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Abstract

Experimental data of the ionization cross sections for atoms

and.ions ranging from H to U in electron impact are compiled
●

●

and given. in甘raphical forms, as a function of the electron

impact energy. Some theoretical data are also irT.′てIuded.

The literature is surveyed up to the end of 1984. Some
P

●

coznnents on the compiled data are also given.
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INTRODUCTION

J■■

℡he ioni2;ation processes of atoms and ions by electron

impact are.ヰimportぬt- hらt `6hly ih -a七血ic physits -b也t also -idL
..(

det誠王毒dz-ilnae由t畠hdfh-g df i ln加点er Qf prcc由･ies ini fわr
~examtle

disch由甘e;l~ -rJa血atioh phlysics ,海鼠ratory plasmai as bTel1∴a-i

astrophy岳ica重さ1畠smis∴､･=h as由tly a岳1920s,Tithe relative

ion由ati6n ptobab重出ti由fd土rare qas畠tOmS by electrons
h

were measutedl).I Then, ih 1930s, total absolute ioni=･ation

effic主色ncies ddef主点ed `aS号-!liumbers df positiveてc-barge per

electto丘モper:cm ･Path- pet rmTt H昏PreSSure at Ooc札were
･

determine･d写卜for7):are gas atOm岳血d c血oh moエecu1由. -血貞

partial ab岳olute三ion王2:d･tion色fficiehd主軸for prdduction df

Ne3+, Ar5'and Hg5+ i6ns二-were also d占termin6d.3) Since

then, a
･numberトof-■experimenta1､ and theoretical

investigations ha¢むf･bee-n made. Xieffer rand伽nn4)-i anか

Kieffer51-?:,.stimniさfi宅ed A-盛d･ te-vi,ewed the･se･ヱfe由It8r.h･

ioni2:atiouTt- crossl `sections. I-■Recently much attention has been

pa主d ･七o ~七hes･e 'i61iiz-&･tion iPrOC由ses-7･inせolving highly ioniz'ed -

ions I.i:n･high te血perature pla-gmas. :A1●so 一it has been reali2:ed

tha.-t ･'七缶台i6riiゴat_i_on proces岳es play盲r'噂r61盲eveti
in low

ヒempera't'u-re :plLasnas such as those- i丘the
･さeriphery of ･high･

～

tempera･ture {･ユ?.smas andこin ､di舶rtot ･pl由mas6).
･

℡o handle･:
-I.

the土■drii;2:aLtibrr-pfocesses more ea岳･ily. a number of the

empiL.rt-ical1} fo上mu.1as､ for call:dullating
I

the ionization cross

seqtioQS! h早d beeri--ptt'oさd's虐tdt･=n -pLdrticular; the I.fomula-

t
1

-

.ゝ
J､

d飴主観与野∈魂8tEt重苦i卓輔£deユ暫l葡岳edI:

whi-d掠iiha岳~七h貞チ:fdlilowing

↑
-

A
-



forms!
T

o
I

∑aiqi-AiEZu (1 - bi eXp [ -

Ci(E/Pi
･･

1=)
土=1

E pi

l

whe.re′､q iB the total ioni夢色七ion cross Section, E the

electron imp耶t-energy, Pi the binding energy cf electron8

in the i-th地学11. qi the nuznber of electron8 in the i-th

she11′ ail bi

-and
ci are COn怠tantS如ven in his paper$7)･

The sumation ∑ is made over all Shells.出ore recently, a

revi専W ¢rl Such empirical fQrmula8 0f the iqni2Eation cross

section亭h甲been made8)･ Also a critical review of the

ioni2:ation croきB 革eCtion昏for target aton8 and ions up to

za･1O･ ha畠been mad革by Belfast 9rOuP9). A list Of the

biblio9r卑Phical. reference丘On the ioni冨ation8 0f ions by

electron impaL･t uP七o 1983 can be foundlO).

工n this Report, exper:inental ioni芸at阜on croさS SeCtion卓 for

●

atoms anal ion革ran91n9 i.ron q to U in el申meZ!tal forms

■

published up to the end oil 1984 are COmPiled and given in

tvo g.raphica,i foms
ヽ11ich are hoped to be. convenient for

di宰feとer1ちusers
-Ci=七he白雪reSⅦ1ts.

