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工ntroduct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. = 2 - 5 in collisions

with atoms and simple molecules. A systematic survey of the

lj.terature has been made through October 1977. Some recent data

are also included. The result is summarized in graphical forms

with reference lists attached.
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Note on Reference List and Graphs

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

cross see;tions of atoms and ions in gases. Generally, they' deal
f

■

=

with the electron loss cross sections of proコeC七土1es 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 projectiles in a wide energy range down to O･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 were covered by Tawara

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

some review papersl′6) have already discussed fully about the

●

charge changing Process, experimental methods and accuracy of

the data. Here only the explanation of the sy血1s used in this

paper 土s described.

■ ●

=n 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

Ai++B+Aj++Bk++ (i+k-i) e , (i)

irrespective of the excitation of the colliding particles. Here,

● ●

i,j and k are the initial and final charge states of the projectile

(A) and the final state of the target (a), respectively. Then

(j+k-i) electrons are released after the collision. Of course,

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

particles and i+k-i > 0. The elementary cross section of the
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process (i) is represented by GijOk (or oijO(kO) for a diatomic

molecular target to be dissociated). The sutnnation over k of the

elementary cross sections･ oij ≡皇oijOkt
means the charge

● ■

changing Cross Section of the projectile when i is not equal to

j: oij (i
> j) is the electron capture cross section and oil

(土 < j) is the electron loss cross sec七土on. wben j = 土.the cross

section o‥ means the total pure ionization cross section of the
lユ

target particle and is denoted by oil

≡孟
oiiOk･ In the

condenser method using parallel plates, the cross sections of

slow ion and electron productions are obtained. They are denoted

by oi+ ≡]Fkk oijOk and oi ≡

]Fk(j+k<)oijOk･

including

ionization of projectiles. The cross sections obtained by the

condenser method or projectile-beam attenuation method are some
t

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) Electron capture cross sections of project土1e′ (B) Electron

loss cross secti;ns 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 projectile and so on, rather than cross sections themselves,
●

a.re also included in the present lists and tables. The graphs

are separated into twつ energY ranges: from O･1 eV to leo keV

and 1.0 keV to 10 MeV. 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

cm2 per molecule in this paper･

The present author should like to thank W. Shearer1-=zumi and

･I'. Watanabe (Faculty of Engineering, university of Tokyo) for the

proffer of their reference library (1967-1975) and also should

like to thank X. Takayanagi (Institute of Space and Aeronautical

science'university of Tokyo) for making his bibliographies8･9)

available.
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Charge Changing Cross Sections of Helium
■

Atoms and =onst Z=2.

=. Lists of Reference

ェエ. ℡ables o王 Exper土men七al Data

A) Electron Capture Cross Sections

B) Electron Loss Cross Sections

C) Cross Sections of =onization, Slow ions

Productions and Electron productions

Ill. Graphs of Charge Changing Cross Sections
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==. Table of Experimental Data

A) Electron Capture Cross Sections of Hellium Atom and =q-ns,･

HeO′ H･e+ and He2+.

Author year Energy (eV)
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Foge1' et a1. 1960

Jorge･nsen et a1. 1965

Collins.Stroud 1967

Dounally,Thoeming 1967

Schlacbter et al. 1968

Baragiola et a1. 1973

Baragiola, Salvatelli 19 7 5

(ulO)

Rudn土ck

Massey. Smith

Smith

Rostagni

Wolf

Meyer

Reeene

Haste且

Sn土七zer

Stedeford , Basted

D土1lon et al.

Allison et al.

Fedorenko et a1.

Cramer
∫ S土mons

DeHeer et a1.

10.000-60′000

50′000-200.000

100,000

2′000

1.500-25.000

90′000

20′000-40′000

1931 7′500-21′000

1933

1934 2.000-12′000

1935 10-900

1937 25-1′000

1937 35′000-200′000

1949 3,000-35,goo

1951 25-900

1953 100′000-480,000

1955 100-4.000

1955 50-735

1956 100.000-450.000

1956 3.000-980,000

1957 4-400

1957 10.000-20.000
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T a rget I垣ference

NelAr,ⅩrlXe 43

H2

H2

Cs

Cs

Li,Mg,Pb

Mg,Pb

He

He

He

He

69

26

35

128

8
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123

92

140

122

He,N2
,Ne,Ar

157

H2,He,Air 95

H2′He 71

He 55

H2,He,Ar,Air 142

He,Ne,Ar,Kr,Xe 149

He 32

H2′He′Ar 4

He,Ne,Ar,Rr 38



Gilbody. H畠sted

Gbosh. Sherian

Allison

Barnett
, Stier

W土ndham et al.

