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Abstract

A bibliogr.aphi(; compilation is given on the experimental and theoretical

investigations on the charge transfer and ionization processes in ion-ion

collisions.



PREFACE ●

The collision process between ions, which号s one of the basic fields

in atomic physics, astrophysics and plasma physics, is now realized to play
●

a key ro一e in realization of the inertial confinement fusion (ICF) reactors

as well as of the magnetic confinement reactors. Theoretical treatments of

the ion-ion collision processes are similar, in many aspects, to those in

ion-atom colll'sion processes and a number of calculations of the re一evant

cross sections have been made. On the other hand, measurements of the

cross sections need the sophisticated techniques and experimental data are

still scarce up to now.

This is our first bibliographical compilation of experimental and

theoretical investigations on the charge transfer and ionization processes

in ion-ion collisions. In Section I is glVen a list of the review

articles. In Section II are listed experimental works, meanwhile

theoretica一 works are compi一ed in Section III. Tab一e ∫ and Tab一e II show

the ion-ion combination.

This bibliographical compilation covers works published up to March,

1983. No preliminary works reported in short abstracts of conference

proceedings are included.
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I. REVIEW ARTⅠCLES

･RI
R.H. Neynaber
Advance in Atomic and Molecular Ph (Academic Press, 1960)

l達

●

Experiments with merglng beams

R2 M.F.A. Harrison

nethods o_f EmxfSr_imental Physics (Academic Press 1968).虫'p･ 95-115
Electron impact ion1盲a-tT6nln{excitation of positive Tons.

R3 K.T. Dolder
Case Studies in Atomic Collis1'on Ph

Publishing Co., 1969
i, p.249-334 (North-Ho'Jland

Experiments with colliding cha.r'･ged-partic一e beams.

R4 J.T.

ase Studies in Atomic Ph

P.
Ion

Moseley, R.E. 01son, and J.R. Peterson
■ ● ● ■ ■ ●

-■ ′ ■■

(North-Holland Publishing Co., u75)

n mutual neutralization.

R5 K.T. Dolder and 伝. Peart

Reports on Progress in Physics里, p. 693-749 (1976)
Collisions between electrons and ions.

R6 K.T. Dolder

Electronic and Atomic Collisions

Publishing Co., 1980
(Proc. XトICPEAC, North一日olland

Collisions between charged particles

R7 K.T｡ Dolder

Atomic and Molecular Processes in Controlled Thermonuclear Fusion

て言古by M.R.C.･ McDowell and A.M. Ferendeci, Plenum Press, 1980

Some experimenta一 aspects of ine一astic e一ectron-atom col一isions and

col1 1'sions between charged par'ticles.

R8 H.B. Gilbody

sics of Electronic and Atomic Collisions
Co., 1982

(North一日ollandPub一ishing

Co11isions between positive ions

R9 K.T. Dolder
Comments on Atomic and Molecular Physics li, 211 (1982).
Ion-ion collisions

RIO F. 8rouillard (ed.)
sics of 二on-‥on and Electron-‥on Co一lisions

-2-

(plenum Press, 1983)



ⅠⅠ. EXPERIMENTAL WORKS

67EI T. Sinda, C. Manus, and J. Guidi

Comptes Rendus 264, 755 (1967)
Etude des inte信託ions inelas七iques entre deux faisceaux d'ions.

H2+=2+ + H+, H20+HO

E=50 - 250 keV

69EI R.D. Rundel, K.L. Aitken, and M.F.A. Harrison
J. Phys. BZ, 954 (1969)
A measurement of the cross

collisions.

H++H-十 H+H

section for charge exchange in H+
- H-

E=0.25 - 10 keV(rel.)

70EI T.D. Gaily and M.F.A. Harrison
J. Phys. B旦, L25 (1970)
A remeasurement of the cross section for charge exchange in H+

-

H~ collisions.

H++H-すH+H

E=0.6 - 4.0 keV (rel.)

70E2 T.D. Gaily and M.F.A. Harrison

J. Phys. B旦, 1098(1970)
A measurement of the charge exchange cross section in He+

- H-

collisions.

He++H一寸He+H

E=0.2 - 8.0 keV (reり

70E3 R.E. OIson, J.R. Peterson, and J. Moseley

亨ムn惣re?ch言孟占息i喜喜9壬.皇三冒72ま.sssecti.ns_at.mic species.
●

o++o- +o+o:He++D-+ He+D

H++H-すH+H;

N++0-+ N+0: fie++H-+ He+H

E=0.1 - 10,000 eV (rel.)

70E4 J. Moseley, M. Aberth, and J.氏. Peterson

H?P≡
･H 堅ev･Letters里,

435 (1970)
mutual neutralization cross section obtained with

●

superlmPOSed beams

-3-



H++H-+H+H

E= 0.15 - 300eV (rel.)

70E5 は.H. fAberth and J.R. Peterson

Phys: Rev･ Al, 158 (1970)
Ion-つon

mu応1 neutralization cross sections measured by a

superinposed beam technique.

