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Abstract
●

Experimental data through mid 1983 are compiled on the total cross sections

for the electron capture processes of highly ionized ions in collisionswith hydrogen

atoms. Tlle results are shown in figures as a function of the collision energy. Also are

shown the cross sections for some related processes including the electron detachment

(or stripping) and excitation. This is the first up-dated version of a previous compila-

tion published as IPPJ-AM-1 5.



I. INTRODUCTION

■

since the publication or our previous compilation, IPPJ-AM-151), entitled

HCross sections for charge transfer collisions involving hydrogen atoms" by Y･ Kaneko

et al.,
a

series of the experiments2) have confirmed the importance of the electron

capture processes involving highly ionized impurity ions in diagnostics and evaluation

or high temperature Tokamak plasmas. In such an electron capture process or highly

ionized ions Aq+ in collisions with hydrogen atoms at low energies, the electron is

preferentially captured into the excited states of the ion which is immediately decayed

into the ground state by emitting a photon in most cases; that is,

Aq'+ H + A(q-I)''(n,I) + H'

l

A(q-i)'(g.s.)十hリ

(1)

Therefわre, this process results in significant energy loss From high temperature plasmas.

Over the past year, some experimental results on the (n, 1)distribution or the electron-

captured ions in process (1 ) have been reported and round to give some detailed insight

in understanding the electron capture process or highly ionized ions.3) However, such

data are stilltoo few to compiie and evaluate.

Tn the present report are compikd the experimental data on the total cross

sections of the electron transfer processes of highly stiripped ions in collisionswith

hydrogen atoms published through mid 1983. A list or the compiled processes is given

in section II. The references
are listed in section Ill. The compiled data for electron

capture are shown in figures (Fig. 1 through Fig. 152) in section IV in the increasing

order of the atomic number of ions (section II-I).The cross sections are preseilted in

the unit of cm2/atom and the collision energyinkeV/amu (e.i.,the energy in the

abcissa being equivalent to the kinetic energy of atomic hydrogen). In section V are

shown the experimental results on some related processes in Fig. Al through Fig. A20,

/ノ～ノ
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including the electron excitation and detachment or stripping, listed in section II-2.

The present compilation is intended to be served as the first up-dated version of the

previous compilation･ IPPJ-AM-15･ New data are indicatedwith square marks in

figures･ A numericaldatabase of these compiled data is now being developed for futureP

data retrieval system.
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ⅠⅠ.UST OF PROCESSES･ SHOWN IN FIGURES

1) Eiectron Capture

Fig. No･

2

3

4

6.

7.

8.

9.

10.

ll.

12.

H'

H+

D十

H'

lie

HR'

E'

Processes

+ H + H

+ H + H + H+

十 D
-.旦

+ D'

十 D ヰ H + D+

十 H → 旦12s)十 H+

+ H ぅ 旦(2s)+ =+

+ H 一 旦(2p)十 =+

D' 十 H → 旦(2p)十 H+

4He2+ + H

3He2+
十 t1

3tle2+ + H

4He2+ + H

4He+ 十 H

7Li' + H

7Li2+ + H

7Li3+ 十 H

llB+ + H

llB2十 十 H

B2+ + H

11B3'
+ H

B3+ + H

13. B4+ + H

14. BS+ + H

llB5+ + H

15. C+ + H

→ He+

.I. He'

. He'(2s)

→ He+(2s)

⇒ He

ヰ Li

→ Li+

ヰ Li2+

ヰ B

ヰ B'

