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Charge Changlng Cross Sections for Heavy-par七土cle Co11土s土ons
●

in the Energy Range from 0.i eV to 10 MeV

==I. Incidence of F, Ne, Na and their ions

Kazuhiko OKUNO

Department of Physics, Tokyo Metropolitan university,

Setagayaku, Tokyo 158, Japan

工r.troduct土on

℡his paper presents a compilation of the experimental works

on charge changing Cross Sections for neutral atoms, negative-

and positive-atomic ions of atomic numbers 3 = 9
-

ll in collisions

with atoms and simple molecules. A systematic survey of the

leterature has been made through October 1977. Some recent data

are also included. The result is surrunarized in graphical forms

wi七b reference lists attached.
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Note on Reference List and

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

cross sections of atoms and ions 土n gases. Generally′ tbey deal

r
●

w土七h七he electron loss cross sections of proコeC七iles and七he

iっnization 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 proコeCtiles in a.di°e energ.y range down to 01.i

ev. =n the low-energy region, the electron capture prdcess 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 Tawa.ra7), so that they are not included here.

some review papersl･6) ha+e already discussed fully about the

=

charge changing Process, experimental methods and accuracy of

the data. Here only the explanation of the synbls used in this

paper is 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++a+Aj++Bk++ (i+k-i) e
, (i)

irrespective of the excitation of the colliding particles. flere,

● ● ●

i,コ and k are th'e initial
▲and

final charge 岳tates of the proコeCtile

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

(j+k-i) electrons are released after the co1'1ision.1 0f coursLe,

●

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

particles and j+k-i > 0. ℡he elementary cross section of the
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process (i) is represented-by oij･Ok (or oijO(P) for a diatomic

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

elementary cross sections･ oij ≡皇oijOk′
means the charge

■

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

j: Gij (i > j) is the electron capture cross section and uij

(i < j) is th占 electron loss cross section. when j =
i, the cross

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

target particle and is denoted by oil ≡

…
oiiOk･ In the

condenser method using parallel plates. the cross sections of

slow ion and electron productions are obtained. They are denoted

byロi+ ≡]?kk oijOk and oi ≡

]Fk(j+k-i)oijOk･

including

●

ionization of projectiles. The cross sections obtained by the

=

condenser method oエーprOコeC七土1e-beam aモモenua七土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 at七enua七ion unless suff土clen七

information about the charge changing mechanism is available.
●

エn this paper, experimental data are divlded土nto three groupesミ

(A) Electron capture cross sections of projectile. (B) Electron

loss cross sections 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

■

o王 the proコeCt土1e and so on, rather than cross sections themselves.

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

are separated into two energy ranges.･ from 0.i eV to i.0 Rev

and 1.0 key to 10 MeV. The energy scale is glVen 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宕er of七he土r reference library i1967-1975) and also should

like to thank A. TPakayanagi (Institute of Space and Aeronautical

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

available.
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charge Changing Cros's sections of Fluorine
●

Atoms and Ions, Zニ9.

=. Lists of Reference

=I. Tables of Experimental Data

A) Electron Capture Cross Sections

B) Electron Loss Cross Sections

C) Cross Sections of =onization, Slow ions Pr'oductions

and Electron productions

Ill. Graphs of Charge Changing Cross Sections.
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=1/ - Table of Experimental Data

A) Electron Capture Cross Sections of Fluorine Atom and Pos土七土ve

=ons FO′ F+, P･2+, F4+∫ F5+, F6+∫ F7+, F8+I. F9+i.

authors

(oo i)

Foge1. et a1.

Ormrc)a , Miche1

(o10)

Ormrod.Michel

Lockwood

l

(G21)

Ormroa
,Miche1

year energy (eV)

1960 10.000-60,000

1971 20′000-75′000

1971 15′000-80.000

1974! 13,700-loo,400

1971 40,000-90,000

t ar get ごeference

HetNe,Ar.Rr′Ⅹe 3

N2
,Ar 8

N2,Ar

H2
,He,N2 1Ne,如

6

N2,Ar

(o43)

Ferguson e七 al. 1973 7.980.000-28.500.000 Ar

(o42)

Ferguson et a1. 1973 7,980,000 Ar

(cT54)-

Ferguson et a1. 1973 7,980,000-39,400,000 Ar

(ロ53)

Ferguson et al. 1973 7.980,000-25.200.000 Ar

(o65)

Ferguson et a1. 1973 7,980,000-39,400,000 Ar
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au七bors

(o64)

Ferguson 声_tpal.

