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Abstract

Experimental data of the ionization cross sections for atoms
and ions ranging from # to U in electron impact are compiled
and given, in graphical forms, as a function of the electron
impact energy. Some theoretical data are also in~luded.
The literature is surveyed up to the end of 1984. Some

comments on the compiled data are also given.
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INTRODUCTION

Thé ionization p¥ocesses of atoms and ions by electron
impact are” important not only ih-atomic physics but also in
detailéd understinding of a number of prccesses in, for example
discharge, radiation physics, laboratory plasmas as well as
ionization probabilitiés for rare gas atoms by electrons

were ‘measured’’ . - Then, in 1930s, total absolute ionization
efficiéncies ‘defined ‘as "numbers of poéitive‘dharge per
electron ‘per cm ‘path per mm Hg pressure at 0°C" were -
determinedz)'forfxare gas atoms and common moleculés. The
partial absolute ‘ionization efficiencies for production of

Ne3+, Ar5+ and Hg5+ 3)

ions were also determined. Since
then, 'a ‘number“of-“ekxperimental ‘and thHeoretical
investigations have 'been made. Kieffer and Dunn4L and*~

Kiefferih'summérized'&ﬁ&-reviEWed these results on-
ionization crosgs 'sections. “"'Recently Tuch attention has been
paid to these ionization processes ’involving highly ionized
iong ifi  high temperature plasmas. ‘Alsc-it has been réalized
that ‘the ionizZation processes play a’key role even in low

temperature ‘plasmas such as those iR the ‘periphery of ‘high

L A s . - L = e e - g s . PO 6 N N oo, 4T
temperature plasmas‘andélnidlvertor‘plasmaS').’*To handle-" *
the ionization processes more eadily, a number of the
empirical formulas fof caldulatirig’ the ionization cross

sectiong had Béeri “pFoposédss ' “In ‘particular; the :formula - -

Iyt 3o



forms:

g =.Ziiqi~&5é§%§LL {1 -bj exp [ - cy(E/Pi ~ 1)]} (1)
1= )

where .0 is the total ionization cross section, E the

electron impact. energy, Pi the binding energy ¢f electrons

in the i-th shell, q; the number of electrons in the i-th

’ bi_and c; are constants given in his papers7).

The summation I is made over all shells. More recently, a

shell, a;

review on such empirical formulas of the ionization cross
sections has been madea). Also a critical review of the
ionization cross sections for target atoms and ions up to
2=10 has been made by Belfast groupg). A list of the
bibliographical references on the ionizations of ions by
electron impact up to 1983 can be foundlo).

In this Report, experimental ionization cross sections for
atoms and ions ranging frvom H to U in elemental forms
published up to the end of 1984 are compiled and given in
two graphical forms wiich are hoped to be convenient for
different users cf these results. In these graphs are also
shown the curves calculated by the Lotz formula (1) summed
over three outermost subshells (for targets with the atomic
number Z s 30) and selected theoretical data since 1970.
Theoretical results analytically fitted to the calculated
values and those calculated by the simple plane-wave Born
approximation are sot included. Data for molecules are not

included except for the common molecules- such as H,, D,, N,

and 0,. The numerical.tables of these cross sections, which:



are stored as one of the databases (AMDIS: Atomic and

Molecular Data Interactive System) at our Institute, are

available upon request.

Remarks on compiled data

The cross sections are given per collision. That is,
those for molecular targets are per molecule.

The cross sections indicated as sum_jAn++(n+1)e}

are defined as chn where %n is the partial ionization
cross section for production of ant ions and are
measured in a condenser plate method.

It should be kept in mind that highly ionized ions
produced in ion sources usually contain a significant
fraction of ions in the metastable states which have the
ionization cross sections different from those in the
ground state. Some discussion on this problem is
givenll).

When the original data are given for unkncwn low and
high fractions of the metastable ions in the beams,
these for low fractions are shown in figures.
Experimental data for neutral single atoms such as C, N,
O and S which are not commonly ava’lable can be obtained
through the developed crossed-beam techniquelZ)
recently.

Some data obtained in trapped ion beam technique should

ke borne in mind to be model-dependent13).



7.

Most of the theoretical calculations give only the

L3

direct ionization cross sections. The discrepancy
between theorieé and experimenrts may well be due to the
exclusion of the excitation-~autoionization for
theoretical data.

We have tried to include the available recent
theoretical calculaticons on the
excitation-autoionization cross sections (e.g., Ca+,

3+ 15+

Tiv , Fe , etc.).

Remarks on the future investigations

It is found through the present compilation that most of the

total ionization cross sections for gases seem to be in

agreement with each other. However, some problems, which

should be solved, arise as follows:

1.