Jones et a1;

1957 100-3′600

1957 100-800

1958 150.000-450.000

1958 4′000-200,000

19'58 17,500

1959 25′000-100.000

Gustafsson.Lindholm 1960

Nikolaev et a1. 1961

Pivovar et a1. 1962

G土1body e七 al. 1963

Stebbings et a1. 1963

Solvlev et al. 1964

Harden, Utterback 1964

Sayers. Sm土tb 1964

Lipeles et a1. 1965

Stebbings et a1. 1965

Fehsenfeld et a1. 1966

DeHeer et al. 1966

Coll土ns.Strroud 1967

Ⅹoopman 19 6 7

300′000｣_′300′000

200′000｣.,450′000

100.000-400.000

100-7,700

15′000-180,000

30-1′000

195-503oX

5-500

3-600

300oR

10,000-140′000

100′000

100-1′050

Donnally,Thoeming 1967 2,000

W土七tkower e七 al. 1967 ¢･0′000-330,000

Beryaev e七 al. 1968 7-100

Dunkin et a1. 1968 82-600OK

Gilbody生生･ 1968 7,500-250,000

dlanPiQn,bverspike 1968 1. 6-50

Maier 196ご 0.5-400
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He 46

H2,He′A土r 5

H2,He,N2,02,Ne,蝕14

H2 154
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He,N2 54

He,N2,Ar,Kr 103

He,N2,Ar,Ⅹr 118
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N2,02 147

H2,He,N2,Ar 143

He 57

Ⅳ2′02 148
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77
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=

Chqnpion , Doverspike

Xoopman

Lockwood

Nagy et al.

Ong,Hasted

Peterson
,Lorents
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1969 30-200
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1970

1970
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1971

1971
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1971
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Tawara 1971

Ale土nikov.Usb∂k⊂Ⅳ 1972
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0.04-0.25
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200-1.200
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300-150.000

3-300
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15′000-180.000

10′000-200′000

3,000-50,000
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50-1′600
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He,Ne,Ar 151
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H2
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53

86

110

126

135

150

3



棚Ⅳ′ Shaprenko 1972 400-3,200

Maier

Tolmachev

Bara七 et al;

Haugh
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Coplan,Ogilvie 1974
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19 74
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Brenot et al.
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Xik土an土 et al.
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,Nagy
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,Nagy

Helm

Jones et al.

Meyer et a1.

Hegerberg et a1.

(ol i)

Schlacb七er et al.

5.000-20.000

1′000-3.000

3000Ⅹ
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4.7-10′000

500-41′000

9.000-40,000

1975 800-3,000

1975 3000Ⅹ

1975 200-4,000

1975 150-3′300

1975 15,000-60,000

1976 500-5,000

1977 500-5,000

1977 0.3-8.0

1977 100

1977 40′000-160′000

1978 1,000-10,000

1978 1.500-25′000
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Rr,Ⅹe

ェ

Ne

HBr.HCI

Bg

Tt;
2

Cs

H2

Zn,Cd′Se

CO

Ar

Cs

Mg,Pb

He,Ne,Ar′Rr.Xe

工

He

He

H2

He

Ne
,Ar

He

Xe

Cs

Ee

83

90

152

12

56

67

72

98

99

153

27

65

･27

10

21,22.137

172

76

84

132

37

158

159

160

161

58

128



(o21)

Rutherford

Snitzer
r

All土son

Nikolaev et a1.

Fite et al.

Pivovar et al.

Her七el. Xosk土

Coll土ns
,Stroud

Berkner et al.

Stearns et al.

Puckeモモ et al.

Gilbody生生･

Chen e七 al.

I Ormrod,Michel

Sie9el et al.

Afros土mov e七 al.

1924 650,000-･6.800.000

1953 100,000-･480,000

1958 150･,000-450,000

1961 350,000-11′000,000

1962 100-32′500

1962 200,000-1,500.000

1964 1,000-8,000

1967 100′000

1968 7′200-181.000

1968 7.700-166.000

1969 150,000-1′000′000

1970 4′000-30′000

ユ971 400-1′000

1971 125.000

1972 200-1′000

1973 2′000-100′000

Baragiola,Nemiovsky 1973 55 , 000-400 , 000

Bayfield′Khayra11ah 1.973 15,000-125
,
000

Graham et al′

Shah , G土1b?dy

Shah_, Gilbody

Shab′ Gilbody

Afroaimov et al.

