.82E-16 6.80E-16 9.55E-16 8.10E-16 1.18E-15 4.90E-16 3.60E-16
30 7.53E-16 4.95E-16 3.00E-16 5.02E-16 6.60E-16 9.80E-16 8.30E-16 1.24E-15 5.53E-16 4.20E-16
40 7.56E-16 5.20E-16 3.00E-16 4.93E-16 6.60E-16 9.52E-16 8.10E-16 1.25E-15 6.00E-16 4.45E-16
50 7.37E-16 5.35E-16 2.90E-16 4.70E-16 7.00E-16 9.24E-16 7.85E-16 1.20E-15 5.96E-16 4.40E-16
60 7.16E-16 5.37E-16 2.70E-16 4.58E-16 7.50E-16 8.80E-16 7.60E-16 1.12E-15 5.90E-16 4 .45E-16
80 6.56E-16 5.17E-16 2.60E-16 4.50E-16 8.00E-16 8.05E-16 7.20E-16 9.97E-16 5.85E-16 4.60E-16
100 6.05E-16 4.87E-16 2.60E-16 4.43E-16 7.90E-16 7.40E-16 6.70E-16 8.83E-16 5.55E-16 4.45E-16
150 4.80E-16 4.18E-16 2.35E-16 4.05E-16 7.00E-16 6.20E-16 5.70E-16 6.73E-16 4.70E-16 4.10E-16
200 4.18E-16 3.58E-16 2.10E-16 3.52E-16 6.30E-16 5.00E-16 4 50E-16 5.88E-16 4.10E-16 3.60E-16
300 3.27E-16 2.84E-16 1.65E-16 2.83E-16 5.20E-16 4.23E-16 2.90E-16
400 2.72E-16 2.34E-16 1.45E-16 2.38E-16 4.30E-16 3.42E-16 2.40E-16
600 2.05E-16 1.73E-16 1.05E-16 1.77E-16 3.40E-16 2.40E-16 1.80E-16
800 1.67E-16 1.33E-16 8.30E-17 1.44E-16 3.00E-16 1.98E-16 1.50E-16
1000 1.39E-16 1.16E-16 6.10E-17 1.20E-16 2.50E-16 1.60E-16 1.25E-16
2000 8.20E-17 6.70E-17 6.85E-17 9.30E-17 7.70E-17
4000 4.75E-17 3.80E-17 3.80E-17 5.20E-17 4.30E-17
6000 3.30E-17 2.60E-17 2.65E-17 3.80E-17 3.05E-17

10000 2.20E-17 1.75E-17 1.80E-17 2.40E-17 1.95E-17




Table 2.6.10.Recommended cross sections for single-electron ionization of neutral atoms (Cs-U) under electron impact
as a function of the electron impact energy (cf. FXg8.14and2.6.15.