･N++0-+N+0: N2++D2-
+N2+D2･･

o2++02-す02+02

E=0.1 - 98 eV (rel.)

71EI J.R. Peterson, M.H. Aberth, and J.T. Moseley
Phys. Rev. A3, 1651 (1971)
‥on_ion mu応1 neutra一ization
superlmPOSed beam technique.I

Ⅰ?r呂;辛≡e岩2tま?nso芸♀a…uNr岩…-b言n昌NO･
- NO2-.

o2++02- + 02+02:02++NO2一斗02=02

NO++NO2-+ NO+NO2

E=0.15 - 200 eV (rel.)

71E2 J. Meiner, M.8. Peatman, and R.S. Berry

cp臨eRe{r;蕊rl守2n4Nま主97_1Å-
c..,isions at -.w re-ative energy

Na+ + 0一斗Na(3d+3p;3pす3s;4p+3s)

Eニ0.1 - 7 eV (rel.)

76EI B. Peart, R. Grey, and K T. Dolder

J. Phys･ 8旦, L369 (1976)
Measurements of cross sections for the mu.tual neutralization of H+

and H- ions.
I

H++H-+H+H

E=20
-3000eV(rel.)

76E2 B. Peart, R. Grey, and K.T. Dolder

J.Phys. a i, L373(1976)
Measurements of cross sections for the mutual neutralization of He+

and H- ions.

He++H-+He+H

●Eこ35
-4550eV(rel.)



76E3 B. Peart, R. Grey, and K.J. Dolder

J.Phys. 良.旦,3047 (1976)
Measurements of cross sections for electron detachment from H- ions

●

by proton lmPaCt.

H++H-すH++H+e

E=1.49-35.2 keV (rel.)

77EI J.B.A. Mitchell, K.F. Dunn, G.C. Angel, R. Browning, and H.B. Gilbody
J.Phys. B迎, 1897 (1977)
Ionization and charge transfer in fas七日+ - He+ co=sions using

●

an interesting beam technique.

H''He'+ H'He2'(c.incidence); H'. H;2'.e

E=72
-402 k号V (c･m･)

t
A

77E2 B. Peart, R. Grey, and K.T. Dolder

J.Phys. B迎, 2675 (1977)
Measurements of cross ≦ec

collisions between protons and He

H++He+十日e2+

E = 2.98 - 28.5 keV'(rel.)

…i::昌Hf:r.the
formation of He2'ions by

77E3 B. Peart, D.M. Gee, and K.T. Dolder

J.Phys. B旦旦, 2683 (1977)
Measurements of cross sections

;:s完羊.the
formation of "g2'ions by

collisions between protons

H++Mg+ + =92+

E=0.98
-44.5 key (rel.)

78EI G.C. Angel, k.F. Dunn, E.C. Sewell, and H.B. Gilbody

J.Phys. 8ii, L49 (1978)
Ionization and charge transfer in fast H+ - He+ collisions
further measurements o'f improved accuracy.

H++He+ + He2+

E≡40-386 keV (c.m.)

78E2 G.C. Angel, E.C. Sewell, K.F. Dunn, and H.8. Gilbody

J･Phys･声Ii, L297 (1978)
charge transfer aild ionization in fast H+一日e+ collision:

▲

further measurements using COincidence technique.

H++He+ + H+He2+;H++He2++e

-5-
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E=60 - 182keV (c.∩.)

78E3 A. Jognaux, F. Brouillard, and S. Szucs

J.Phys. B旦, L669 (1978)

cゥargeexchange on -ow energy He'- He2'collisions･

3日e2,+
+
4日e+
+3He+

+
4He2+

E= 10 - 1700eV (rel.)
●

78E4 G. Poulaert, F. Brouillard, and M. Claeys

JH;阜hyf喜;m≡品与喜7‡.£1e?7n≡まgyH･ - H- c."isi.ns.

H++H- + H2++e

E ≡0.001 -~3eV (rel.)

79El 良. Peart and R.A. Forrest

J.Phys. a ia, L23 (1979)

竺…号音¥;写冨≡;t岩eoi三ee?nro昌阜三言3t
ions for double charge transfer in

H~ ions.

H++H- + H-+H+

E=44-570eV (rel.)

79E2

JK:E品,冒Yn呂,追;c〔6き3g;i;,昌ヲd
H･B･ Gi-body

き;･e竺P…srlm…:吉子Iis言吉un望r
of charge transfer and ionization in

●

cs++cs+ 十 Cs2+
コ

E =40 -280
keV (c.m.)

79E3 F. Brouillard, W. Claeys, G. Poulaert, G. Rahmat, and
G. Van Massenhove

JD;uPE首…･c琵a吉喜昌!2r≡喜s阜三9/言ぇH･_ H- i.,=sions.

H++H- す H一十日+

E=30
-200eV (c.m.)