→ B+

ヰ B2+

ヰ B2+

ヰ B3十

～.> B4+

→ B4+

→ cO
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Fig. No. processes

16. C2+ + H

17. C3+ + H

18. C小 十 H

F19.
C5+ + H

20. C6+ + H

21. N十 十 H

22. N2+ 十 H

23. N3+ 十 H

24. N4+ + H

25. N5十 + H

26. N6+ + H

27. N7+ + H

28. 0+ + H

29. 02+ + H

30. 03十 + H

31. 04+. + H

32. 05+ 十 H

33. 06+ + H

34. 07+ + H

35. 08+ 十 H

36. Ne2十 十 H

37. Ne3+ 十 H

38. Ne4+ 十 H

39. Ne5十 + H

40. Ne8+ + H

41. Ne9+ + H

42. NelO+ + H

43. Na2+ + H

+ c'

ヰ C2+

→ c3+

→ c4十

→ c5十

→ NO

→ N+

→ N2+

→ N3+

→ N4+

→ N5十

-+ N6'

→ oO

ヰ 0+

→ o2十

ヰ 03+

･十 04十

→ o5+

→ o`+

→ o7+

ヰ Ne+

→ Ne2+

→ Ne3+

+ Ne4'

→ Ne7+

→ Ne8+

ヰ Ne9十

⇒ Nal●
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Fig. No.

44.

45.

46

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Processes

Na3+ + H

Naヰ+ 十 H

Mg2+ + H

si2+･ + H

sis+ 十 H

siヰ+ 十 H

sis+ 十 H

si6+ + H

si7十 十 H

■l
I

sioー一 十 H

si9十 十 H

Arュ+ 十 H

Ar3十 + H

Ar4十 十 H

Ar5十 + H

Ar6+ + H

Ar7十 + H

Ar8+ 十 H

Ar9+ + H

Tiュ+ 十 H

Fe3+ + H

F㌔十 十 H

Fe5+ 十 H

Fe6+ + H

Fe7+ + H

Fet8+ + H

Fe9+ 十 H

FelO+ 十 H

ヰ Na2+I

ヰ Na3+

+ Mg+

→ si+

⇒ si2+

ヰ Si3+

ヰ Si4+

→ si5+

+ si6+

→ si7十

⇒ si8+

→ Ar十

ヰ Ar2+

ヰ Ar3+

一 Ar4+

ヰ Ar5+

+ Ar6+

ヰ Ar7+

十 Ar8+

→ Ti+

⇒ Fe2+

+ Fe3+

ヰ Fe4十

⇒ Fe5十

ヰ Fe6十

ヰ Fe7+

ヰ Fe8+

→ Fe9+
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Fig. No.

72.

73.

74.

r

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Processes

Fell+ 十 H

Fe12+ 十 日

Fe13十 十 H

Fe14+ + H

Fe15+ 十 H

z㌔+ 十 H

Kr2' + H

.■ヽ

Kr3' + H

Kr4' + H

Kr5' + H

Kr6' + H

Mo4' + H

Mos+ + H

Mo6+ + H

Moワ+ + H

Mo8+ + H

Mo9' + H

MolO++ H

Moll'+ H

Mo12十+ H

Mo13++ H

Mo14'+ H

Mo15+十 H

Mo16'+ H

Mo17++ H

Mo18'+ H

cd2+ + H

xe2十 十 日

ヰ FelO+

→ Fell+

+ Fe12+

+ Fe13+

ヰ Fe14十

→ zn十

+ Kr'

ヰ Kr2+

+ Kr3+

. Kr4'

+ Kr5'

→ Mo3+

→ Mo4'

→ Mo5十

ヰ Mo6+

→ Mo7+

→ Mo8十

→ Mo9+

+ MolO'

ヰ Moll+

+ Mo12'

ヰ Mo13+

ヰ Mo14十

ヰ Mo15+

+ Mo16+

→ Mo17+

→ cd+

+ xe'
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Fig. No.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

lュo.

121.

122.

123.

124.

125.

126.

127.