Energy [eV] Cross section [éin
Cs Ba Au Hg TI Pb Bi U

6 3.60E-16  4.00E-16 2.50E-17

8 6.30E-16  1.25E-15 1.60E-16  1.05E-16  1.60E-16  1.40E-16

10 7.80E-16  1.45E-15 2.60E-16  2.10E-16  3.36E-16  1.90E-16

15 9.20E-16  1.25E-15 1.75E-16  4.10E-16  4.10E-16 6.25E-16  3.40E-16

20 8.30E-16  1.45E-15 3.30E-16  4.50E-16 5.20E-16  7.61E-16  4.35E-16

25 9.20E-16  1.40E-15 4.40E-16  4.80E-16 6.00E-16 8.40E-16  4.80E-16

30 9.35E-16  1.25E-15 5.00E-16  5.30E-16  6.20E-16  8.73E-16  5.00E-16

40 9.30E-16  1.00E-15 5.60E-16 6.10E-16 6.00E-16  8.75E-16  4.70E-16

50 9.00E-16  8.40E-16  1.15E-15 5.80E-16 6.60E-16 5.80E-16 8.61E-16  4.30E-16

60 8.40E-16  7.30E-16  1.40E-15 5.70E-16 6.90E-16 5.60E-16 8.20E-16  3.90E-16

80 7.80E-16 5.90E-16  1.45E-15 5.40E-16  7.25E-16  5.00E-16  7.75E-16  3.45E-16
100 7.10E-16  4.80E-16  1.40E-15 5.00E-16  7.20E-16  4.35E-16  7.40E-16  3.15E-16
150 5.80E-16  3.30E-16  1.25E-15 4.20E-16 6.60E-16  3.50E-16 6.20E-16  2.60E-16
200 5.20E-16  2.55E-16  1.15E-15  3.50E-16 5.85E-16  3.05E-16 5.10E-16  2.30E-16
300 4.20E-16  1.80E-16 9.60E-16 2.70E-16 4.60E-16  2.45E-16 1.90E-16
400 3.50E-16  1.35E-16 8.50E-16  2.30E-16 3.80E-16  2.10E-16 1.70E-16
600 2.80E-16 1.00E-16 7.30E-16  1.75E-16 2.90E-16  1.75E-16 1.45E-16
800 2.35E-16  7.50E-17 6.30E-16  1.45E-16  2.30E-16  1.50E-16 1.25E-16

1000 2.10E-16 6.20E-17 5.60E-16 1.30E-16 1.95E-16 1.35E-16 1.15E-16
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2.6.5 Short description of theories

The theories for the electron impact direct ionization have been developed for quite some time. A
number of different approximation methods have been (&&d4r1].

One of the most significant progresses in theories of ionization under electron impact in recent
years is the development of the convergent close-coupling (CCC) method which has been found to
be very powerful and accurate not only in the ground state species but also in the excited species
[92Bral 93Bral. Now realizing such progresses in theories, new and more accurate experiments are
urgently required.

2.6.6 Empirical formula for ionization cross sections for outer-shell electrons

In a number of applications, it is important to have some empirical formulas to get the ionization
cross sections under electron impact. So far, many basically identical but slightly different empirical
formulas have been propose@5Marl]. There are also some critical reviews on the existing
empirical formulas. Some of them are found to be convenient in many uses.

2.6.6.1 Empirical formulas for single ionization

One of the most familiar and convenient forms had been proposed by@7tat], 68Lot1] many
years ago and is still widely in use in a number of cases. The total ionization cross sections are given
as the sum of the contribution from different (sub-) shells as follows:

~ In(u) —, (u1)
] J

wherel; is the ionization threshold energy of th¢h shell electron, the reduced electron energy
u = E/I;, E being the electron incident energy;, the number of the electrons in théh shell anda,
b and ¢ constants given for different shell§7Lotl, 68Lotl]. The total cross sections have to be
summed up over all the possilji¢h shells. This empirical formula is known to work surprisingly
nicely even for neutral target atoms where the direct ionization processes are dominant over the
indirect ionization processes (see Section 3.2 for ionization of ions).

Extensive survey of the electron ionization cross section data shows another simple analytical
expression as follows:

o, =W112[aln(u)+z h{l—%) ] 4)

where the parameters are the same as in eq. (33 andb, constants. These constants are given in
[83Bell, 88Lenl, 89Hig]] for most of the neutral species (as well as typical charge state ions) of H
to U. Also the number of the terms, which is necessary to get the best fit to the experimental data,
does depend on the target species and are g8&Be[l, 88Len], 89Higl]. It should be, however,
noted that artificial oscillations of the cross sections are sometimes seen in this type of the fitting
when they are plotted as a function of the electron en®&0@¢d].

Empirical formula with relatively simple but physically clear background based upon the binary-
encounter-dipole (BED) model has been recently discus8diiml]. This formula, without
requiring any fitting parameters, show a reasonable agreement with the experimental data for one-
electron atoms (and ions, too). After comparing this theoretical formula with the data available, the
following empirical formula based upon the BED has been proposed:

Landolt-Bornstein
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o; =3'—52{aln(u)+ t(l—l)+cm} (5)
u u

u+l

wherea, b andc are the fitting parameters.

It should be pointed out that this basic empirical formula based upon BED can provide not only
the total ionization cross sections but also the differential (angular and energy) cross sections of the
secondary electrons which are found to be in reasonable agreement with the experiments.