Ast'et a1.

byfield.肋apallah

Bayfield
,払ayra11ah

hyrallah , Bay field

1973 6′700-85′000

1974 10′000-60′000

1974 6.000-60′000

1974 10,000-60′000

1975 10′360

1975 8′0{00

1975 15,000-125,000

1975 7,000-144′000

1975 7,000-70′000
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Air

H2,He7Ar,Air

H2,He,Air

He′N2,Ar,Ⅹr

H

i?4

142

5

10?

42

H2,He,N2.Ar,Kr 118

He

H2

He

N2

H2,He,N2,Ar

Ar

Ne

H2

He,Ne,Ar

He′Ⅹe

H2,Ne,Ar

H2,He,N2,Ar

H2′CO

60

26

19

146

121

50

25

138

110

1

9

15

52

H2
,He,N2,02,Ar,Kr

131

H

K

He

fle
,Ne,秤.R上′Xe

H2,He,N2,Ar

H

H2,He,N2,Ar

131

131

2

6

16

17

75



Sch士ey , Huber

Hvelplund et a1.

Shah.G土1body

Nutt et al.

Shah, Gilbody

(o20)

Rutherford

All土son et al.

All土son

Nikolaev et a1.

Pivovar et al.

Collins.Stroud

Berkner et al｡

Stearns et al.

Afros土mov et al.

1975 50-540

1976 1,000′000-8,000.000

19-76 10.000-60′000

1978 400-10,000

1978 4,000-343.000

1924 650,000-6,800,000

1956 100′000-450′000

1958 150′000-450′000

1962 330′000- 1.300′000

1962 200.000-1.500′000

1967 100,000

1968 7′200-1∈‡1′000

1968 7′700-166′000

1973 2′000-100′000

Baragiola,Nernirovs】せ1973 55 , 000-400 ,
000

Bay field,ぬayra11ah 1973 15,000-i/75
,000

Graham et al. 1973 6′700-85.000

Shah,Gilbody 1974 10,000-60,000

Shah. Gilbody 1974 10.000-60,000

Bayfield,hayTallah 1975 15,000-125
,000

Bayfield,払ayrallah 1975 7,000-144
,000

Sdhrey,Huber 1975 50-540

Shah,Gilbody 1978 4,000-343.000

Ar

H2,He,Ar

監ヲ2･安ヲ長望2,02
133

H･,H2 105

H 134

Air

H2･ge･Air

H2′He′Alr

He,N2,Ar,Ⅹr 104

H2,He,N2,Ar,Kr 118

H2 26

He 19

N2 146

He.Xe 1

H2,Ne,Ar 9

H2′He′Ⅳ2′Ar 15

CO 52

He,N2,02,Ar,Rr 131

Ⅹ 131

H2,He,N2,Ar 16

a) Electron Loss Cross Sections of Hellium Negative =on, Atom

and Positive =orll･ He
,
HeO and fie+.

(a io)

Windham et al. 1958 175′000

-19-

154



Jorgensen et a1. 1965 50,000-300,000

Collins,Stroud 1967 100,000

Nicholas et a1. 1968 20,000･-75rOOO

r

Ryding et a1. 1968 48･0',000-1,500,000

Scblacbter et al. 1968 1,500-25.000

Simpson′G土1body 1972 4,000-30,000

Heinemeier et al. 1975 100,000･- 3,000,000

(o
-ll)

Collins,Stroud 1967 100,000

Ryding et a1. 1968 400,000-1,500,000

Schlachter et a1. 1968 1,5000-25,000

He土neme土er et al｡ 1975 100.000-3.000.000

(Col)

Rudn土ck

Snit2:er

Xrasner

Barnett, Stier

All土son e七 ■al.

DeHeer et al.

All土son

Barnett, Stier

Wlndham e七 al.

Foge1' et al

P土vovar et al.

Solvlev et al.

Collins , Stroud

W土七tkower et al.

1931 5′000-21′000

1953 100,000-480,000

1955 100′000-450.000

1955 30′000-200′000

1956 100′000-450.000

1957 10.000

1958 100.000-450.000

1958 4,000-200.000

1958 17.500

1960 10.000･-100′000

1962 200,000- 1,500.000

1964 15.000-180.000

1967 100′000

1967 60′000-400.000
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E2

H2

He

He,He,Ne

Cs

H2′He′Ar

H2′He′Ar

H2

fI2,He,Ne

Cs

H2′He′Ar

He

69

26

102

125

128

139

59

26

125

128

59

123

H2,He,Ar,Air 142

H2,He,Ar 80

H2,He,N2,02,Ne 13

H2′He′A土r 4

Ar 29

H2,He,Air 5

H2
,He,N2,02,Ne,Ar

14

H2 154

He′Ne,Ar,Kr,Ⅹe 43

fI2,He,N2,Ar,Kr l18

H2
rile,N2 l-Ar

143

H2 26

H2,He,N2,Ne,Pr, 155

2Cr, CO2



G土1body et al. 1968 60.000-450′000

Schlacllter et al. 1968 1,500-･25′000

Punke七t e七 al.

