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Introduction

This paper presents a compilation of the experimenta’l works
on charge changing cross sections for neutral atoms, negative-
and positive-atomic ions of atomic numbers 2 = 6 - 8 in collisions
with atoms and simple molecules. A systematic survey of the
literature has been made through October 1977. Some recent data
are also included. The result is summarized in graphical forms

with re“zrence lists attached.



Note on Reference List and Graphs

. . 1-7
There are some review articles )

on the charge changing
cross sectiqps of atoms and ions in gases. Generally, they deal
with the electron loss cross sections of projectiles and the
ionization cross sections of targets. The energy ranges are
rather high, where the electron capture processes are not dominant.
Here we compile the experimental works on the charge changing
cross sections of projéctiles in é wide energy raﬁge down to-0.1
eV. In the low-energy région, the electron capture process becomes
dominant. The charge changing cross section data on hydrogen

atom and ion in various gases and vapors were covered by Tawara

6) 7), so that they are not included here.

Some review papersl'G)

and Russek and Tawara
have already discussed fully about the
charge changing process, experimental methods and accuracy qf
the data. Here only the explanation of the synbols used in this
paper is described.

In the charge changing process, an atomic projectile colliding

with atomic or molecular targets may capture or lose one or more

electrons at the collision. The process can be written as

att 4 B> ATt 4 BT 4 (54k-i) e, ‘ (1)

irrespective of the excitation of the colliding particles. Here,
i,j and k are the initial and fipal charge.states of.the projectile
(A) and the final state of the target (B), respectively. Then
(j+k-1i) electrons are released after the collision: Qf course,

i,j and k cannot be larger than the atomic numbers of the respective

particles and j+k-i > 0. The elementary cross section of the



. 0k (or .O(kO)

process (1) is represented,by-cij ) i3 for a diatomic

molecular target to be ‘dissocdiated). The summation over k of the

elementary cross sections, dij = X Uij0k' means the charge -
k

changing cross section of the projectile when i is not equal to

je oij (i > j) is the electron capture cross section and Uij

(i < j) is the electron loss cross section. When j = i, the cross

section o,; Means the total pure ionization cross section of the

target particle and is denoted by oil = I oiiOk. In the
k

condenser method using parallel plates, the cross sections of

slow ion and electron productions are obtained. They are denoted

by o.¥ =235k 06..9% angs.” =z : (j+k—i)0..0k,
i 3k ij i 3k ij
ionization of projectiles. The cross sections obtained by the

including

condenser method or projectile-beam attenuation method are some
sort of sum of the elementary cross sections. Therefore, one
cannot determine the charge changing cross section only by the
total charge collection or the beam attenuation unless sufficient
information about the charge changing mechanism is available.

In this paper, experimental data are divided into three groupes:
(A) Electron captﬁre cross sections of projectile, (B) Electron
loss cross sections of projectile, and (C) Ionization cross
sections of target and production cross sections of slow ions
and electrons. Some of the literature dealing with excited states,
angular distribution of scattered particles, energy loss spectra
of the pfojecﬁile and so on, rather than cross sections themselves,
are also iﬁcluded in the'éresent lists and tables. The graphs
are separated into two energy ranges: from 0.1 eV to 1.0 keV

and 1.0 keV to 10 MeV. The energy scale is given in the laboratory



systems. For the data on isotopes, the energy scale has been
corrected by multiplying a scale factor. The cross sections
obtained for molecular targets are all presented in the unit of
cm? per molecule in this paper.

The present author should like to thank W. Shearer-Izumi and
T. Watanabe (Faculty of Engineering, University of Tokyo) for the
proffer of their reference library (1967-1975) and also should
like to thank K. Takayanagi (Institute of Space and Aeronautical
Science, University of Tokyo) for making his bibliographiesg’g)

available.
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II. Tables of Experimental Data

A) Electron Capture Cross Sections of Carbon Atom and

., . +
Positive Ions; C°, C ,

(0p1)

Fogel' et al.

Pilipenko, Fogel'

Dmitriev et al.

Vujovic et al.

Ormrod, Michel

(910)
Sherwin

Hasted

Gilbody, Hasted

Fehsenfeld et al.

