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エn七roduc七土on

This paper presents a compilation of the experimental. works

●

on charge changing Cross Sections for neutral atoms, negative-

and positive-atomic ions of atomic numbers 7, = 6 - 8 in collisions

wi七b 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亡-jrenCe lists attached.
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Note_on Reference List and G辿

There are some review articlesl-7) on the charge changing

cross sections of atoms and ions in gases. Genera11y, they deal
r

with the electron loss cross sec七i.ons of proコeCtiles and the
●

ionization cross sections of targets. The energy ranges are

rather high, where the electron capture processes are not dominant.

●

Here ve compile the experimental works on the charge changing

cross sections of proコeC七iles 土n a wide energy range down to･0.1
●

eV. =n the low-energy region, the electron capture process becomes

dominant. The charge changing cross section data on hydrogen

atom and ion in various gases and vapors we土e covered by Tawara

and Russek6) and Tawara7), so that they are not included here･

some review papersl′6) have already discussed fully abouモモhe

charge changキng PrqCeSS, eXPeギimental methods and accuracy of
■

the data. Here only the 早XPla.nation of th声.Synbls used in this

paper 土s described.

=n the charge changing Process, an atomic prQjeCtile colliding
● ●

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

eles七rqns art the collision. The process can- be written as

Ai++BヰAj+`+ Bk+ + (i+k-.i) e , (i)

irrespective of the excitatiop of the colliding p早rtic;ies･.
-fle羊e,

i,コ and k are the.initi早l and final charge･s申te串Pf一班e prQコeCtile
● ●

l

(A) and the firlal stats of the tar9et (B). r甲PeCtivelyL Th甲

(j+k-i) electrons are released after the gQ11isiQn` Of
,cqurse,

●

i,3 and k cannot be larger than the atomic numbers of the respective

pa工七土cles and ラ+汰-ま > 0. ℡he elementary cross section of the
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proces-s
-a)～
is r-epresented･･by･ oi･jOk (Qr OijO(kO) for a diatomic

molecular target t'o'be ･dissodiated).曾be summation over k of the

elementary cross sections･ oij …皇oijOk,
means the charge I

t
.
t - l 1 4

changlng Cross Section of 七be proコeC七ile wben 土is not equal七o

j: uij (i- >さ) is the畠Iectron capture cross section and oij

(i < j) ~is 七he electron loss cross section.
■

When コ
=
1. 七be cross

section o.. means the total pure ionization cross section of the
ll

target -七ic工e and is denoted by oil

≡蓋
oiiOk･ In the

l

condenser method usiTlg Parallel plates, the cross sections of

slow ion and electron productions are obtained. They are denoted

by oi+ =]?kk oijOk and oi =

]?k(j+k-i)oijOk,

including

ion土zat土on of projec七土1es. ℡he cross sec七土ons ob七a土ned by 七he

●

condenser method or proコeCtile-beam at七enuat土on 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.

=n this paper, experimental data are divided into three groupes=

(A) Elect上dh capture cross sections of projectile, (B) Electron

loss七ross sections of projectile. and (C)エon土za七ion cross

sections of target and production cross sections of slow ions

t ノ

and e'Iectrons. Sdinel of the literature dealing with excited states,

angular distribution of scattered particles, energy loss spectra

of the projectile and so.oh, rather than cross sections themselves,
∵=

I

are also indluded in the present lists and tables. The graphs

are separated into two energ.y range畠: from 0.i eV to 1.0 keV

and i.0 key to 10朋eV. The energy scale is given in the laboratory
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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

r

cm2 per molecule in this paper･

The present author should like to thank W. Shearer-=zumi and

T. Watanabe (Faculty of Engineering, University of Tokyo) for the

prof王er of 七be土r reference library (1967-1975) and also should

like to thank K. Takayanagi (Institute of Space and Aeronautic早l

science'University of Tokyo) for making his bibliographies8,9)

available.
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Charge Changing Cross Sections of Carbon

Atoms and =ons, Z=6

Lists of Reference

Tables of Experimental Data

A) Elect'ron capture cross sections

B) Elerrtron Loss Cross Sections

C) Cross Sections of =onization, slow ions productions

aLld Electron productions

エⅡ･ Graphs of Charge Changing cross sections
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Ⅱ. ℡ables of Exper土men七al Data

A) E_1ectron Cap.ture Cross Sections of Carbon Atom a,nd

positive Ions,･ CO, C+, C-2+, c3+, c4+ an&c6+･

(ool-)

Fo9el- e七al. 1959 10.000-65.000

Pilipenko, Foge1. 1963 15,000-36,000

Dm王tr土ev e七 al.

Vuj..ov土c et al.