G土1body生望主･

Ormrod
,Michel

Pedersen. f7velp1und

Tawara

Baragiola et a1.

Dm土tr土ev et al.

Pedersen

pear七 et al.

Pedersen

Hegerberg e七 al.

(oo2)

All土son

1969 150′000-1′000′000

1970 10.000-350.000

1971 125,000

1971 20′000-2′000′000

1971 14,000-50,000

1973 90,000

1973 1,330,000-8,300,000

1973 500-10′000

1977 3,000-28,500

1977 25′000-450′000

1978 1,000-10,000

1958 150.000-450,000

Collins,S七roud 1967 100.000

Baragiola et a1. 1973 90,000

Dm土tr土ev e七 al. 1973 1′330.000-8′300,000

Hvelplund.Pedersen 1974 200,000-4,000,000

(o12)

Sni七zer 1953 340.000

Fedorenko et a1. 1954 3,000-180,000

All土son et al. 1956 100,000-450,000

DeHeer e七 al. 1957 10.000

Jones et al. 1959 25.000-100.000

Dmitr土ev et al. 1962 320,000-6.000.000

p土vovar e七 al. 1962 200,000-i,500,000
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M7,Pb
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150
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34

114
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161

58

5

26

8

34
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142

38

4

29

68
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112
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℡aylor et al.
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Shah. G土1body

Mitchell et a1.

peart et al.
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1970 120,000-830′000

1971 125′000

1§75 15′000-48′000

1g77 70,000-400,000

1977 3.0･-28.5

26

He.Ne,Ar 151

H2

fI2
,He.N2 ,02 ,触

冗+

I+
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97

112

C) =oni2;ation Cross Section, Slow =on and Electron Productions

by Hellium Atom and =onr･ HeO and He+.

i + -

(cTo,Cro
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SolovYev et a1.

Hayden ∫Utterback

Puckett et a1.

Browning et al.

Polyakova et al.

Gerber e七 al.

土 +

(o1,Cfl,Ol)

Fedorenko et a1.

Gilbody, Hasted

G土1body et al.

Solovlev et al.

Langley生生･

Ma,rtin et a1.

pivovar et al.

Geber et ∂1

1964 15,000-180,000

1964 30-1.000

1969 150,000-i,000,000

1970 5.000-45′000

1970 30.000-40,000

1972 100-5,000

1956 3′000-180′000

1957 25-3.600

1963 100,000-400,000

1964 15′000-180′000

1964 133,000-1.000.000

1964 200′000-1′000′000

1968 200.000-1.800.000

1972 100-5,000
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004
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==. Table of Experimental Data

A) Electron Capture Cross Sections of Lithium Ions: I}i', Li山1auld L.I

Author

(G10)

Alli弓On et al.
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,ぬs
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Lorents et al.

Marino

Ogurtsov et a1.

peごel et al.

perel.Daley
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Daley. perel
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p土vovar e七 al.

Perel, Daley

Latpov. Shaprerd{o
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Barat et al.
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Dmitriev et a1.
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1960 5′000-24′000
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1969 500-22.00O

1969 500-25′000

1969 20′000-155′000
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1969 500-24′000
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1971 20∩′000-2,000′000

1971 500-20′000

1972 600-･2′800

1972 1,000-2.000

1972 600-2.000

1973

1974 60 -1′500

1975 580′000-5,200′000

1975 230′000
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T arget Reference
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Li 27

C 30
S
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Li,Na 10
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3+
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Cross Sections of.Lithi=um Negative Ion, Atom

and Positive Ion: Li-A, I'io′ Li+. Li2+･
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1960 600,000-i,200,000

▲
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1975 580.000-5.200′000

1975 230′000

1976 40.000-90,000

1955 85′000-250′000
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I. Tables of Experiment'al Data

A) Electron Cpature Cross sections of Beryll土-エons; Be+∫

Be2+∫ Be3+･

(o10)

Sherw土n

Layton et a1.

1940 6.000-24,000

1967 10′000-60′000

(o21)

Nikolaev et a1. 1961 3,000,000

Dm土triev e七 al. 1962 3.000.000

でeplova et al. 1975 3.000.000

Dmitriev et al. 1975 750.000-3,000.000

(o20)

Dmitrlev et al. 1975 750,000

(o32)

Nikolaev et al. 1961 3,000,000

Dm土七riev et al. 1962 3,000,000

℡eplova et al. 1975 3,000.000

N2,02,Ar 5

H2′Ee 6

He,N2 1

N2 8

He,N2 4

He,N2 4

H2′He 6

fie
,N?.

