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ABSTRACT

Exper土men七al data on七he cross section f- H + Ⅹq+

→ H+ + Ⅹ(q-1)+ are compiled for any elemen七Ⅹ and

charge state q. The result is shown in graphs as a

function of collision.energy. A scaling law for the

cross sec七土on 土s derived 七beore七土cally七o provide

quantitative information for highly-stripped ions for

wb土ch no data are available. Cross sections for some

related processes are also shown.
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=NTRODUCT=ON - SCOPE AND EXPLANATION OF GRAPHS -

An importance of charge transfp_r collisions in
fl

fusion plasmas has increased remarkably in recent years.

=n particular, the processes involing atomic hydrogen

H+Ⅹq+ー H++Ⅹ(q-i)+ (1)

=

play fundamental roles in a plasma bea七ed by七he 土nコeC七土on

of fast neutral hydrogen beams' When Xq+ are impurity ions

released from a limiter or first wall, the change in the

ionic s七a七e of七he 土on induced by 七be process (1) affects

very much the intensity of impurity radiation. A knowledge

of 七he cross section for (1) enables us 七o develop fast

atomic beam probes providing data on densities and

temperatures of ions in a plasma.

On 七he consideration of 七h土s s土七ua七土on.the Research

Information center of the =nstitute of Plasma Physics,

Nagoya Univ早rSity, has organized a wor･king group to collect

and comp土1e 七he cross sec七土ons for the process (1).

The present report shows the result of the compilation.

A11 the experimental data published so far (through

early 1980) are collected for any element X and any

charge state q ( >0)･ The results are shown in graphs

in the increasing order of the atomic number of X. A list

is given for the processes in the graphs. The cross

●

2
sec･tion is presented in the unit of cm and the collision

energy in key/amu (畠.i.. the abcissa being equivalen七to

the kinetic energy of H). Most of the experimental data

-4
-



have been obtained by using atomic hydrogen targets produced

by七hermal d土ssoc土a七土on 土n a furnace. Very few measuremen七s

(denoted by * in the list) are based on a fast f7 beam

obtained by a charge transfer of H+ beam' =n the experiments

of the latter type. a care should be taken of the effect of

long-lived excited atoms present in the H beam.

Although the total number of the experimental data

collected here is rather large, there are still many

colliding systems, especially including highly stripped

ions, for which no data are available. =n order to provide

some quantitative information on the cross section for

such systems, a scaling law has been derived on the

theoretical consideration of the process. The result is

sbown 土n the next sec七土on.

Fina11y in the Appendix given are the experimental
●

+

data on some related processes, i.e., collisions of H with

H or fI
, excitations of H or Xq+ or electron loss of Xq+

in the collisions H + Xq+･ The data ･compilation is not

complete for 七bose related processes.

-5
-



I. SCALING LAW OF TOTAL CROSS SECTION FOR CHARGE TRANSFER

COLL=SZONS OF HIGHLY STRエPPED =ONS W=℡H ATOMIC HYDROGEN

several authorsl have proposed scaling laws which

are quite useful for theoretical estimates of the cross

sections for 七he 七土七1e process.土e,

Ⅹq+ +H(1s) → Ⅹ(q-i)+ +H+. (1)

The concensus is that the absolute value of the total cross

sections for process (i) is roughly proportional to the

ionic charge number q. Ryufuku and Watanabe2 have proposed

for process (i) a universal curve in the plot of the scaled

cr.ss secti.n 旨( -
o/ql･07 ) against the scaled energy

a( =

E/qO･464). The universal curve has been empirically

determined from the calculation for fully stripped ions

based on the unitarized distorted wave approximation (UDWA).

The energy scaling can be physically interpreted as the

change of the effective charge which an active electron

fQ_els at the instant of the transition.