工n thes<!, graphs are
131等0

Sh,QWn the curves 9alculated by the Lotz formula (1!凱頂堺ed

over t車r早e Ou_teZ7QO卓t卓也Bhe11s. (for targets with七he. atomic

nuntb苧r Z i 30)尋中旬sel色Ct申卓t]heo苫e七主cal軸ta s主nceエ9?0.

Theoretical results ar.alytically fitted to the calculated

values azld those

,calctilate卓by七he串申Ple
p主急ne?W尋Ve Bor･n

approxim串七i,on az:色1iOt inc!1u4Ted. 加鴫年 fqギmOl卓Ctlle写 a{>e王10t

included e串eePt for th愈COmmO･n mOlecul卵SuCh as I(2, D2, N2
■■

and O2･ The pumerica1..table8L Of七hese cross sections･ which､
J
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are stored as one of the databases (A托DエS.･ Atomic and

比olecular D8.ta Interactive System) at our =nstitute. are

available upon request.

Remarks on compiled data

1. 1the cross sections are given per COllision. That is,

those for molecular targets are per molecule.

2. The cross sections indicated as sum (An++(n+i)e)
■O

are defined as ∑nロn Where gn is the partial ibniヱation

cross section for production of An+
･

10nS and are

measured in a condenser plate method.

3. 工t should be kept in mind that highly ioni2:ed ions

produced in ion source8 uSua11y contain a significant
=

fraction of ions in the metastable states Which have the

ionization croB8 SeCtions different from those in th.e

ground state. Some discussion on this problem is

givenll).

● ●

4. 恥en the orlglnal data are glVen for unkncwn low and

high fractions of the metastable ions in the beams,

those for low fractions are shown in figures.

5. Experimental data for neutral single atoms such as C, N,

O and S甘hich are hot commonly ava:'.1able can be obtained

through the developed crossedL-beam technique12)

r色Cently.

b｡ Some data obtained in trapped ion beam technique should

be borne in mind to be model-dependent13).

-3-



十 ■

7. Most of the theoretical calculations give Only the

f

dizTeCt ioni2:ation cross sections. ℡he discrepancy

between theories and experiments may well be due to the

exclusion of the excitation-autoioni2:ation for

theore七ical data.

8. We have tried to include the available recent

theoretical calculations on the

excitation-autoioni宅ation cl･OSS Sections (e.g. ∫ Ca+,

Ti3+, Fe15+, etc.).

Remarks on the future investigations

=t is found through the present compilation that most of the

total ionization cross sections for gases seem to bet in

agreement with each other. However, some problems, which

should bet solved, arise dS fつIlovs:

1. Some cross s-ection5 for production of highly ioni2:ed

ions from neutral gaseous targets are sometimes in

slgnificant: disagreement with each other. This is
●

partly due to the incomplete extraction and collection

of these ions and partly due to therdetection

efficiencies for these ions. ℡he measurement c･f most of

the cro岳s sections, in particular for ions with n-L≧ 3,

should be repeated.

2･ Similar disagreemen七is also seen even in those for low

charge ions ffo血non-gase如s t畠rget岳･ This is血o岳tly

due to the lack of押6per鵬thods for dete士mlning
■

-
● ■

√

precise target densities.

-4--
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A method should;一らe develbped far acc血ate･ det占rmination

d.f th色densiti色s of such targets.

3. The experimental data for highl.y icni冨ed ions,

partic_ularly for Fe ions, are urgently required in the

investigations of high temperature plasmas.

4. The contribution of the excitation-autoionization to

total ioni2;ation is quite large for some ions such as

Na･･1ike and Hg-like ions. The theoretical studies to

find some scaling of this contribution would be useful.
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L王ST OF PROC･ESA-SES OF CO加PエLED DATA

Process

+Ⅳ+

+ N2+

+ N.3+

N2+e

+ 2e

++2e

十+2e

++2e

++2e

++2e

++2e

･ナ Su

すⅣ+

+N2

+N3

+N4

+Ⅳ5

+Ⅳ6

+N7

N + e

N++e

N2++e

N3++e

N4++e

Ⅳ5++e

N6++e

02+e +Sum

･･ :::/･2
+oT

■･ Sum

+o++2e

+o2++3e

ヰ02++2e

+o3++2e

ヰoヰ++2e

+o5++2e

+o6++2e

+o7++2e

+o糾+2e

+F3++2e

+･.F6+
+ 2e

e

7

0 + e

o+十e

o2++e

o3++e

o4++e

o5++e

o6++ら

o7++e

F2++e

F5++e

Ne + e 十 Sum

->Ne++21

+ Ne2+ +

Figure

Number

31.