Another convenient empirical formula of the single-electron ionization cross sections based upon
the semiclassical approach has recently been proposed for neutral atoms ranging from hydrogen to
uranium atoms94Mar]]. The following formula for the partial ionization cross section of the sub-
shell with the quantum numbensl) is given:

ol =g N, f(u) (6)

wherer; is the electron orbital radius of tli¢h shell which is quantum-mechanically calculatgd,
the weighting factor for different shells} the number of electrons in tli¢h shell and the energy-
dependent universal functidfu) has the following form:

F(u) =(E—:Da%(b+c{1—2—t}ln{2.7+(u—])”2}) 7)

with u = E/l;, E andl; representing the incident electron energy and the binding energy ptithe
shell, respectively. It has been found that, in order to get better fit to the experimental data, the
constantsa, b andc are varied for different shells, namely a = 45 1,c = 1 for s-shella = 2,
b=1,c=1 for p-shella = 3/2,b = 3,c = 2/3 for d-shell ané = 3/2,b = 1, c = 2/3 for f-shell and

the factors for different shells are give®dMar]]. Finally the total single electron ionization cross
sections are given as follows:

0= JZGE (8)

This formula has been found to be in generally good agreement with the experimental data within
+ 10 % for most of the neutral species up to U and with@® % for a few neutrals.

2.6.6.2 Analytical and empirical formula for ionization of inner-shell electrons

There are ab initio relativistic calculations of the inner-shell electron ionization by relativistic
electron impact which show good agreement with the experimental res8fisd]. Yet sometimes,

it is convenient to have simpler expressions for the innershell-electron ionization by the relativistic
electrons.

It is well known that the relativistic collision processes can be nicely described through the
Weizsacker-William method based upon the virtual photon interactions due to the electro-magnetic
field generated by the passing high velocity charged particles. One of the simplest analytical
formulas for total ionization cross sectior& Kol1] has been found to be in good agreement with a
number of the observed daf2OMid1, 771sh]. The cross sections (in units of Thcnt) are given as
the sum of two parts, namely the distant collisions (due to the virtual phol;?)h;and close

collisions (due to Coulomb interactioay):

- 0.275 (E +1)2 [In{le(E+ 2)}_ E(E+ a} .- ©

(o
I, E(E+2) I (E+1)?
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[ E(E+2)|T 1] 2E+0? (E+D)? |,

2 2

oy} :g—(&-]) 1—E{1 E + 2E+1 In[E]} barn (10)
HereE andl; represent the kinetic energy of the incident electrons and the ionization energy of the
j-th inner-shell, both in the units of the electron rest mass enexgy Wheremy andc represent the
electron rest mass and the velocity of light), respectively. It can be noted that the calculated
ionization cross sections of the relativistic electrons in heavy H-like ions stf¢hidds are also
found to be in agreement within a factor of two with those recently observed near the threshold
region (see Section 3.2).

It should be pointed out that the differential cross sections of the secondary electrons caused by
the inner-shell ionization have been nicely given based upon the virtual photon interactions
[90May]], combined with the Mgller interactions.

There is another work to find some empirical formula relevant to the ionization of the inner-shell
(K, L and M) target electrons including the sub-shell electrons at the relativistic electron impact
[94Deul. In principle, this empirical formula is the same as that given in egs. (6)-(8), with the
additional relativistic corrections. Thus the ionization cross sections are given as follows:

o} =iy N, f(u) Fu) (11)

whereF(u) = R(1 + 2M%J3% with J = myc?/Il;, mec? being the electron rest mass enerByanother
relativistic correction factor, is given as a functionuwéndJ [65Gry]]. Other parameters are the

same as those given in eq. (6). The weighting fagjofsr K-, L- and M-(sub)shells are also given.

The agreement with the experimental data is reasonable but the deviation has been clearly seen at
high energies.

2.6.6.3 Empirical formula for multiple ionization of neutral atoms

Multiple electron ionization processes are much more complicated but they have been investigated to
some extent§7Taw]. It is not easy to find simple empirical formulas, even for the double-electron
ionization cross sections, as many electron atoms are expected to have the significant but different
contribution from the indirect processes which are not easily formulated. Yet there are some
proposals to formulate such multiple electron ionizations.