Prqcesses

x㌔+ + H → Xe?+

Ⅹ㌔十十 H → Xe3十

Ⅹ㌔+
+ H →

X㌔+

xe6+ 十 Il -+ Ⅹe5+

xe7+ + H . Xe6+

xe8' + H . Xe7'

xe9' + H + Xe8'

xelO+ 十 H →

X㌔+

xell十 十 H → XelO+

xe12+ + H → Xell+

Ba2+ + H → B√

T㌔+
十 H → Ta2+

Ta4+ + H -+ Ta3+

T㌔十 十 H →

T㌔+

T㌔十
十 H .. Ta5+

Ta7' + H -, Ta6'

Ta8十 十 H → Ta7+

Ta9+ + H → Ta8+

Tal°+ 十 H ヰ Ta9十

Tall+ + H ヰ TalO十

Talュ+ + H → Tall十

Ta13十 十 H → Ta12+

Ta14十 十 H ･◆ Ta13十

Ta15' + H + Ta14'

Ta16+ + H . Ta15+

Ta17' + H .-, Ta16'

Talる+ 十 H -ナ Ta17+

Ta19+ + H + Ta18+

References

50

50

50

50

50

50

50

50

50

50

25

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17
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Pro cesses

w4+ + H . W3+

w5+ + H + W4+

w6+ + H + W5+

w7+ + H + W6+

w8+ + H + W7+

w9+ + H → W8十

wlO' + H + W9+

wll' + H + WIO'

w12+ + H . Wll+

w13+ + H . W12+

w14+ 十 H → W13十

w15+ + H . W14+

Au5十 十 H →

A㌔+

Au6+ + H -> Au5+

Au7+ + H -+ Au6+

Au8+ + H + Au7+

Au9+ + H + Au8+

At110+ 十 H

Aull+ + H

Au12+ + H

Au13+ + H

An14十十Ⅰi

Au15+ 十 H

Au16+十 tiT

T12' + H

ヰ Au9+

一 AulO+

ヰ Aull十

ヰ Au12+

ヰ Au13十

→ Au14+

ヰ Au15+

ヰ Tl+

r8-



2) Related Processes

Fig. No･

Al.

A2.

A3.

A4.

A5.

A'

D+

ii+

E'

_R'
H'

H'

Pro cesses

+ H

十 H

+ H

+ H

H +

A8. ロー 十

班

H

H

H

H

旦(1s)+ H(1s)

A9. H + H ヰ

AIO.

Alュ

A13

H

E一

月二

E-

4He+

+ H +

+ H

4He'
+

3He+ +

A16.
4He +

A17.
4He- +

A18. C十 +

A19. C2+ +

A20. C3+ 十

H+

旦T

A+

H'

班+

H十

A'

H'

A(

→ 旦(2s)

旦(2p)

H~ 1

H

References

H (2p) 33,43, 45

H (2p) 45

班 (2s) 43, 47

H (n=2) 52

H (n=3) 52

H (n=4) 52

H' + e 30,32,46,68

39,40,77

44

24

44

H ヰ H + H

H → H+

H + He2+

≡コ He' +

H . He'(2s)

H - He+

H ヰ He

H + C2+

H → C3+

班 ･→ Cヰ+

H (2p)
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Fig.16 C2'+H-C'
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Fig.18 C4'+H-C3'
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Fig.20 C6'+H ･C5'
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Fig.22 N2'+H-N'
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Fig.24 N4'+H-N3'
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Fig･26 N8'+H-N5'
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Fig.28 0'+ H - 0
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Fig.32 05'+ H- 04'
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Fig.34 0T++H-06+
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回 =ub8｢ (1981】

10-]l

[= i

【iリ

l≡
U

t....._=一

⊂

○

●-

11･･･J

U

C)

害岩

∽

∽

O

L

U

■=_■.iコ

コ亡｣

∈
U

こ:≡亡=J

⊂

○
■+

一l_∫

U

C)

琶音

∽

∽

(⊃

L

U

回国回

国

100

10ー19

101 10Z 103 TOl 105

ProJ'ectile Energy (eV/cmu)

F-g･37 Ne3'+H-Ne2'