79E4 B. Peart, and K.丁. Dolder
J.Phys. B埋, 4155 (1979)
Measluremenif of cross sections for charge exchange between

4He+
and
3He2+

ions.

3日e2++4日e+
+

3日e++4日e2+

-6-



E=0.1-20keV(rel.)

80EI E.C. Sewell, S.C. Angel, K.F. Dunn, and H.a. Gilbody

J.Phys. B里, 2269 (1980)
Ionization and charge transfer in fast H+ - Li+ collisions.

H++Li+ + Li2+;H+Liz+.･deduceH++Liz++e

E=62
-350keV (c.∩.)

80E2 G.C. Ange一, K.F. Dunn, P.A. Neil, and H.B. Gilbody

J.Phys. B ii, L391 (1980)
charge transfer and ionization in Xe+ - Xe+ collisions.

xe++xe+ + xe2+
一

E=38-303 key (c.∩.)

81EI B. Peart, R.A. Forrest, and K. Dolder

J.Phys. B i1, L383 (1981)
Measurements of cross sections
●

Tons.

cs++cs+ す Cs+Cs2+

E=28-68 key (c.∩.)

81E2 B. Peart, R.A. Fo ド

J.Phys. a 14, L603

re

(
el

st, and K.

1981)

for charge transfer between Cs+

Dolder

詔;隻;uKr♀m;:吉sRb?f.ine-astic
coll isions between homonuclear ions‥

Na++ Na+ 十 Na2+

K++K+ + K2+

Rb++Rb+ す Rb2+

E= 19.3b-87.6 keV (c.m.)

81E3 B. Peart, R.A. Forrest, and K. Dolder
J.Phys. B坐, 1655 (1981)
Measurements of inelastic collisions

cs++cs+ 十 Cs2+

E=19-79keV(c.m.)

81E4 B. Peart, R.A. Forrest, and K. Dolder

-7-
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J.Phys･ a iA, 3457 (1981)

望…号音¥sr言:≡;tee;:e…nroテEi享e亨.f三;Ts
for the formation of

7Li2+
by

7Li++ 7Li+
+
7Li2+

E= 19.3
-87.6

key (c.m.)

82EI 氏.A. Forrest, ら. Peart, and K. Dolder

J.Phys. B.堕, L45 (1982)
Measurements of ine一astic collis了ons between T了+

･

10nS.

Tl++Tl+ + T12+

七 E=33-92keV(c.m.)

82E2 P.A. Neil, G.C. Angel, K.F. Dunn, and H.B. Gilbody

Jc;謂号;i.宍s%t£喜三n9去…?8号まns_ a further experimenta. stud,.
●

cs++cs+ + cs2+

E-42-271 keV (c.m.)

83EI B. Peart, K. Rinn and K. ロolder

J.Phys. B並, 1461 (1983)

冒…at孟ごeT完m呂nr:;.呂言;nhsr4Se‡怒?㍗
and
4日e2+

production in co--isions

H++He+ + H+He2+:He2+

E=14-67keV (com.)
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III. THEORETICAL WORKS

(see the exp一anation of the abbreviations for th声mOdels given in the 一ast

part of this section)

55TI D.R. Bates and J.T. Lewis

Proc. Phys. Soc. A壁, 173 (1955)
Inelastic heavy particle collisions involving potential energy

p curves III. charge transfer from negative ions of atomic hydrogen

to proton.

H+ + H-(1s2)十日(2s, 2p, 3s, 3p,3dいH(1s)

E=10-1-104ev

(LZ)

62TI D.R. Bates and A.H. Boyd

Proc. Phys. Soc. Z&, 710 (1962)
Effect of Coulomb repulsion between charged atomic systems on

excitation and ionization cross sections.

He2++He+十 日e2++He+ (2s; 2p ; 2p+)

(FB)

62丁2 D.R. Bates and A.H. Bo′d

Proc. Phys. Soc.壁, 1301 (1962)
Effect on syrTmetrical resonance charge transfer cross sections of

change in relative motion durlng encounter.

He2++He+ + He++He2+

E- 10;v- 104ev(rel.)

(FB)

72TI 氏.E. 01son

J･ Chem･ Phys･埜, 2979
Absorbing-sphere model
cross sections.

(1972)
for calculating ion-ion recombination total

H++H-すH+H:He++D一 十 日e+D:

H2++D-+H2+D:=a++0-+=a+0:0++0-+0+0:

N++0-+N+0:02++0-+02+0:

N2+0-+N2+0:NO++0-+ NO+0

E = 10-2 - 102 ev, rate coefficient

-9-



(ASH-LZ)

73TI R. Gayet, R.K. Janev, and A. Salin

JE.･:r2‡sr;nBd…ia≡記e£圭9f3r!mnegative i.ns b, charged partic.e
●

collisions I. proton lmPaCt.

H++H-+H+H

●

E= 1.56
-400
keV

(CB)

73T2 K. Roy and S.C. Mukherjee

cpE!sr;eRe{r;n告f…;喜喜oHil竺7岩1c.-- isi.ns.