32.

33.

34.

35.

36'.

37.

38.

39.

40.

41.

42.

43.

44.

45.

e

e

Sum

≡喜+
+

fl++2

H++2

+ 2e

++3e

+ 2e

++2e

+ 2e

3e

2e

e 46.

e 47.

e 48.

49.

50.

51.

52.

53｡

54.

55.

56.

57.

5e.

59.

3

2

2

+

+

+

+

+

+ 2e

+ 2e

+ 2e

Figltlre Proces s

Number

Zi2+e +

う･

う･

zi + ･e
+

H(2S) + e
十

D2+ e
⇒･

Sum

Sum

He+

f!e2

He+

Ee2

孤

+

2+

2+

3+

3+

2+

十

･ト

+

+ 2e

++2e

++2e

++2e

++2色

++2e

e

3e 60.■

Su

Li

Li

Li

Li

Li

Be

z!2

B3

B4

c+

c2

c3

c4

c5

c6

Ee + e
+

･ナ

ウ･

He(2S) + e+

He++e ヰ

+ e
十

⇒･

⇒･

Li++e
+

⇒･

Li2++e +

Be++e +

a++e +

B2++e
+

B3++e +

C + e
⇒■

c++e
+

c2++e
+

c3++e
+

c如+e
十

e5++e +

+
sum

⊥

+
･

:22;･'.2

N2+e

1.

･2.

3.

14.

5.

6.

7.

8.

9.

10.

ll.

12.

13.

14.

15.

16.

17･.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.



Figure
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62.

63/
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65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84｡

85.

86.

87.

88.

89.

90.

Ⅳe + e

process

Ne+I + a

Ⅳe2+ + e

17e3+ + e

Ned++ e

Ne5+ + a

Ne5+ +e

Ne7+ +e

N.e8+ + e

Ne9++ e

Na I+ e

Na十+e

Na2+I+ e

Nag+ + e

Mq + e

狗+十e

叫2++e
コ =

Hg汁+e

A且'+ e

↓

A▲且 + e

A且2++e

Aえ3ナ+ e

A且4++e

l :

■
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+由e3+ + 4e

+Ned+ + 5e

->Ne5+
+ 6e

+Ne2+ + 2e

+Ne3+ + 2e

->Ne4+
+ 2e

⇒･

⇒･

Ne5+ + 2e

Ne61+ + 2e

す.Ⅳe7+ + 2e

十

■･

Nee+ + 2e

Ne9+ + 2e

+Ne10+ + 2e

+ sum

千Na+ + 2e

+Na2+ + 3e

+Na2+十2e.

+Na3+ + 2e

+NalO+ + 2e

+
sum

+Mg+ + 2e

+朗g2+ + 3e,

ヰ拭g2+ + 3e

+Hg3+ + 2e

すHglO+ + 2e

+
sum

･+A且++ 2e:

+A且2+ + 2e

+A丸3ナ.+ 2e

すA㌔十,+
2e

十AL･5+.+ 2e

F iguJ'e

Ⅳumber

91.

92.

93.

9j8..

き5.

96｡

97.

98.

99｡

100.

10エ.7
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104.
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106.

107.

108.
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110.

111､｡

112.

113.

114.

115.

116.
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117.

】･1争.
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･+-,e

+A且6+ +･2色

A.q6J･+ e 十A且7++ 2e
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+ 2e
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si3+ + e +sid++ 2>e･

i;n4++e +p5++2e

s+e →･s++2e

すS2+十3e

十S･3+ + 4e

ナS4++5e

c.c2+ + e うC且3+E+ 2e

Ar

Ar+十e

A;r2+ +

Ar3+ + e
.

l

+
sum

十År+ + 2e▲

+Ar2+ + 3.e

+Ar3+ + 4e

十Ar4+ + 5e

+ArL5+.+ 6e

+Ar6* + 7e

･+Ar-7+
+ 8e

+Ar2+ + 2e

+加3++ 3e

+Ar4+ + 4e

すAr5･+ + 5e,

+At3+ + 2e

.+
Ar-,41i+ + 3e主

I.+ Ar5J+ + 4e

+Ar4+ + 2e.;
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