Some cross sections for production of hichly ionized
ions from neutral gaseous targets are sometimes in
significant disagreement with each other. This is
partly due to the incomplete extraction and collection
of these ions and partly due to the detection
efficiencies for these ions. The measurement cf most of
the cross sections, in particular for ions with n-z 3,

should be repeated.

Similar disagreement is also seen even in those for low
charge ions from non-gaseous targets. This is mostly
due to the lack of proper methods for determining

precise target densities.



A method should be developed for accurate  determination
of the densities of such targets.

3.. The experimental data for highly icnized ions,
particularly for Fe ions, are urgently required in the
investigations of high temperature plasmas.

4. The contribution of the excitaticn-autoionization to
total ionization is quite larges for some ions such as
Na~-like and Mg-like ions. The theoretical studies to

find some scaling of this contribution would be useful.
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He + 2e
He2+ + 3e
He+ + 2e
He2+ + 2e
sum

Li+ + 2e
Li%* + 3e
Liz+ + 2e
Li3+ + 3e
Li3* + 2e
Be2+ + 2e
Bz+ + 2e
B3t + 2e
B4+ + 2e
C+ + 2e
Cz+ + 2e
3t 4+ 2e
C4+.+ 2e
>t o+ 2e
C6+ + 2e
sum
NZZ++ 2e
N + 3e

Figure
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31.
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45.
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48.
49.
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52.
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55.
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57.
58.
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Process

N, + e »—N:+

+ N

o N§+
N + e -+ sum

N+ + 2e

N+ + e -~ N2+ + 2e
N2+ + e N3+ + 2¢
N3+ + e -+ N4+ + 2e
N4+ + e ~» N5+ + 2e
Nt o+ e - N 4 2e
Nt e o 7T 4+ 2e
0, +e - suf

- 022++ 2e

-+ O2 + 3e

-+ OT
0O+ e + sum

> O+ + 2e

> O2+ + 3e
O+ + e - O2+ + 2e
02+ + e - 03+ + 2e
03+ + e - 04+ + 2e
0%t + e > 0%t + 26
05+ + e - 06+ + 2e
of* + e > 0"t + 2e
07+ + e » 08+ + 2e
F2+ + e - F3+ + 2e
Y+ e s ot 4+ 2e
Ne + ¢ -~ sum

- Ne+ + 2e

> N62+ + 3e



Figure Process Figure Brocess

Number 7 Number
61. Ne + e ~Neot + e 91. At i e a4 2e
62. »Ne?t + se 92. %+ e Al 4 26
63. +Ne>t + se 93. a2t s+ e a8t 4 26
64, Ne+' + e +Ne2+ + 2a 924. A9,'8+ + e +A29‘+ + 2e
65. Ne<t + e -Nedt + 26 a5, a2t + e > aellt 4 2e
66. Ne3+ + e - Ne4+ + 2e 96, A210+ + e A21]T+ + 2e
67. Ne4+ + e —>Ne5+ + 2e 97. A211+ + e+A,2,J'2+ + 2e
68. Ne-t +e »nNe®t + 2e 98. 8i3T + e +sif" + 2e
69. Nes+ + e +.Ne7+ + 2e 99, P4+ + e +P5+ + 2e
70. Ne't + e -NePt & 2e 100. S + e +st + 2e
71. NeBt + e »Ne® + 2 101. - >g%* + 3e
72. Ne®t 4+ e »nel®* 4+ 26 102. +83* 4+ ge
73. Na + e -+sum 103. - >t 4 5e
74. _ +Nat + 2 104, ce®t 4+ e mcedt 4 2e
75. +Na2+ + 3e 105. Ar + e -+ sum
76. Na+ + a +Na2+ + 2e . 106. +Ar+ + 2e
77. Nat+ e »nNadt 4+ 2 107. »ar?t 4 3¢
78. Na’t + e -nNal®" + 2  108. > A3t + e
79. Mg + e *> sum 109. +Ar4+ + 5e
80. . > Mgt + 2e 110. >ar°t + 6e
81. -*Mgz+ + 3e 111. +Ar6“+ + 7e
82. Mg+ + e +Mg2+ + 3e 112, ’*Ar‘7+ + 8e
a83. Mg7‘+ + e +M93+ + 2e 113. art + e +Ar2+ + 2e
84. Mg®" +e »MglO" + 2¢ 114, a3t + 3e
85. Al + e > sum 1i5. +Ar4‘+ + 4de |
86. ~art + 2 116, . > arct + se
87. AJZ.J' + e —*A2,2+ + 2e 117. A‘r2+ + e ‘->Ar"3+ + 2e
88. AL?t i+ e »ardt 42 118 > ar?t 4 3e.
89. 2%t v+ e »attt 4 2e 110, - >arct 4 de
90. A£4'," e Az-s'_*', + 2e 1290. Ar3+ + e > Ar4+ + 2e:
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Figure - - Process U
Number .
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1655 + FelBt 4 e plSt 420l
166, + Ferf* 4+ e » pel”* 40l
167 + Febl® 4+ o = Falft 4 0w
168, + Ferf* 4+ e » Fel? +.mel
169, + Felit 4 e & Fefd* 0wt
170 + ¥ef9t 4 e - Fe2l* 4 oes
1795 - Fefit 4 e » HePft 4pe
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1745 + Pebftot oo FubPt 4omes
1786 + %‘Ed%?+‘+ e » Fe?Ot 4o
176 + ”K’\be%:l’- 4+ e - Ni4+ + 220¢S
172 + W™+ e » nil® nowes
178. Cu'a 8 o “sun .80%
1786 + Eguxzé" 4+ e o Curd + 208
1808 + Gt v o & G + 2
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Figure
Number