H++H-+ H(2s, 2p , 2p+1)

E = 0.5 - 8 keV

(AE)

76TI K. Fujih'ara
J.Phys. Soc. Japan生, 1350 (1976)
Coulomb-Born calculation of charge transfer cross sections of
highly-ionized atoms.

Erratum; J. Phys. Soc. Japan些, 1053 (1978)

H''Cl'-
5';
o1'-

7';
Fe7'; Fe15'; Fe･?3'; Mo13'-, Ho

E= 1 keV - 100MeV

(CB)

76T2 V.P. Zhdanov

Sov. J.-Tech. Phys.生, 117 (1976)
Resonance charge exchange in ion-ion collisions

He2++He+ + He++He2+: Li3++い2+十 Li2++ Li3+.･

Be4+ + Be3+ + 8e3+ + 8e4+:B5++B4++ B4++B5十.
●

c6++c5++ c5++c6+: N7++N6++ N6++N7+

E=0.0ト104ev

(ⅠP)

-10-



77TI V.P. Zhdanov and M.I. Chibisov

Fiz･ Plasmy旦, 712 (1977): Sov･J･-P一asma P叫s･旦,4O6 (1977)
Charge exchange between protons and sing一y lOnized meta一 atoms.

H''A+ + H(1s)+A2+ (A:Mg,Fe,Zn,Mo,Cd,W)

E=ト104 ev

(LZ)

78TI R.E. 01son
J.Phys. B旦, L227(1978)
Ionization and charge transfer cross sections for H+, He2+ + He+.

H++He+ 十日++He2++e;H+He2+:

He2++He+ + He2++He2++e; He++He2+

E=100 - 500 keV/amu

(CTMC)

78丁2 D.S.FI Crother and N.R. Todd

J. Phys. B旦, L663(1978)

冨e;三宅::s_岩e壬oc諾三kr三三intr:nn望f…e;子nikov:
Total cross sections for

H++Be+ + H+8e2+

E=102 - 107 ev

(IP)

78T3 J.C. Moore and K.E. Banyard

J. Phys. B旦, 1613 (1978)
Continuum-distorted-wave calculatl'on for e一ectron capture from
hydrogen negatl've了ons by fast protons.

H++H~
すH(1s,2s,2p)+H(1s,2s)

E=5 - 2000 keV

(COM)

78T4 K.E. Banyard and J.C. Moore

Electron capture from H- by fast alpha particles･
J. Phys. B旦, 3899 (1978)

He2+.H- + He+(1s, 2s, 2p).H(1s,2s)

E=500 - 8000 keV

(COM)

-日i!ニ



78T5 K.L. Bell, A.E. Kingston, and P.J. Madden

J. Phys. Bit, 3977 (1978)
Electr叩detachment from H~ ions by proton -mpact･

●

H++H~ + H+十日(1s)+e
{

E=1.5 - 1000 keV

(FB)

78T6 M. LaT, A.N. Tripathi, and M.K. Srivastava
J. Phys. B旦, 4249 (1978)
Charge trtansfer cross sections for protons colliding with
hydrogenic ions I.

H十+He+
+H+He2+, E=20-10000keV

H++Li2++H+Li3+,

H++ Be3++H + Be4+,

H++B4+
+H+B5+,

H++C5+十日+C6+,

H++N6+
+H+N7+,

H十+o7+
+H+08+,

H+ + Fe25㌧H. Fe26+,

(CPB)

78T7 B.K. Janev and Z.M. Radulov

Phys. Rev. A 17, 889 (1978
Ion-ion recom-t7Tnation and
hydrogen diatomic systems.

ic

E=50 - 10000 keV

E=100 - 10000 keV

E=200 - 10000 keV

E=200 - 10000 keV

E=200 - 10000 keV

E三200 - 10000 keV

E=1000 - 100000 keV

)
ion-pal r formation processes 7'n alkali-

Na++ H-
+Na(3s,

3p, 3d, 4s, 4pいH, ど-10-2 - 5xlO3
ev(rel.)

cs''H-
+Cs(6s,

6p, 7s, 7p)'H, E-10-2-5xlO3ev(rel.)

M''H-
+M'H (M=Li, K, Rb), E=1011

-103ev(rel.)

rate coefficient.

(LZ)

78丁8 S. Mukherjee, K.
Phys. Letters 65A

Bh

I

Capture in proton- H

adra,

2隼5(
e CO

～.C. Sil,
197

R山RH
8!
SIOnS

H++He+ + H(1§)+ He2+

-12-
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E = 40 - 100 keV

(CB)

78T9 V.P. Zhdanov and M.I. Chibisov
Sov. Phys.一丁ech. Phys. 3i, 532 (1978)
Effect of level degeneracy on charge exchange at a term

pseudointersection.