Belyaev et al.

Ormrod, Michel

(01
Fogel' et al.

Fogel'

Dmitriev et al.

Vujovic et al.

Cobic et al.

1959

1963
1966
1969
1971

1940

1951
1956
1966
1968

1971

1957
1960
1966
1969
1970

C2+' c3+, c4+

10,000-65,000

15,000-36,000
410,000
20,000

20,000-80,000

6,000-24,000
25-900 -
10-4,000
300°K

7-=100

15,000-80,000

10,000-55,000
5,000-60,000
410,000
5,000-30,000

5,000-30,000

6+

ana C .

H,,He,N,,0,,
N%,Ar,K%,X%

(o]6)
He,Nz}Ar
Kr

N2,Ar

H2,He

Xe
H,,Ar,Kr,Xe
02,C02

C

N2,Ar

H 'He"N ’Ne,
A%,Kr 2

Kr

He,Nz,Ar
Nz,Kr

Kr

18

32

37

31

35

22

- L9

14

31



Sherwin
Hasted, Smith

Ormrod, Michel

Hasted et gl.

(03,)
Nikolaev et al.

Crandall et al.

(043)

Nikolaev et al.
Zwally, Koopman
Zwally, Koopman
Dmitriev et al.
Goldhar et al.
Crandall et al.

Crandall
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Dmitriev et al.
Crandall et al.

Crandall

(065)

Tonuma et al.

1940
1956
197;
1971

1961
1977

1961
1969
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1975
1976
1977

1977

1975
1977
1977

1970
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1,000-3,000°

40,000-90,000

1,000-3,000

4,000,000
10,000~-90,000

4,000,000
1,000-40,000
400-40,000
4,000,000
1,000
22,800-70,000
22,800-90,000

4,000,000
20,000-60,000
15,600-90,000

39,000-78,000

H2,He

He,Ne,Ar”

Nz,Af

He,Ne ,Ar

He,N

He,N2

He,Ne,Ar
He,Ne,Ar

He,N2~

He

H2

He,Ne,Ar

He,N2

H,

He,Ne,Ar

35
23
31
26

29

29
38
39

12
21

12

36



B) Electron Loss Cross Sections of Carbon Negative Ion,

. - + + 4+ +
Atom and Postive Ions; C , C°, €, C3 , C C5 .

(Uio)

Dmitriev et al. 1966 410,000 He,Nz,Ar

Ormrod, Michel 1971 25,000-75,000 N2,Ar

Matic, Cobic 1971 5,000-30,000 Ne,Ar,Xxr,Xe

Il'in et al. 1975 30,000-158,000 Mg

(07;) |

Dmitriev et al. 1966 410,000 He,N,,Ar

Matic, Cobic 1971 5,000-30,000 Ne,Ar ,Kr ,Xe

(015)

Dmitriev et al. 1966 410,000 He,Nz,Ar
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(0p1)
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Ormrod, Michel 1971 15,000-85,000 Nz,Ar

(9,

Dmitriev et al. 1966 410,000 He,N,,Ar

(0y3)

Dmitriev et al. 19656 410,000 He,N, ,Ar
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31

27

28
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(0 4)
Dmitriev et al.

(034)

Dmitriev et al.

(035)

Dmitriev et al.

(045)
Dmitriev et al.

Tonuma et al.

Dmitriev et al.

(95¢)

Tonuma et al.

C) Ionization Cross
i + -
(cl I o% )

Gilbody, Hasted

Sherwin

(0,")

Sherwin

1966

1962

1963

1962
1970

1975

1970

410,000

4,000,000

4,000,000

4,000,000
39,000-78,000

4,000,000

39,000-78,000

Ar,N,,He
He,N

He,N2

Sections by Carbon Ions

1956
1940

1940

10,000-40,000

6,000-24,000

6,000-24,000

—19—

H2,Ar,Kr,Xe

HleerN 1021
Ne,Ar ,Kr, Xe

H ’He'N ’O 14
Né,Ar,K%,Xé

36
22

36
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C) Cross Sections of Ionization, Slow Ion Production and

Electron Production by Oxygen Negative and Positive Ions;
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