匡霊室璽蓋盃
固取回団

回 目uber (1981)

固 Seim et (】( (f987)

10¢

108 707

701 10之 103 101 105 108

ProJ'ect7Ie Energy (eV/omu)

-39-

IO7



F7g.38 Nel'+H-Ne3'
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Fig,40 Ne8'+_H - NeT'
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Fig.42 NeTO'+ H- Ne9'
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F7g･44 Nc3'+H-Nc2'
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Fig146 Mg2'+H-Mg'
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F7g.48 ST3'+H-S72'
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F盲g･52 S7T･+H-Si8'
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F7g.54 S亨9'+H-Si8'

① Meyer et Ql (1979)
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F7g･58 Ar5'+H-Arl'
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F7g.60.. Ar.J'+ H - Ar6'
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F7g.62 Ar9'+ H - Ar8'
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F盲g.64 Fe3++H-Fez+
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Fig168 Fe''+H-Fe6'
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F亨g.70 Fe9'+H-Fe8'

0 Gordner et 8Ⅰ (19T7)
◎ Meyer et cll (1979)

団 Phc)neuf et Ql (1983)

10"

■･

･
--■

[己:

∈
U

ヽ■_一■

⊂

(⊃
●+

■･･･J

U

C)

害E

∽

∽

O

L

U

■■■■■■■■ヽ

こ正二

∈
U

-二____=一

⊂

○
●-

■_∫

U

くD

∽

∽

∽

CI

L

U

@

①
0

①

100

10-I8

0 102 103 101 10S

Projectile Energy (eV/Qmu)

Fig.71 FelO'+H-Fe9'

108 10T

恒1

① GQrdner et oI H9T7)
G) Meyer et oI 119T9)

密 Phoneuf et (】F (1983)

①

令

0

◎

∈)

G)

10Q 10l 10之 103 101 10S

ProJ'ectHe Energy (eV/c)mu)

-56-

108 10丁



F!g172 FeH'+H-Fe]0'
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Fig.74 FeT3'+ (1 - Fe72'

① Gordner et 81 (19T7)
G) Meyer et cr[ (1979)
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F7g.76 Fe15'+ H
-Fe14'

① Mey8r et CI (19T9)
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F-g･78 Kr之++H-Kr+
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Fig.80 Kr4'+H-Kr3'

団国葬@

回 目uber et c暮(1983)
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Fig'.82 Kr6'+ H-Kr5'

回国匡短
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Fig,84 Mo5'+H-Mol'

① Mey8r et Ol (1979)

10~lO

r二~~｢■

:iコ

∈
U

ヽ■.■■

⊂

○

■ーー

.1J

O
¢

Z瓦

∽

∽

O

L

芦E

ー･~~~
I

[己]

∈
U

こ=■てコ

⊂

○
●

■~
_トJ

O
q)

2E

∽

∽

O

L

U

①

101 102 103 101 105

ProjectHe Energy (eV/c)mu)

F7g.85 Mo6'+H-Mo5'

108 10丁100

◎ Mey8r et ql (197g)

10119
101 102 103 101 105

ProJ'ectile Energy (eV/clmu)

-63-

100 108 !oT



Fig.86 Mo'++H-Mo8'

① Meyer et cl (1979)
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F;g.88 Mo9++H-Mo8'
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Fig.90 Mo‖+ィ H-MoIO'

① Meyer8t
8I 【1979)
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Fig.92
.Mo13++

H - Mo12'
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Fig･94 Mo15'+ H-Mo‖+

① Meyer 8t Ol (1979)
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Fig.96 Nou++ H-MoT6'
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F7g.98 Cd2'+H-Cd'
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F7g･100 Xe3'+H-Xe2'
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F亨g.102 ×e5'+H-Xe4'
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F了g･104 Xe''+H-Xe6'
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F7g･106 Xe9'+H-Xe8'
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Fig.108 Xe='+H-Xe川'
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Fig.】12 To4'+H
-Tcf3'