H++H- + H+H

E = 0.01 - 2519 eV

(LZ)

79TI S. Mukherjee,
J.Phys. B 12,

N.C

125

E一ectron capture

. S

9(
by

●

1

1

1, and D. Basu

979)
protons from some hydrogen-like ions.

H''He', Li2'. H(1s,2s).He2', Li3'
＼

E = 5 - 1000 keV

(CB)

79T2 C. Sinha, S. MukherJ'ee, and N.C Sil

J.Phys. Big, 1391 (1979)
Electron capture in an arbitrary excited state by protons passing

through hydrogenic ions.

H++A(z-1)++H(n)十AZ+ (A:He, Li, C; n=2～00)

E = 50 - 400 keV

(CB)

79丁3 K.ど. 凸anyard, and G.M. Shirtcliffe

J.Phys. B ia, 3247 (1979)
Electron capture from lithium and its ions by high-energy protons.

H++ Lie+H(n且) 'い2'.･ H+.Li2'+H(nk). Li3'

(n且=1s,2s,2p)

E = 200 - 10000 keV

(COM)

79丁4 A.S. Dickinson and D.J.W. Hardie
J.Phyr. B ii, 4147 (1979)
symmetric resonance charge transfer in He'(1sトHe2'co11isions.

-13-



He2+.He+(1s) + He+.He2+

E = 0.02 - 20 keV

(戸SS)

r

79T5 R.E. 01son

ANL-79-41 (1979) p.171
charge chang-ng cross sections for Cs+ + Cs+ cor=sions.

●

･cs++cs+
+ cs+cs2+;cs++cs2++e

′

■
E = 100 keV

(MO)

79T6 S Sramek, G. Gallup, and J. Macek

ANト79-41 (1979) p.183
Preliminary estimate of heavy ion electron transfer cross sections.

Ba++Ba+ + Ba+8a2+

E = 100 - 300 keV

(CC-MO)

79T7 J. Macek

ANL-79-41 (1979) p.191
Charge exchange cross sections for the reaction

xe8+ + xe8+ + xe9+ + xe7+.

xe8+ + xe8+ + xe9+ +xe7+

E = 150 keV

(MO)

79T8 G. Das, R.C. Raffenetti, and Y.K.
.Kin

E.Tt:冒;言三吉皇圭冨7t≡).字･喜……2)･･.
cs++cs+ + cs+cs2+;cs++cs2++e

(MO)

79T9 B.H. Choi, R.T. Poe, and T.K. Tang

ANL-79-41 (1979) p.201
Charge exchange between sing一y ionized he一ium ions.

-14-



He++He+ + He2･++He

E = 10 _ 100 keV

(PMBA)

79TIO C. Sinha and N.C. Sil
･

Phys. Letters 71A, 201 (1979)
Char.ge transfeTTn proton-positive-ion coll isions producing

hydrogen atoms in any arbitrary p state.

H++He+ 十 H+He2+

E = 50 - 400 keV

(CB)

79Tll R.ど. 01son
Phys. Letters li!, 341 (1979)
Cross sections for alpha particles colliding with oxygen ions.' Loss

of alpha heating in Tokamak plasmas.

He2++o3+ +

,He2++o4++e
; He++0ヰ十

日e2+･ト04+ + He2++o5++e ; He++05+

He2+十05+ + He2+十06++e ; He†+06+
i>

E ≡ 0.25 - 1.0 Mew/古mu

(CTMC)

79T12 V.A. Bazylev and M.I. Chibisov

Sov･ J･-P一asma Pりys･旦,3写7(1979)
Charge exchange ln COllis10nS Of multiply charged ions

c6++o+ + c5++o2+: N7++c+十川6++c+

N7++c2++ N6++c3+: N7++N++ N6++N2+

N7++o2++ N6++o3+: o8++c++ o7++c2+

o8++N3+ + o7+=4+: o8++o+十07++o2+

o8++o3+ + o7++o4+

E=1 - 5 keV

(LZ)

79T13 A.P. Hickman
J･ Chem･ Phys･ Zq, 4872 (1979)

-15-



Approximate scaling formula for ion-ion mutual neutralization
rates.

chemical reactions, rate constant

(LZ)
r

79T14 Dz. Belkic, G. Gayet, and A. Salin
Phys. Report里, 279 (1･979)
Electron capture in high-energy ion-atom col一isions

･

H++He+
+HO+He2+

E=30 - 450 keV

(CDW)

80TI Dz. Belkic
J. Phys. Bii, L589 (1980)
Charge dependence of ionization cr'oss sections.

H++He+
+H十+He2++e

E=40 - 500 keV

(CDW)

80丁2 S. Mukherjee and N.C. Sil
lon-ion capture collisions in the continuum-distorted-wave

approximation.