1

N2 8

B) Electron Loss Cross Sections of BerylliumZons, Be+,

Be2+, Be3+.

(o12)

Layton et al.

℡eplova et al｡

1967 30,000-60,()I)0

1975 3,000′000

-129-

N2,02,Ar 5

N2 8



(o23)
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℡eplova e七 al. 1975 3.000.000
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Dmitriev et a1･ 1975 746,000-3,000,000 He,N2

'(o24 I)･

Dm⊥七riev et al. 1975 3′000,000
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Dmitriev e.t a1. 1962 3,000,000

Teplova ≦生延･ 1975 -3,000,,000
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Ⅱ{i Tables.-6ffL=密Ⅹpefムmental ･Da七a

'事す~' '一 三ぞ`

A) Electron Capture Cross Sections of Boron Atom and エons.

BOI B+∫ B2+∫ B3+∫ B4+∫ B5+.

(crol-)

F6卓e1卜占t alこ 19t6d 15,0'oO-60,Looo He.I,Ne,Ar,Kr, 10

Ⅹe

Ormrod, Michel 1971 15,000-loo,000 Ar 13

＼

(_o.1oJ
, ･

.1

Sherwin 1940 6′000-24′000 H2 14

Nikolaev et a1･ 1961 440,000-2,800,000 Ne,N2,Ar,Kr 11

0甲rOd･ Miche1 1971 15･000-loo,000 N2･Ar 13

(oil-)

Fogeユ∴ e.t a1.. 1959 5,OOO-60.･000

(o21)

Sberw土n

H2,Rr,Ⅹe 9

19･40 6,00O-24,000 H2,He 14

Nikolaevet a1･ i961 440,000-3,500,000 He,N2,Ar,Kr 11

0rmrod,･ Micbe1 1971 40,000-90･000 N2･Ar 13

(o20)

Nikoldev･.eもal▲ 1962 450,000-900,000･ He,N2,Ar,Kr 12

■ ■
■1ー

T
i7

(o32)

Nikolaevet al･ 1961 860,000-3,500,000 He,N2,Ar,Kr 11

Zwally, Cable 1971 300-31,500

- i-%19｣

He 15



Dmi七r土e･v e七 al. 1975

Crandall e七 al. 1977

r

(o31)

Nikolaev et a1. 1962

Dmitriev et al. 1975

(o43)

Nikolaev et a1. 1961

(o42)

Nikolaev et a1. 1962

(o54)

Nikolaev et a1. 1961

900,000-8,200,000 H-e,N2

14.300-83.000 He

900,000-2,800,000 He,N2,Ar,Kr 12

900,000-3,600,000 He,N2 8

2,800,000-7,800,000 He,N2,ArtRr ll

2,800,000-7,700,000 N2,Ar,Kr 12

3,500,000-7,800,000 He,N2,Ar,Kr ll

(o53)

Nikolaev et a1. 1962 3,500,000 N2,Ar,Kr 12

B) Electron Loss Cross Sections of Boron Ate)m and =ons,

BO′ B+∫ B2+∫ B3+∫ B4+

(oo1)

Foge1- et al. 19FJO 15.000-60,000 He,Ne,Ar,Er 10

Ⅹe

I)mitrievet a1･ 1962 425,000-2t800,000 He,N21Ar,Kr 3

0rmrod, Miche1 1971 15,000-80,000 N2,Ar 13
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(o12)

Dmitl･iev et a1. i962

(o13)

Dm土tr土ev et al. 1963

(o23)

Dmi七r土ev e七 al. 1962

(o24)

Dmi七riev et al. 1963

(o34)

Dmitr土ev et al. 1962

Dm土triev et al. 1975

(o35)

Dm土七r土ev e七 al. 1963

Dm土七riev et al. 1975

(o45)

Dm土七r土ev et al. 1962

425.000-3,600,000 He,N2,Ar,Kr

450,000-3,600,000 He,N2,Ar,Kr

425L･000-3,6(JO･･000 He,N2,Ar,Kr

2,800,000-3,600,000 He,N2,Ar,Rr

800,000-3,600,000 He,N2,Ar,Kr

900,000-8,200,000 He,N2

2,800,000-3,500,000 He,N2,Ar,Kr

3,600,000-8,200,000 He,N2

'3

2F750,000-7,500,000 He,N2,Ar,Kr 3

C)エoniza七土on cross sec七土ons by Boron 工on

●

(oil)

Sherw土n 1940 6′000-24,000
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