Ormrod, Miche1

(o10)

Sherw土n

Has七ed

G土1body. Easted

Fehsenfeld et a1.

Belyaev et al.

Ormrod,朗iche1

(OII)

Foge1' et a1.

Foge1
'

Dmitr土ev et al.

Vujovic et al.

Cobic e七 al.

1966 410′000

19●69 20.000′

1971 20.000-80.000

1940･ 6,00･0-24.00｣0･

1951 25-,9001

1956 10-4一′000

1966 300oR

1968 7･ilOO

1971 15,OOO-80,000

1957 10.000-55.000

1960 5,0010-60,000
ヽ

1966 410′000

1969 5′000-30,000

1970 5′000-30.000
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芸茎:芸…:芸妻:…孟･
18

CO

He,N2
,Ar

Kr

N2,Ar

H2′He

Xe

H2′Ar′Rr′Ⅹe

O2′CO2

C

N2
,Ar

芸妻,'芸e{"2'Ne'
Kr

He,N2,Ar

N2,Ⅹr

Kr

35

22

19

14

1

31

15

19

8

37

2



(o21)

Sberwin

Basted,台東ith
f

Ormrod,朋ichel

Hasted et al.

(G32)

Nikolaev et al.

Crandall et al.

(o43)

Nikolaev et a1.

Zwally, Ⅹoopman

Zwally, Ⅹoopman

Dmitriev et a1.

Goldhar e七 al.

Crandall et al.

Crandall

(o42)

Dmitriev et al.

Crandall et a1.

Crandall

(o65)

Tonuma et a1.

1940 6,000-24,000

19516 1,00-lo-3)001:Oh-

197⊥ 40′000-90′000

1971 1,000-3,000

1961 4′00O,0-100

1977 10,000-9.0,000

1961 4′000.000

1969 1′000-40′000

1970 400-4~0′000

1975 41000,000

1976 1′000

1977 22′800-70′000

1977 22′800-90.000

1975 4.000′000

1977 20′000-60.000

1977 15′600-90′000

H2′He

He,由占.Ar

N2,Ar

Ere
,Ne ,Ar

He,N2

He,Ne,Ar

He,Ne,Ar

He,N2

He

H2

He,Ne,Ar

He,N2

E2

He,Ne,Ar

1970 39,000-78,000 N2

-1()-

35

23

31

2-6

29

3-8

39

12

21

4

5

36



B) Electron Loss Cross Sections of Carbon Negative Ion,

Atom and如sti∀e
Ions,･ C

, CO( C+l C3+I c4+∫ c5+.】

(o王o)

Dmitriev et al.

Ormfod, Michel

Matic, Cobic

工11in et al.

(oil)

Dmitr土ev e七 al.

Matic, cobic

(o1-2)

Dmitriev et al.

Hatic, cobic

(Col)

Foge1' et a1.

1966 410,000 He,N2,Ar 8

1971 25,0100-75,000 N2,Ar 31

1971 5,000-30,000 Ne,Ar,Kr,Xe 28

1975 30,000-158,000 Mg

1966 410′000

1971 5.000-30.000

1966 410.000

1971 5,000-30.000

1959 10′000-65′000

Pilipenko, Foge1' 1963 15,000-36,000

Ormrod, Miche1

(o12)

Dmitr土ev et al.

(o13)

Dmitr土ev et al.

27

He,N2,Ar 8

Ne,Ar,Kr,,Xe 28

He,N2,Ar 8

Ne,Ar,Kr,Ⅹe 28

HNl,I:;,･芸妻,'…孟,
18
ヽ

1971 15,000-85,000 N2,Ar

1966 410.000

1966 410′000

-1･1-

He,N2,Ar 8

He,N2,Ar 8



(o14)

Dm土triev e七 al.

r

(cT34)

Dmitriev et a1.

(o35)

Dmitriev et al.

(cf45)

Dm土七r土ev e七 al.

℡onuma e七 al.

Dm土tr土ev et al.

(cr56)

℡onuma et al.

1966 4-10.000 AT,N2,He 8

1962 4,000,000 He,N2

1963 4,000,000 He,N2

1962 4,000,000 He,N2

1970 39,000-78,000 N2

1975 4,000,000 He,N2

1970 39,000-78,000 N2 36

C)工onizat土on Cross Sections by Carbon 工ons

i +

(o1,O1･O1)
ノ

Gilbody, Hasted 1956 10,000-40,000 H2,Ar,Kr,Ⅹe 18

Sherw土n 1940 6.000-24.000

●

(G21)

Sherwin 1940 6′000-24′000

-

Ii2十

HN蓋:芸…:芸妻:…a･
35

冨蓋:芸…:K"妻,'…a'
35
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Charge Changing Cross Sections of Oxygen

Atom芦 and エqns, Z=8.
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Ⅱ. Tables of･ Experimental Data

A) Electron Capture Cross Sections of Oxygen Atom and Positive

=ons′ oo′ o+∫ o2+∫ o3+∫ o4+∫ o5+∫ o6+∫ o7+∫ o8+.

author ら

(cfol-)

Foge1' et a1.