Prepared by M. Matsuzawa, H. Ryufuku and T. Watanabe
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F.ron a practical point of view, this scaling scheme

is quite convenient because one has only to draw a single

へ/ ～

curve in the plot of
0
against E. Therefore we have

chosen to adopt this scheme f'oL. the reglOn Of the ionic
●

charge number, 10毛q毛50, where experimental data are

SparSe｡

For the high and intermediate energy regions, the
●

●

universal.curve given in ref. 2 describes
-the
energy

dependence of the experimental data col:rectly though it

overestimates the absolute magnitude of the cross sections

by a factor of two.I or three for the high energy reg10nt
I

ie, E i 20 keV/amu. Thus in this region, we have adjusted

the absolute value of the universal curve to the existing

experimental data3-6 (including partially stripped ions

and H2 aS a target)･

For E毛I keV/amu, UDWA does hot seem to be so

reliable as that for higher energy region judging from
●

the splr土七of 七be approxima七土on. At present.七bere
●

is no experimental data to be compared with the theoretical

estimates for this energy region for q a 10. Therefore

we have tested the consistency of other existing theoretical

可′

approaches designed to describe collsion process (i) for

●

the low energy region, ie, the perturbed stationary state

(pss) method7 for q
= 26, the tunneling effect (TE) models8,9

へJ ～

and the absorbing sphere (AS) mode110, with the
0-E scaling

scheme by replotting these theoretical estimates in the

～ ～

plot of
Cf
against E･ The results obtained are shown in Fig･1･
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The TE cross sections8,9 fall into the nal･rOW Strip

(see the hatched regions in Fig･ 1) for 10･≦ qi 50,

which shows their consistency with the resent scaling
r

=て=i

scheme. The AS cross-sections lie in the vider･ strip in

the plot of苫against態for
the same range of q. At

present, there is no definite reason to choose one

tbeore七土cal approach because no experimentalノdata are

available to be compared with them. Therefore, we have

draTJm a Single curve, as is shown in Fig.i, to ensure that

the above mentioned tbeoret土cal es七1ma七es for 10 ≦ q ≦ 50

agree with it within a factor of two for E i 10 Rev/amu.

The resulting universal curve is analytically fitted to

●

the following formulas for the energy regions specified:

a)

b)

c)

l= 1og10%= 4

～

1og100 =

-15･0706
- 0･02･24531∈l

-o｡o144073∈….
へノ

∈1 = 1og10E - i,

/ヽ

4三1og10E≦ 5･

へノ

1og10G =

-15･2676
- 0･474885∈2

-1･04186∈…-0･301838∈….
∈2 = log10～E-4′

へノ

5 < logioE_i 6

-8-
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～

1og100 =

-17･0862
-

4･39144∈3

-o･221343∈…
and ･∈3

± 1oglOE～-5,

( 3 in cm2, E'b in
eV/amu)

(2c)

We recommend the 色Ⅹpression (2) as the reasonable

estimate of 七be cross section compa七土ble w土七hin a factor

of two with almost all existing theoretical and experimental

data avialble at present for lO毛q毛50･

For
q毛10, there is a strong oscillatory dependence

of the total charge transfer cross sections on the

effective charge due to the diabatic potential curves in

ll
the low energy region below 10 keV/amu . As to more

detailed informa七土on on each q,the reader may refer 七o

the orlglnal referehces such as the PSS calculation for
● ●

t

one electron systems given in Table =.
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TABLE =

The typical PSS or close-coupling calculations
●

P

of the charge trams.feL- CrOSS Section for process (i)
l

for q≦10 at present.

Multicharged ion
∫

References

He++

Be4+

B5+

c6+

o8+

12.13

14

14

15.16

14,17

12



Figure caption

Fig. 1 Scaled charge transfer cross sections

o
=

o/ql･07 plotted against scaled energy

～

% - a/qo･1464.

The recommended curve shows the one fitted within

a factor of two to experimental data at high

.●

energ･1eS and to theoretical results at low

energies.･ the sxperimental data

+ o8'.H(Ref. 3) e Fe9'～13'. H(Ref. 4)

▽ Fe9'～15+ ･ H(Ref･ 3) O Fe9'～22'･ i･H2(Ref･5)
△ Fe20'～25'･ iH2(Ref･6)

and the theore七土cal results

C (Ref. 8, TE)

GJ (Ref. 9. ℡E)

OS (Ref. 10,且S)

R吋(Ref. 2′ ロDWA)

SO (Ref. 7. 戸SS)

= F]E3-
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=Z. LIST OF PROCESSES SHOWN =N GRAPHS

Charge Transfer

Fig. No. Processes

1.