(o63)

Ferguson 声_t a1.

(J76)

Ferguson et a1.

(o75)

Ferguson et al.

(o74)

Ferguson et al.

(o73)

Ferguson
_e_t

a1.

(G87)

Ferguson et'a1.

(o86)

Ferguson et a1.

(o85)

Ferguson et a1.

(cr84)

Ferguson et al.

(o98)

Ferguson et a1.

ye a工■ ener91y (eV)

1973 7.980.000-39′400,000

1973 7.980′000-25,200.000

1973 7.980,000-52.100.,000

1973 7′980.000-52.100.000

1973 7′980′000-31′900′000

1973 7,980,000-25,200,000

1973 7′980′000-52′100′000

1973 7′980′000-52′100′000

1973 7,9P'0,000-52,loo,000

1973 7,980.000-35.500′000

1973 7,980,000-52,loo,000

-8;-

targ.et

Ar

Ar

Ar

Ar

Ar

Ar

Ar

Ar

Ar

Ar

Ar
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authors

(o97)

Ferguson et a1.

(o96)

Ferguson et al.

(o95)

Ferguson et a1.

B) Electron 工一OSS

Pos土t土ve エons;

authors

(o -10)

Ormrod
, Miche1

(Col)

Forgel- et al

Ormrod
,Michel

(o34)

Ferguson et al.

(o35)

Ferguson et a1.

(cT36)

Ferguson et a1.

(o37)

Fer9uSOn et al.

year energy (-eV)

1973 7,980′000-52.100.000

1973 7′980.000-･52.100′000

1973 7,980.000-52.100′000

targe t references

Ar

Ar

Cross Sections of Fluorine Negative =on, Atom and

F
(

F
I F3+t F4+, F5+, F6+, F7+, F8+.

く〉

year energy (eV)

1971 25′000-85′000

1960
.10′000-60,000

1971 20′000-80.000

1973 9,850,000-14,200,000

1973 9′850′000-14′200′000

1973 9,850,000-14.200′000

1973 9,85O,000-14,2000,000

二｣

-｢9
-

t arge t references

N2,Ar

He′Ne,Ar
,Kr′Ⅹe

3

N2,Ar

Ar

Ar

Ar

Ar



authors year energy (eV)

(o45)
r

Ferguson et a1. 1973 7,980,000-30,200,000

(o46)

Ferguson et al. 1973 7′980.000-30′200.000

(o47)

Ferguson et a1. 1973 7,980,000-30,200,000

(cr48)

Ferguson et al･ 1973 7r9801000-19r300rOOO

(u5･6)

Ferguson et a1. 1973 7,980,000-39,400,000

(o57)

Ferguson et a1. 1973 7,980,000-39,400,000

(o58)

Ferguson et al. 1973 9,850,000-39,400,000

(o59)

Ferguson et al. 1973 19,300.000-22.200.000

(o67)

Fer9uSOn e七 al. 1973 7.980′000-39,400′000

(o68)

Ferguson et a1. 1973 7,9I80,000･-39,400,OQO

.
- 1.0-

target

Ar

Ar

Ar

Ar

Ar

Ar

År

Ar

Ar

･Ar

癖rence s

1･

1･



atlthors ye早r energy (eV)

(o69)

Ferguson et al･ 1973 141200.000-391400.000

(o78)

Ferguson e阜 a1. 1973 7,980,000-52,loo,000

(cr79)

Ferguson et a1. 1973 7,980,000-52,loo,000

(cT89)

Ferguson et a1. 1973 14,200,000-52,loo,000

･一 こ
i I

)

1

1

r

-i!iJ-

target

År

Ar

Ar

Ar

re王erenc e s
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Charge changing Cross Sections of Neon Atoms and =ons, Z=10.

I. List岳 of Reference

==. Tables of Experimental Data

A)豆iectron capture cross sections

B) Electron もoss Cross Sec七土ons

C) Cross Sections of =onization, slow ions

Productions and Electron productions

Ill. Graphs of Charge Changing Cross Sections
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C) Cross Sections of =onization, Slow =on Production and Electron

production by Neon Atom and Positive Ions,･ Nee, Ne+, Ne2+,Ne3+,

Ne4+.