Jorgensen , Kuyatt

Dm土tr土ev et al.

OIsen , Hvelplund

(o10)

Haste且

Potter

Stebbings e1 吐･

Jorgensen , Ruyatt

Copsey et al.

Goldan et al.

Stebbings e1 皇主･

Warneck

Bohme et a1.

Nakshbandi , Hasted

Turner
, Ruth･erford

Turner et al.

Dunk土n et al.

Lo et al.

year energy (eV)

1959 10,000-65,000

＼

1965 50.000-400.000

1966 560′000

1974 100.000-500′000

1951 25-900

1954 10-250

1960 300-800

1965 50′000-400′000

1966 3000R

1966 300OK

1966 20-loo

1967 7000-i,100oR

1967 0.043-1.9

1967 77-3750Ⅰく

1968 2-500

1968 100

1968 3000-6000Ⅹ

1969 30,000-2.000.000
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≡妄;……:芸妻:
H2′He′02 49

He,N2,Ar 19

H2 66

He,N2,Ar 42

N2,02 70

H 82

H2,He,02 49

02 11

N9 40

N2,02 85

02 93

02 5

02 64

H20 89

NO 88

N2,02,CO,I 22
′■
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Johnsen et al.

Ormrod
,Hichel

Lo et ?i.

Rutberford ,
Vroom

Rutherford e七 al.

Rutherford e七 al.

Murad

McFarland et a1.

Raneko. Kobayashi

OIsen , Hvelplund

Xosm土der.Hasted

(o1王)

Fo9el
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Foge1' et al.
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Jorgensen , Kuyatt

Dmitr土ev et al.
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Cobic et al.
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Nikolaev et a1.
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Ormrod , Miche1

01sen , Hvelplund
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1971 20,000-90′000
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1971 0.5-500

1972 3-500

1972 5-500

1973 6.3-97

1974 0.35-46

1974 0.68-4.4
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1975 0.043-5.00

1956 15,000-41,400

1957 10′000-55,000

1961 30′000-187.000

1965 50′000-400,000

1966 560.000

1969 5,000-27,000

1970 5′000-27.000

1961 5′300.000

1965 50.000-400.000

1971 30,000-90,000

1974 100.000-500′00()
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Nikolaev et a1.
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Martin , Macdonald

Crandall e七 al.
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Crandall et al.
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Nikolaev et al.
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Crandall e七 al.
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7′000′000-
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Macdonald
,Martin

P

Martin , Macdonald
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Nikolaev et a1.

Macdonald
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Crandall et al.
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Martin , Macd'onald
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Hacdonald , Martin

Martin , Macdonald
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Macdonald ∫Martin

Martin , Hacdonald

(o73)

加artin
,Macdonald
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Hacdonald
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Macdonald
,Martin

Martin , Macdonald

(o85)

Macdonald
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40.000.000

1969 7′000′000-

40′000′000

1971 7.000,000-

40,000,000
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(o84)

Martin , Macdonald
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35.000,000
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N2,Ar

N2,Ar 56,

57

B) Electron Loss Cross Sections of Oxygen Negative =on, Atom

and Positive Ions,･ o ,
00, o+, o2+, o3+I o4+, o5+1 06+I o7+.

(o1-0)

Haste且

Haste且, Smith

Jorgensen , Kuyatt

Dm土tr土ev et al.

Ruther ford ,
Turner

Stockdale e七 al.

Roche , Goodyear

Snow e七 al.

Wynn e七 al.

Bailey , Mahadevan

Ormrod , Michel

Matia
,eobia

Roche. Goodyear

D土mov ′ Ros lyakov

●

Ranコan. Goodyear

Mathis ,
snow

1952 150-4.000 He,Ar 41

1956 10-2,500 N2,02 43

1965 50,000-4,000,000 =2,=e,02 49

1966 560.000

1967 2-400

1969 0.25-1.5

1969 3-100

●

1969 500-4′000

1970 4-400

1970 4-350

He,N2,Ar 19

02

NO2

02

02

He′Ar

02

1971 20,000-65,000 N2,Ar

1971 5.000-30.000

1971 4-100
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1973 20-100

1974 10-10′000
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OIsen
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Hvelplund

Vogt,Opiela

Bennett e七 al.
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Dm土tr土ev et al.

Matic
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01sen. Hvelplund

(oI2)

Dm土triev et al.