181,
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184.
185.
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188.
189.
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200.
201.
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204.
205.
206. -
207.
208.
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.- <. Process

Zn + e > sum

Zn+,+ e . ~ Zn2+ + 2e

Z‘n19+ + e - Zn?0+ + 2e

Gat + e + galt 4+ Ze

Kr + e -+ sum
> Kt + 2e
> Krz+ + 3e-
+ Re3t + ge
o> Kr4+ + Se
> Kr5+ + 6e
+ Kr6+ + Te-
- Kr7+ + 8e
-+ Kr8+ + 96-
+‘Kr9+ + 10e

Kr+ + e > Kr2+ + 2e
> ket + 3e

Kr2+'+ e - > Kr3+ + 2e

; > ket + 3e

keet + e > ket o+ 2e
i Kr5+ + 3e

Kr4+ + e > K‘r:6+ + 3e

Kr18+ + e > Kf19+ 2e

Rb + e . + sum
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+‘Rb3+ + 3e
> gt 4 4e
> Rb5+ + S5e

Sr + e T sum

Sr+ + e - #‘Brgf + 2e
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Figure Process
Number
21, Mo + e +Mo®F + 2e
212, Mol4+ + e~*-Mb15+ + 2e
213. Mo2%t 4 e + Mo?Pt 4 2e
214. Mo3%t 4+ e > Mo?? 4 2e
215. Ag + e & sum
216. ‘ »AgT + 2e
217. - _» ag®t + 3e
218. cd + e -+ sum
219, In + e -+ sum
220. sbT + e - sb?t 4+ 20
221. > 803t + 3e
222. sb?t + e - sp3t 4 2e
223. skt + e » sp¥t 4+ 2e
224,. Te + e <+ sum
225, I+ + e > 12+ + 2Z2e
226, Xe + e + sum
227. » xet + 2e
24
228. + Xe + 3e
3+
229, > xe3t + 4e
4+
230. + Xe + 5S5e
5+
231. > xet + 6e
6+
232, + Xe + 7e
233, > Xe't 4+ ge
8+
234, > Xe '+ 9e
235, » xe2¥ + 10e
236. > xel% 4 11e
114 .
237. +> Xe + 12e
238. > xel?t 4 136
239. > xel3t & 14e
240. XeT + e -+ xe2t + 20



Figure
Number

241.
242,
243.
244,
245.
246.
247.
248.
249,
250.
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253.
254,
255.
256.
257.
258.
259.
260.
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262.
263.
264.
265.
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267.
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Process
Xe+ + e *'Xe3+ + 3e
> Xe4+ + 4de
-+ Xe5+ + 5e
Xe2+ + *-Xe3+ + 2e
> Xe4+ + 3e
-+ Xe5+ + 4e
- Xe6+ + 5e
Xe3+ + > Xe4+ + 2e
-+ Xe5+ + 3e
- Xe6+ + 4e
Xe4+ + > Xe5+ + 2e
-+ Xe6+ + 3e
Xe5+ + e > Xe6+ + 2e
Xe6+ + e > Xe7+ + 2e
- Xe8+ + 3e
> Xe9+ + 4e
Cs + e + sum
cs¥ +e +cs?t o+ 2e
> cs3t + 3e
» cst + 4e
*sts+ + S5e
Ba + e * sum
- Ba+ + 2e
+ Ba2+ + 3e
> Ba3+ + 4e
-+ Ba4+ + 5e
Ba+ + e - Ba2+ + 2e
Au + e ~* sum
uedt + e » mEdY 4 2e
Ta3+ + e Ta4+ + 2e

Figure Process

Number

271, wh+e w4+ 2e
272. Hg + e -+ sum

273. > Hg' + 2e
274. > Hg?t +
275. > Hg ot +
276. > Hg? +
277. > Hg°' +
278. Hg+ + e - Hg2+ +
279. Pb + e -+ sum
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288. T, + e -+ sum

289. Tt +e > 2t 4
290. U+ e -+ sum

291, > ut + 2e
292, > Ut o+ 3e
293. > Ut 4 ge
294, > vt 4+ se

- 11—
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