① Meyer et cl (1979)
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Fig.114 TQ6'+H-TQ5'

◎ Meyer et c暮(19T9)
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Fig.118 TqTO'+H- 1●q9'

O Meyer et 81 (1979)
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Fig.120-･TQ12'+ H - TQ=+
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Fig.122 TQ14++H-Tot3'
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Fig.124.. TQ18++ H - Tq15'

⑳ Meyer8t C[ (1979)
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F.ig.126 Tqt8'+ H - Tqけ+

◎ Mey8｢ 8t O[ (1979)
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Fig.12B W4'+H-W3'

① Meyer 8t C[I (1979)
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･F盲g,130
W8++H-W5'

① Meyer et a( (197g)
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F7g,132 W8'+H-WT'
A

① Meyer et 81 (1979)
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FigI134 W伽+H-W9'
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a) Meyer et cI (1979)
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Fig.136 W12'+H-WIT'
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F･7g･138 W14'+H-Wu'
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Fig.140. Au5'+H - Au4'

① Meyer et c)( (197g)
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Fig.142 Au''+H-Au6'
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Fig.144. AIJ9'+トt - Au8'
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① Meyer et oI (1979)
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F盲g.146 Aull'+H-AuH'

① Meyar et Ql (1979)
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Fig.148.･Au.3'+ H - Au12'

①

① Meyer et cI (1979)
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Fig.150 Au15'+H- Au]4'

ー ｢■

～

∈
U

-ニー=■

⊂

O

L｣
:==

･･l･･･J

U

C)

∽

∽

∽

O

L

3gq

■■■■■■

3¶

∈
U

ヽ■一■

⊂

○

●-

●トJ

U

C)

害i

∽

∽

O

L

U

10~川

701 102 103 101 105

Project7Ie Energy (eV/omu)

Fig.151 Au18++H-Au15'

108 10丁100

① Meyer et c[l (1979)

101 10之 103 101 105

Project7le Energy (eV/c7mU)

-96-

10¢
I0~1℡

108 10T



F盲g.152･ Tl2'+H
-Tl'

′■ー

ロ亡二

∈
U

ヽ■一′

⊂

○

■+

■lJ

U

①

Z言

∽

∽

O

L

3gE

10"

37t,-i:I--♂
①
①

◎ McCu(lough8t Ql (1979)

100 101 102 10) 701 105 106 70T

ProJ'ect7Ie Energy (eV/omu)

-97-



Ⅴ. FIGURES OF CROSS SECTIONS FOR RELATED PROCESSES
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F7g.AI H'+ H - H'+ H(2p)
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Fig.A3 日++ H 一 日++ H(n-2)
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FTg,A5 H'･+ H - H'+ H(n-4)

① P8rk 8t (】[(1976)
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F育g.A7 H + H - H'

■■~■ヽ

[亡

∈

U

-ニー__二一

⊂

0

-トJ

U

d)

害音

∽

∽

O

｣

:■E

■･- --一一

1丁

∈
U

■二__-●

⊂

○

■･･･J

U

q)

∽

∽

∽

O

L

U

10-1B
101 102 103 101 105

Project71e Energy (eV/c)mu)

F7g,A8 H + H ～ H(2s)

108 10T100

101 102 103 101 105

ProJlectHe Energy (eV/QmU)

-102-

一oo
10-19

10B 107



F了g.A9
･H

+ H ･ H(2p)

① MorgQn et Ol (1974)
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Fig.Al一 H~+ H - H
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F7g.A13 He'+H- He2'
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F盲g.A15 He++ H - He'(2s)

① Sh(】h Qt (】I (1978)
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Fig,A17 He-+ H - He

団 Hvelplund Cnd Andersen (I.982)
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Fig.A19 C2'+H-C3'

① Goffe et (】[(1979】
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