Matic
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01sen.Hvelplund

(oo1)

Foge1- e阜 a1.

Jorgensen , Ⅹuyatt

Ormrod , Miche1

01sen , Hvelplund

(oo2)

Jorgensen , Kuyatt

OIsen
,Hvelplund

1974

1974

1959

loo,000-580,000

20-5.000

800-4.000

50.000-400′000

560′000

5,000-30,000

100.000-500′000

560′000

10.000-30.000

100.000-500′000

10′000-65.000

50′000-400′000

20′000-90′000

100′000-500′000

50.000-400.000

100,000-500.000
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(o12)

Foge1 -.Krupnik

Jorg声nSen
,耳uyatt

Dmitriev et al.

Lo et a1.

01sen. Hvelplund

(o13)

Dmitrエev et al.

Dmitriev et al.

Lo et a1.

(G14)

Dmitriev e_t a1.

Lo et a1.

(o15)

Lo et a1.

(o23)

Dmitriev et al.

Jorgensen / Ruyatt

Macdonald
,Martin

O1sen
, Hvelplund

1956 12,500-41.000

1965 50′000-400,000

1966 560,000

1971 30′000-2,000.000

1974 100′000-500′000

1963 5′300.000

1966 560′000

1971 200′000-2′000.000

1966 560′000

1971 250trOOO-21000,000

1971 1′100,000-

1′750′000

1962 5′300′000

1965 50,000-400,000

1969 7′000′000-

15′000.000

1974 300′000-500.000

-128-

H2rN2,02

H2･He･?2ー

He,N2,Ar

0

H2
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0

N2,Ar

0
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H2′He′02
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r!2

32

49

19

54
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(o24)

Dm土tr土ev et al.

Macdonald
,Martin

Martin
,Macdonald

(o25)

Dmitr土ev et ∂1.

Macdonald
,martin

Martin , Macdonald

(o34)

Dm土tr土ev e七 al.

Macdonald
,Martin

Martin
,Macdonald

(o35)

Dmitriev et a1.

Macdonald
,Martin

M.artin , Hacdonald

(o36)

Hacdonald
,Martin

19▲63 5.300.000

1969 8,000,000-

12′000.000

1971 7′000.000-

15′000′000

1963 5,300.000

1969 12′000.000

1971 7′000.000-

15.000.000

1962 5.300′000

1969 7′000′000-

20.000′000

1971 7.000′000-

20′000.000

1963 5′300.000

1969 7.000′000-

20′000,000

1971 7′000′000-

20′000′000

1969 7′000′000-

20.000.000
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57

18

55

56′
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55



Martin, Macdonald

(o45)

Dmitriev et al.

Macdonald.Martin

出artin
,Macdonald

(o46)

Dm土tr土ev e七 al.

Macdonald
,Martin

Martin , Hacdonald

(o47)

Hacdonald
,Martin

Martin
,Macdonald

(o56)

Dm土七r土ev et al.

Macdonald
′Martin

出artin , Macdonald

1971 7.000.000･1

20,000.000

1962 5,300.000

1969 7,000.000-

40′000.000

1971 7′000.000-

40′000,000

1963 5.300,000

1969 7.000,000-

40.000,000

1971 7′000.000-

40′000,000

1969 15,000.000-

35′000′000

1971 15′000′000-

35.000′000

1962 5′300′000

1969 7′000.000-

40.000.000

1971 7,000′000-

40′000,000
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(u57)

MaC'do'na ld- Martin

Martin
,Macdonald

(o58)

Macdonald
,Martin

朗artin
,Macdonald

(G67)

Dm土tr土ev et al.

Hacdonald
,Martin

Martin
,Hacdonald

(o68)

Hacdonald, Martin

Martin
,Macdonald

(o78)

Macdonald. Martin

Martin
,Macdonald

1969 9,000′000-

40.000,000

1971 9.000.000-

40.000.000

1969 20.000′000-

25,000′000

1971 20.000.000-

40.000,000

1962 5.300.000

1969 7,000.000-

40,000.000

1971 7.000.000-

40′000′000

1969 12′000′000-

40′000.000

1971 10,000′000-

40.000′000

1969 7.000.000-

40.000.000

1971 7′000,000-

40.000.000
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C) Cross Sections of =oni2:ation, slow Ion Production and

Electron Production by Oxygen Negative and Positive Ions,･

o10+.
L_3

●

(o-1l, o-i+)

Fogel'et al･ 1960 10･000~50･000

芸蓋',芸…:Eo卓,
37

Ⅹe

Dimov′Roslyakov 1972 300-600 02

■

(o1+, O1 , Oil)

■-

工1-in.solv-ev 1961 30,000-187,000 År
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