H''He'+ H(1s,2s) 'He2': H'. Li2'+H(1s,2s). Li3'

H+ + Be3++ H(1s,2s). Be4+: H+. c5++H(1s,2sいBe4+

E三0.･4 - 2.0 MeV

(CDW)

80T3 T.G. Winter, G.J. Ha七ton, and N.F. Lane

Phys. Rev.些望, 930 (1980)
Molecular-state treatment of
●

つons.

collisions between protons and He+

H++He†+ H+He2+: H+十日e++ H++He+(2s, 芝po, 2pl)

E=1.6 - 14 keV (c.∩.)

(MO)

80T4 S.J. Sramek, J.H. Macek, and G.A. Gallup

Phys. Rev. AZi, 1467 (1980)
computed cross sections for electron transfer in Ba+ + Ba+

collisions.
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Ba++Ba++ Ba + Ba++

E=25 - 500 keV

(SLCT)

80T5 J.H. McGuire and P.R. Simony

Phys. Rev. A22, 2270 (1980)

号…ユ;u己;t昌:2qn3rHO:8.Sections
for 2s-2p excitation of one~e-ectron

●

F7+(1s22s)I. He2+十F7+(1s22pいHe2+:

si12'(1s22s). He2'. sit?'(1s22p).He2'

E(ド)=5
- 45 MeV; E(Si)=5

- 60 Mew

(P帖A)

81TI R.E. 01son and B. Liu

ゴムt:hr:…ii諜,.Lf2……･(こ号…己)cs･.
cs十+cs++ cs++cs2++e

Molecular orbital energy level. Cross sections estimated.

(MO)

81T2 B.H. Bransden and C.J. Nob一e
J. Phys. BAA, 1849
Charge transfer in ㍍9…1占e･and He2･. H c...hi.ns.

H+ + He+ + H(1s,2s,2po,2p
1)
+ He2+;

H+ + He+(2s,2po･2p 1)

E=3.725 - 227.5 keV

(TCAE)

81T3 J.H. McGuire, N. Stolterfoht, and P.R. Simony

Phys･甲v･塑, 97 (1981)
Screenlng and antiscreenlng by projectile electrons in high

velocity atomic collisions.

He2++A(z-1)+十He2++AZ++e (A=He,い, Be, C, F)

E=10 - 104 key/古mu

(PWBA)

81T4 M. Kimura and M.R. Thorson
Phys. Rev.

_A_?_4,

3019 (1981)

- 1',I-



Molecular-state study of He2'一日(1s) and H+一日e'(1s)
collisions.

H+ + He+
+H(1s, 2見,･3見いHe2+

; H+. He+(2s,2p)

巨≡l
_20
keV

(CC - MO)
へ

82TI C. Sinha and N.C. Sil

lndian J･ Pure and Appl. Phys..担, 26 (1982)
A modified Coulomb-Born approximation and charge transfer in

proton-positive ion co一lisions.

H++He+十H+He2+,

H++ Liz++ H+Li3+,

H++C5
十日+C6+,

H+=6+すH=7+,

(MCB)

82T2 A.M. Ermolaev, J.E. Miraglia,
J. Phys･型旦, L677 (1982)
Ionization and charge exchange
ions at intermediate energies.

●

Li++Li+ + Li+Liz+

E=40 - 798 keV

E=44 - 873 keV

E=46 - 922 keV

E=47 _ 933 keV

and a.'H. Br･ansden

in /911isions between Li+

; Li++Liz++e

E ≡ 5 - 1000 key/古mu

(FB)

82T3 A.M. Ermolaev, C.J. Noble, and B.H. Brandsden

J.Pれy. Bii, 457 (1982)
charge exchange between Cs+ ions and related studies.

cs+ + cs+す Cs(6s,6p,5dいCs2+; E - 300-5000 key (c.∩.)
O

Li''Li'+ Li(2s,2p,3s,3p,3d)'Li2'; E I 50-750keV(c.m.)

H++Li'十 日(1s)'Li2'; E=72-252keV(rel.)

(TSAE)

82T4 J.F. Reading, A.L. Ford, and R.L. Becker

…nl;h;言…皇r≡灘6i…≡琵圭量9r;2d三cca!;?ミ…怒ofionization and charge

H++He'(1sン2s.2p) . H+十日e2'.e ;H(1s).He2'
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E = 20
-485
keV･

(OHCE, SCE)

82T5 W. Frisch and C.D. Lin

J.Phys. B.堕, 1255 (1982)
Close coup一ing calculations for ine一astic processes in intermediate

energy ion-atom collisions.

H++He+ + H+He2+

E = 1.5 - 500 keV

.(TCAE)
82T6 C. Sinha, S. Guha, and N.C. Sil

J.Phys. a.堕, 1759 (1982)
Electron capture by protons in collisions with some alka一i-一ike
ions uslng a model potential approach.

●

H++A+ + H+A2+(A-Mg,Ca,Sr,Ba)

E = 10 - 1000 keV

(CB)

82T7 A.L. Ford, J.F. Reading, and B.L. Becker

J.Phys. a ii, 3257 (1982)

Coupled-channel calculations of ionization and charge transfer in

p 'Li'･2'and transfer in Li2'･3'. H(1s) collisions.