●

+ -

(oα.l･ ooOn･ oo ･ oo )

Flaks 1961 3′000-30.000

Flaks et al. 1962 3,000-30,000

Flaks et a1. 1962 3,000-30,000

Polyakova et al. 1970 100-30,000

●

+

(oil, o10n,ol , Ul -
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●
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==. Tables of Experimental Data

A) Electron Capture Cross Sections of Sodium Positive =ons,･

Na+, rNa2T. Na3+.

authors year energy (eV)

(o10)

Nikolaev et a1. 1961 806,000

0gur七sOV e七 al. 1966 1.000-30.000

Marino 1966 50-4
′000

Lockwood 1969 25,000-loo,00O

perel′ Daley 1969 500-25.000

Pivovar et a1. 1969 20,000-155,000

Daley.Perel 1969 500-24.000

LockwQOd

Pivovar e七 al.

Ormrod
,Michel

Aquilanti
,Bellu

(o1 -i)

Fogell et a1.

Kozlov, Boudar

Weiner et al.

1969 25,000-100tOOO

1970 30,000-150′000

1971 25.000-70′000

1974 50-1′500

1961 10′000-55,000

1966 2.000-6.000

1971 0.i-7.0

(o21)

Nikolaev et a1. 1961 806,000

Pivovzu,Nikolaichuk 1970 20
,000-155 ,I)00

(cT20)

Nikolaev e七 al. 1962 806.000
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N2,Ar
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H2,ArFRr.Xe

H2,ArlKr
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He′N2,Ⅹr

Ne,Ar
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21
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29
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27
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authors year energy (eV)

(o32)

Nikolaev et a1. 1961 806,000

(o31)

Nikolaev et a1. 1962 806,000
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He′N2,Kr

N2

re ference

23

24

a) Electron Loss Cross Sections of Sodium Atom and Positive =ons,I

NaO( Na+r Na2+, Na3+.

(cfol)

Dukelsky生生･ 1959

Bydin
,Bddteev

19 6 0

Dmi七riev e七 al. 1962

Kikiani et al. 1966

Pivovar, NijのIaichuk 1970

0rmrod, Miche1 1971

Ⅰ壬velpltmd, Hbrsda1 19 71

(o12)

Levient et a1. 1955

Dmitriev et a1. 1962

__Il■

Pエvmr,Nikolai血血 1970

(o13)

Levi色rit et a1. 1955

Dmi七r土ev et al. 1963

(cT14)

Le.vient et a1. 1955

420-2′060

250-2′200

806′000

3′000-30,000

20′000-155′000

30′000-70,000

60,000-i,000,000

85,000-215′000

806′000

20′000-155′000

85′000-235′000

806.000

135′000-215.000

-85-

He,･Ne,Ar,Kr,Ⅹe 10

H2,D2,N2,02 6

N2 9

芸呈
Ne

2
e

ど

,He,Nへ.Ne
13

′Ⅹr′Ⅹ

,Na,A

Å土r

,K
31

27

8

17

He,N2,Ar.Rr 9

Ne,Ar

A土r

He,N2,Er

Air

31

17



authors year energy くeV)

Dm.itriev et a1. 1963 806,000

(o15)
.

Levient et a1. 1955 235.000

(cf23)

Dm土七riev et al. 1962 806.000

(o24)I

Dmitri.ev et al. 1963 806′000

(o34)

Dm土七riev e七 al. 1962 806′000

t arget reference

N2

A土r一

He,N2,Ar

He,N2,Rr

He,N2

17

C) Cross Sections of =onization, slow =on Production and Electron

Production by Sodium Atom: NaO

●

+

(Gol,oo
,oo)

Bydin , Buhteev

x土k土ani e七 alJ

(o54)

Nikolaev ec a1.

(o53)

Nikolaev et a1.

(o65)

N土kolaev et al.

(u64)

Nikolaev et a1.

1960 150-2.200

ユ966 3fOOO-30′000

H2',D2,N2,02

H2,He,N2,Ne

Ar′Ⅹr′Ⅹe

1961 i,830′000-31370,000 He,N2,Ar,Kr

1962 i,830tOOO-3,370,000 fle,N2,Ar,Kr

1961 i,830,000-3,370tOOO EeFN2,Ar,Kr

1962 i,830,000-3,370,000 He,N2,Ar,Kr
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authors year energy (eV)

(o76)

Nikolaev et al. 1961 3,370,000

I
I
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