2.

3.

4.

5.

6.

7.

8.

9.

iO.

ll.

12.

H++H )

冗++Ⅱ ･→

D++D ー

冗++H ー

D++H ー

班++H ー

D++E -ー

4He2+
+ H

3He2+
+ H

3He2+
+ H

4飴2+
+刀

4He+
+班

7Li+
+H

7Li2+
+ A

7Li3+
+ H

llB+
+班

11B2+
+H

B2+

11B3+

B3+

B4+

B5+

11B5+

+ H

+ H

+ H

+ H

+ H

+ 打

H

冗+E+

D+D+

旦(2s) + tI+

旦(2s) +=+

旦(2p) + H+

旦(2p) + H+

ー He+

ー He+

ー He+(2s)

ー He+(2s)

-ニ〉 fle

) Li

ー Li+

- Li2+

- I
〉 B

ー B+

ー B+

ー B2+

--ー B2+

-ー B3+

ー B4+

→ B4+

References

2.34,36.37

★

29′30′38.42

*

38

23;45.42,43.47

23

33′43,45

45

4′28

2.6′11,12

ll

4

6

10

10

10

26

26′54

16′25

26

16′54

16′26′54

16

26



References

9,13′26

13,26.18.54

13′16′26.54

13′16′26,54

26

26

★

1
,7.9.13

7.13,54

7.13.16′54

7.13.16′54

7.13.54

26

★ ★

1
′2 ′13

13,54

13,17′54

13′17,54

13,16,17.54

16,17

17

17

16

Processes

→ cO

→ c+

-→ c2+

I-→ c3+

→ c4+

--→ c5+

→ NO

→ N+

→ N2+

ー N3+

→ N4+

→ N6+

ー 00

→ o+

-･･--I-→ o2+

-→ o3+

ー 04+

---→ o5+

ー 06+

ー 07+

■■

c+ +H

c2++H

c3++H

c4++H

c5++H

c6++H

N+ +H

N2++H

N3++H

N4++H

N5++H

N7++H

o+ +冗

o2++H

o3++H

4++H

5++H

16++H

0

0

0

o7++I

o8++H

Fig. No.

25.

26.

28.

29.

30.

31.

33.

34.



Fig. No･

35.

36.

37.

38.

39.

40

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57●.

58.

Processes

Mg2++= -- Mg+

si2++H -′ S土+

si3++H -- Si2+

s土4++H ー Si3+

s土5++H -ー
S14+

sid+ +H

s土7++H

sis++H

s土9+ +冗

Ar2+ + H

Ar3+ +H

Ar4+ + H

Ar5+ + H

Ar6+ +H

År7+ + 冗

Are+ +班

ar9+ + H

Ti2+

-ーー Si5+

→ si6+

-ー Si7+

-ー S土8+

ー År+

→ A.r2+

_→ Ar3+

__→ Ar4+

) Ar5+

ー Ar6+

-ー
Ar7+

_ー Ar8+

+H → Ti+

Fe4+ + H ー Fe3+

Fe5+ +冗

Fe6+ +H

Feヮ+ +H

Fe8+ +H

Fe9+ +H

) Fe

→ Fe

) Fe

→ Fe

4+

5+

6+

7+

→ Fe
8+
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Re ferences

25

14

14

14.17

14.17

14′17

14,17

17

17

50

●50

50

50

50

50

50

50

9.25

5′17

5.17.50

5,17,50

5.17

5′17

5.17



Fig. No.

59.

60.