H++Li+. + H++Liz++e; H+Liz+, E=70-4000keV/amu.

H++Liz++ H++Li3++e; H+Li3+, E=50-200keV/amu.
ヽ

(OHCE,SCE)

82T8 R.K. Janev and D.S. Belie

J･Phys･ B ii, 3479 (1982)
Quasl-resonant Charge exchange collisions between multiply charged
●

10nS.

c2++良+ 十 C+.B2+:He2+.o2++ He+(1sい03+:

N3'.c2'+ N2'.c3': c3'.B2' . c2'(2s2p).B3'.･

o4'.N3' . o3'.N4': N4'.c3' . LN3'(2s2p).C4':

F5'.o4'+ F4'.o5': o5'.N4'. o4'(2s2p).N5':

Ne6++ F5++ Ne5++ F6+:
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E=0.1 - 100 key (c.∩.)

(RZD)

82T9 J.P. Maikagan, R.D. Piacentini, and R.D. Rivaro7a

訳粍rE詰吾訂scS;…2e8it.(三害雪2主.r.ne_e-ectr.ntw. center s,mmetric
systems.

AZ'.A(zll)+ + A(z-1)+.AZ (A=He, Li, C, Ne)
-

E=25 key/古mu

(TSAE-VC)

82TIO R.K. Janev and D.S. Belie

Phys. Letters B9A, 190 (1982)
Double resonant charge exchange in ion-ion collisions.

AZ'.A(z-2)'+ A(z-2)'.AZ (A=Li, Be, a, C, N, 0, F, Ne)

E=threshold - 1 MeV

(IPトscaling

82Tll T.G. Winter

Phys. Rev. A25, 697

Electron t†前古fer in
basis.

(吉惣andHe2･ _ H c...isi.ns using Sturmian

H++He+十日+He2+

E=4 - 120 key (c.m.)

(CC-S)

82T12 J. Macek and S. AIston
Phys. Rev. A壁, 250 (1982)
Theory of electron capture from a hydrogenic ion by a bare ion.

erratum: Phys. Rev. A 3L, 1708 (1983)

any ion (scaling)

(SP岳)

82T13 M. Lal, M.K. Srivastava, and A.N. Tripathi

Ehh芸sr;e竺e{,;農3cO;喜s皇1…8i2c呈i.nsf.㍗ partic,es c...iding w,th
hydrogenic ions.

He2'. A(z-1)++ He(1s,2s,2p)''AZ'(A=He, Li, Be, C, Fe)

E=20 - 500000 keV

(CP8) -

scaling
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82T14 C. Sinha, S. Guha, P.K. Roy, and N.C. Sil

Phys. Rev. A 26, 2586 (1982)
Electron captWe by protons passing through he一ium-like ions.

H++Li++H+Liz+

E=20 - 1000 keV

H++A(z-2)++H.A(≡-1)+ (A=Be, 良, C, 0),

E = 50 - 1000 keV

(CB,MCB)

83TI J.E. Mir'aglia

J･ Phys･望, 10写9(1983) .

Ion-atom slngle 10nization at high and intermediate energleS

H++He++H++He2++e

E=30 - 300 keV

(MCDM, MSA)

83T2 C｡A｡ Falcon

さ孟a:hg:s;x≡h%el17三31三三9i…三≧rgy3He･
_

4He2･
c.llisi.ns

3He+
+
4He2+

+
3He2+

+
4He+

E ≡ 20-100 eV (c｡m｡)

(戸SS)
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Abbreviation for theor･etical models used in calculation of the charge
transfer and the ionization cross sections in ion-ion co一lisions

1. AE : atomic expansion method

2. ASH : absorbing-sphere model

3. CB : Coulomb-Born approximation

4. CC- : close-coupling model

PO:

AO :

molecular orbitals

atomic orbitals

S : Sturmians

5. CDM : continuum distorted-wave approxinlation

6. CPB : Coulomb-projected Born approximation

7. CTMC .･ classical tra3'ectory Monte Carlo method

8. FB : first Born approximation

9. IP : 1mPaCt Parameter method
●

10. LZ : Landau-Zener mode一

ll. MCB : modified Coulomb-Born approximation

12. MCDM.･ modified continuum distorted-wave approximation

13. MO : molecular orbital model

14. MSA : multiple scattering approximation

15. ONCE : one-and-a-half centered expansion method

16. PSS : perturbed stationary state approximation

17. PMBA : plane-wave Born approximation

18･ RZD : Ros.en-Zener-Demkov mode一

19. SCE : slngle-centered expansion method .

コ

20. SLCT : straight line classical trajectory method

21. SPB : strong potential Born approximation

22. TCAE : two-center atomic expansion method

23. TSAE-VC : twoIState atomic expansion method with variable charge

-22-



Table 1 Ion-ion combinations investigated experimentally

pT
H~ Dー He+ Li+ 0~ Na+ Mg+ K+ Rb+ xe+ cs+ Tー+

H+ C,I

D,R

C+Ⅰ

C,i

C+Ⅰ

C,I

C+_I

He+ C C

He2; C

Li+ C+Ⅰ

N+ C

o+ C

Na+ C C+Ⅰ

K+ C+I

Rb+ C+i

xe+ C+Ⅰ

cs+
C+i

C.Ⅰ

Tー十
e~ii

Note the following notations (Aq': pro3･ectile P; BP'target T) :

c.･ Aq+ + Bq++ A(q-1)+ + B(p+1)+ (single charge transfer)