One recently proposed analytical formul@58hel 97Béll] for m-times = 2) electron
ionization, based upon analysis of the experimental data available, is given as follows, under the
condition that the indirect processes are not significant, meaning that the empirical formula is better
fitted with the observations at relatively high energies (in units of t@r):

_aN’ u-11Inu

= (12)

0-.
™2 uou

where |, represents the threshold energy for removal of the m outer-most electrons (in Rydberg
units) and is given as

m-1
ln =D Vi s
J

l; j+1 being the single-electron ionization energy from the chargej+1, u = E/l,, E being the
incident energy of electrons (in Rydberg units)the total number of electrons in a target atom and

a andb constants and given in Table 2.6.11, depending on the number of the electrons to be ionized,
m. It has been found that this can provide reasonable agreement (within a factor of two) with the
experimental data for multiple-electron ionization up to 13 electrons.
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Table 2.6.11.Constants in empirical
formula (eq. (12 )) for multiple-
electron (n = 2) ionization.

m a b

2 14.0 1.08
3 6.30 1.20
4 0.50 1.73
5 0.140 1.85
6 0.049 1.96
7 0.021 2.00
8 0.0096 2.00
9 0.0049 2.00
10 0.0027 2.00

Form > 10, the following asymptotic form can be used:

a (m> 10)= 1350m™>"
b (m> 10)= 2.00. (13)

Another semiclassical formula9$Deu] has also been proposed based upon the procedures
described before. To get the cross sections ofrHe¢ectron ionization, the single ionization formula
has to be summed over the contributing sub-shells:

O =g" Z TN, fi (V) (14)

wherer, represents the mean-electron radius ofkttle sub-shell K = 1 referring to the outermost
shell, etc.),Nx the number of electrons in thieth sub-shell andf(u) the universal function
depending upon the shell given before (see eq. @M)is the weighting factor which has been
estimated from the experimental data available and has been found to be strongly dependent on the
nuclear charge of the target species. So far, this formula has been shown to be in reasonable
agreement with the multiple-electron ionization uprte 5.

One more example of the empirical formulas fmemultiple electron ionization, based upon the
well-understood formula, combining with some statistical consideration is given rec@sflig] as
follows (in units of 10 cn?):

_352¢,
"ot

o (1-2e°™)uIn(y (15)

where the minimum energy for removing-electronsl,, is given in Rydberg units and, the
statistical factor which depends slightly on whetmrelectrons are removed from the single
outermost or the two more shells. It should be noted that this is not valid near the threshold where
another treatment is necessary. Generally the agreement with the experimental data seems to be
reasonable up tm=7.

2.6.6.4 lonization rate coefficients
So-called ionization rate coefficients, which are averaged over some distributions of the electron

energy or temperatures such as the Maxwellian distributions, are also useful, particularly in
applications involving basic and industrial plasm&S8Hell, 88Lenl 89Higl]. But it has been
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recently realized that the original cross section data are more convenient in many applications and
indeed there are a number of cases which do not follow the Maxwellian distributions and another
procedure is necessary to get the rate coefficients for different energy distributions.

A number of different empirical forms for the ionization rate coefficients, namely the cross
sections multiplied by the electron velocity,gi%>, averaged over the Maxwellian velocity
(temperature) distributions have been proposed.

1. One of the most commonly used forms is represented in the follo®&Bge[1, 88Lenl, 89Hig1]:

12 n
[&r,v = e"’kT(gj Zan(log'T—T) for 1,/10 < kT < 10I; (16a)
i

kT [ kT |\
wivemz(l—] {ylnT+an[ﬁj} for KT > 10I; (16b)

wherel; andT represent the ionization energy of ion and the electron temperature, respectively. The
parametersqa,, SBnandy, are given in the references for a number of atoms in various ionization
[83Bel], 88Lenl 89Hig1].

2. Based upon the recommended ionization dag&B¢ll, 88Lenl, 89Higl] from H to Ni neutral
atoms, another simple fitting formula for ionization rate coefficients has been recently proposed,

e—u
X+u

[07ve O a1+ Pu/?) f 17)
whereu = I;/T, |; is the ionization energy of ions afdthe electron temperatura, k andX are the
adjustable parameters which have been determined from the best fit to the recommendedsdata.
another adjustable parameter to fit the threshold behavior (in mostRas&sor 1). These parame-
ters are given in the referenc®/Mor1].
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