61.F

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Processes

Fe10++ H →

Fell++ H -→

Fe12++ H -

Fe13++ H -

Fe14++ H --

Fe15++ H ---

zn2+ + H _

Kr2+

Mo4+

Mos+

Mo6+

Mo7+

Mo8+

Mo9+

Mo10+

Moll+

Mo12+

Mo13+

Mo14+

Mo15+

Mo16+

Mo17+

Mo18+

2+
Cd

+ H

+ H

+ H

+ H

+ H

+ H

+ H

+ H

+ H

+ H

+ H

+ H

+ H

+ H

+ H

+ H

+ H

Ⅹe2+ + H

xe3+ + fI

xe4+ + H

-
>

:===E

I ･･-･･〉

≡≡≡≡ヨ

==≡E

~~~
>

I-･
}

→

--- ---->

--I---･･I･･･}

-I- ･--チ

-I -I---}

I-----I-I--?

-----ニーラ

)

===≡コ

巴≡≡≡ヨ

ーーーーーラ

⊆⊆⊇岩コ

====岩

Fe9+

FelO+

Fell+

Fe12+

Fe13+

Fe14+

zn+

Rr+

Mo3+

Mod+

Mos+

Mo6+

Mo7+

Mo8+

Mo9+

Ho10+

Moll+

Mo12+

Mo13+

Mo14+

Mo15+

Mo16+

Mo17+

cd+

Ⅹe+

Ⅹe2+

Ⅹe3+

18

References

5′17

5′17

5.17

5,17

17

17

25

25

17

17

17

17

17-

17

17

17

17

17

17

17

17

17

17

25

50

50

50



Fig. No.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
ヽ

■

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

10つ.

110.

111.

112.

Ⅹe5+ +

Ⅹe6+ +

Ⅹe7+ +

Ⅹe8+ +

Ⅹe9+ +

ⅩelO+ +

Ⅹell+ +

Ⅹe12+ +

Ba+ +

Ta3+ +

Ta4+ +

Ta5+ +

℡a6+ +

Ta7+ +

Ta8+ +

℡a9+ +

℡alO+ +

Tall+ +

℡a12+ +

Ta13+ +

℡a14+ +

Ta15+ +

℡a16+ +

℡a17+ +

℡a18+ +

Ta19+ +

w4+ +

Processes

H ー Ⅹe4+

H -→ Ⅹe5+

H --ナ Ⅹe6+

H -ナ Ⅹe7+

H -ナ Ⅹe8+

H → Ⅹe9+

fI → Xe10+

H → Ⅹell+

H ー Ba+

H -→ Ta2+

H → Ta3+

H → ℡a4+

H -----.+ Ta5+

H → Ta6+

H → ℡a7+

H -→ ℡a8+

打 → Ta9+

H → Ta10+

H → ℡all+

H → Ta12+

H ) Ta13+

H → ℡a14+

H -ー ℡a15+

H → ℡a16+

H ー Ta17･･.･

H → Ta18+

H --→ W3+
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Fig. No.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

ユ26.

127.

128.

129.

130.

131.

132.

133.

134.

135.

w5+ +

w6+ +

v7+ +

w8+ +

w9+ +

vlO+ +

wll+ +

w12+ +

w13+ +

w14+ +

w15+ +

加5+ +

Au6+ +

Au7+ +

加8+ +

Au9+ +

出lo++

加11++

Au12++

Au13++

加14++

Au15++

Au16++

Processes

H ー W4+

H → W5+

H -ナ W6+

H → W7+

H ー W8+

H → W9+

H → WIO+

H → Wll+

H ー V12+

H ー W13+

H → W14+

H -→ Au4+

fI + Au5+

H → 加6+

H → Au7+

H -ナ Au8+

H ～ Au9+

H → Au10+

H → 加11+

H -ー 加12+

H
-→ Au13+

H → Au14+

H → Au15+
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Related Processes (Appendix)
l

Fig. No. Processes

Al.

AIO.

All.

A12.

A13.

A14.

A15.

A16.

A17.

Al専.

A19.

A20.

Il+

D+

H+

冗+

H+

H+

H+

+ H

+

+

+

+

+

+

H +

H

H

H

H

H

H

H

H + H

H(1s)+

H

H

二二=

H

H

4He+

4He+

3He+

4He

4He-

-→

-----チ

I
---

〉

→

------･〉

---I-I-･･-?

≡≡≡≡≡ヨ

====:=】

･･- ･･-ラ

H+ +

D+ +

H+ +

H+ +

H+ +

H+ +

H+ +

H+

旦(2s)

Hく2p)

H(2p)

H(2s)

H(n=2)

H(n=3)

冗(n==4)
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エⅤ. GRAPHS

- CROSS SEC℡工0ⅣS FOR H + Ⅹq+ → H+ + Ⅹ(q-1)+
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