D :

Ⅰ :

E :

R :

+ A(q-2)+ + a(p+2)+ (doub一e charge transfer)

+ Aq++ a(p+1)++ e (ionization)

+ Aq''BP'' (excitation)

+ (AB)r'. (q. p. r)e (recombination)

(C + I) in the table indicates that the sums of the cross sections for the

processes (C) and (I) are measured.
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IV INDEX FOR PROCESSES INVESTIGATED

H+ + H- 69El∫ 70El, 70E3I 70E4} 76El∫

76E3, 78E4, 79El, 79E3

+He+ 77El, 77E2> 78El, 78E2, 83El

+ Li+ 80El

+ Liz+

+ Be+

+ Be2+

+ Be3+

+ 83+

+ B4+

+c+

+ c2+

+ c3+

+ c4+

+ c5+

+ N6+

+ o+

+ o2+

+ o3+

+ o4十

+ o5+

+ o6+

+ o7+

+ =g+

+ ca+

+ Z

+ S

+

7+

15+

23+

25+

+

n

+
r

+ Mo+

+ Mo13+

+ Mo31+

-25-

5STl, 72Tl, 73Tl, 73T2, 78T3,

78TS, 78T9, 79T1

78Tl, 78T6, 78T8, 79T2, 79TIO,

80Tl, 80T2, SOTS, 81T2, 81T4,

82Tl, 82T4, 82T5, 82Tll, 83T1

79T3, 82T3, 82T7, 82T14

78T6, 79Tl, 79T2, 79T3, 80T2,

82Tl, 82T7

78T2

82T14

78T6, 80T2

82T14

78T6

76T1

76T1

76T1

76Tl, 80T2, 82T4

76Tl, 78T6, 79T2, 80T2, 82T1

78T6. 82T1

76T1

76T1

76T1

76T1

76T1

76Tl, 82T14

76Tl, 78T6

77Tl, 82T6

82T6

77T1

76T1

76T1

76T1

78T6

77T1

82T6

77T1

76T1

76Tl



H+ + Cd+

+ Ba+

+w+

He++H

+ D
r

+He+

He2+ +H

+ He+

▼

+ Liz+

+ Beョ+

+ cS+

+ o2+

+ o3+

+ o4+

+ o5+

+ F7+

+ F8+

+ si12+

+ Fe25+

Li+

Li3+

Be4+

c2+

c3+

c6+

N+

N3+

N4+

N7+
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+ H

+ Li+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Li+

Liz+

Be2+

Beョ+

B3+

B4+

a+

B2+

c4+

c5+

o+

0

c2+

c3+

+c+

+ c2+

+N+

+ N5+

70E2, TOES, 76E2

TOES

78E3, 79E4

81E4

プOES, 70E5

′㌔｣

72T1

79T9

78T4

62Tl, 62T2, 76T2, 78Tl, 79T4,

80T2, 81T3, 82T9, 82T13, 83T2

80T2, 81T3, 82-r13

80T2, 81T3, 82T13

81T3, 81T13

82T8

79Tl1

79Tl1

79Tl1

80T5

81T3

80T5

82T13

78T7

82T2, 82T3

82TIO

82T9

82TIO

76T2

82TIO

76T2

82T8

82T8

82TIO

76T2, 82T9

79T12

72T1

82T8

82T8

79T12

79T12

79T12

82TIO



N7+ + N6+

+ o2+

o++o

o4+ + N3+

o5+ + N4+

o8+ + c+

+ N3+

+

+

F5+十

F9+ +

Ne6+ +

NelO++

o3+

o6+

o4+

F7+

F5+

Ne8+

+ Ne9+

Na++班

+ O

Na+ + Na+

K++H

+K+

Rb'.. z{

+ Rb+

xe+ + xe+

Ⅹe8++ xe8+

cs++H

+ cs+

Ba+ + Ba+

Tl+ + Tl+

70E3

81E2

81E2

80E2

～

79E2∫ 81El∫ 81E3∫ 82E2

82El
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76T2

79T1 2

72Tl

･82T8

82T8

79T12

79T12

79T12

79T12

82TIO

82T8

82TIO

82T8

82TIO

82T9

78T7

72Tl

78T7

78T7

79T7

78T7

79T5タ 79T8∫ 81Tl∫ 82T3

79T6, 80T4
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