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Abstract

Experimental and theoretical total and partial cross sections

for single and double electron capture of Cq+ and Oq+ ions五n

colliding with Hv H2 and He targets are SurVeyed･ Presently

available data for these ions are summarized in the following

tableミ

ion

Target fI

Cq+

H2 Ee 王王

Oq+

H2 Ee

8 P T P

7 T T で

U6
¢

P T P P P
A

P

冨5 T T T T T T

E】
U4 P T

..P
T T T

0

'g3 P P P P T T
0

H2 P T T P T P

1 T で T で T

Note = T and P indicate that the investigations or

measurements for total and partial cross sections have

been made, respectively.
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Introduction

This report is concerned with a survey of total and partial

cross sections for electron capture for Cq+(q=6･-2) and

Oq'(q=8-2) ions in collisions with H, =2 and He atoms･ These

cq+ and Oq+ ions are very typical impurity ions in all fusion
●

●

plasma apparatus' whereas Hr Ⅱ2 and He are copious there･

℡hese collisions are known to play a key role in plasmas.

Therefore, data for these processes are requisite for

understanding the behavior of plasmas. =n most of such

electron capture processes, an electron is captured into

excited states of ions, resulting in photon emissions when

七hese ions are relaxed. ℡hese photons are one of the

important parameters in evaluating the energy balance in

plasmas aⅠ一d also one of the mos七useful techniques 七o

diagnose and investigate plasmas.

These data are urgently needed by plasma community. Here

we have made a quick survey for thesie data, in particular

those for partial cross sections involving the imp.urity ions

mentioned above and compiled them in graphical forms. As

total cro,!･3S Sections for these processes are already

availablerl-4 we plan to make more extended compilations of

these data for partial cross sections in the near future. So

we strongly hope that anyone who makes new experiments and

calculations supply us new and reliable data on these

electron capture proc･esses in order to make the revised

>
version of this compilation.
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=n the following are shown some abbreviated notation,?･ for

theoretical methods:

地0 ;払olecular orbital expansion calctllation

AO : Atomic orbital expansion Gal_culation

AO一班0 ; Atomic orbital-orbital matching method
+

LZ : Landau-Zener method

MLZRC ･.爪ultichannel Landau-Zener model with 1･Otational

coupling

PSS ; Perturbed stationary state method

CC ; Close coupling calculation

SCA ; Semiclassical approximation

OBK : Oppenheimer-Born-Kramer calculation

SPB ; Strong potential Born calculation

UDWA : Unitarized distorted-wave approximation

EDWA : Exponential distorted-wave approximation

CDWA : Continuum distoreted-wave appro葺imation

R : A-matrix calculation
●

CT出C : Classical traコeCtOry J4onte Carlo calculation

Acknowledgements

The author would like to thank Dr. T. Kate and出. Suga for

making a series of the graphs shown here. He is also

grateful to Prof･ N･ Shimakura and Dr･ T. Qhyama-Yamaguchi

for providing numerical tables for their calculated results.
●

A lot of typing Work of the present manuscript by拭. =tonaga,

M. Udaka and S. Ieo is highly appreciated.

-2-



List of electron capture processes'

エCq+ + I(1s) collisions

I-i C6+ + H(1s)
+ C5+(nc) + I+

=-2 C5+(1s)+ H(1s)
+ C4+(1snC) + I+

I-3 C4+(1s2)+ I(1s) + C3+(1s2ne) + H+

ト4 C3+(1s22s) + E(1s) + C2+(1s22Cne') + H+

ト5 C2+(1$22s2) + I(1s) + C+ + H+

== cq+ + =2 CO11isions ･

工=-i C6+ + H2 + C5+(ne) + =2+, C4+(nenl9-) + =22+

I=-2 C5'(1s) + =2すC4'(1sne) 千 =2+∫ C3'(1sneneef) + =22'

I=-3 C4'(･1s2) + =2 + C3'(1s2ne) + =2'･ C2+(1s2nen.Ql) + =22'

==-4 C3'(1s22s) + =2 + C2'(1s22enel) + =2+, C'+ =22'

ェ工工 Cq+ + He Collisions

I=I-i C6'+ He + C5+(ne) + He+, C4+(ncn'e') + He2+

I==-2 C5+(1s) + He + C4+(1snC) + He+, C3+(1snCn'e') + He2+

I==-3 C4'(1s2) + He + C3+(1s2ne) + =e+r c2+(1s2nen'e†) + =e2+

==I-4 C3+(1s22s) + He + C2+(1s22sne) + =e+, C+ + He2+

I=I-5 C2+(1s22s2) + He + C+(1s22s22p 2p) + =e+t cO + =e2+

ェv oq+ + H collisions

IV-i 08+ + H(1s) +07+(nQ)
+ H+

IV-2 07+(1s) + I(1s) + 06+(1snC) + I+

, IIVv二…:.T(;;22三s;,HllHS'{'1s',0:'Y,.s;:…皇2誌.H.

IV-5 03+(1s22s22p) + H(1s) + 02+(1s22s22pnC) + I+

IV-6 02+(1s22s22p2) + H(1s) + 0'+ E+

v oq+ + =2 COllisions

v-i 08+ + =2 + 07+(ne) + =2+I 06+(ncnlel) + !{22+

Ⅴ.-2 07+(ls) + =2 + 06+(lsnC) + =2+I 05+(1snCnlef) + =22+

Ⅴ-3 06+(ls2) + H2 + 05+(1s2ne) + =2+, 04+(ls2nenlel) + =22+

Ⅴ-4 02+(ls22s22p2) + =2す0+ + =2+, 00 + H22+

-3-



vI Oq+ + He collisions

vI-i 08+ + He + 07+(ne) + He+, 06+(ncn-c') + Ee2+

vI-2 07+(1s) + He + 06+(1sne.) + He+, 05+(1snen'e') + He2+

vI-3 06+(1s2) + He + 05+(1s2ne) + He+, 04+(1s2nen.el) + He2+

vI-4 05+(1s22s) + He + 04+(1s22sne) + He+, 03+(1s22snenleI) + He2+

Ⅴト5 04+(1s2-2s2) + He + 03+(1s22s2ne) + He+, 02+(1s22s2nen-e') + He2'

vI-6 03'(1s22s22p) + fleす02+(1s22s22pne) +昆e+. 0+(1s22s22pnen'lel) + =e2'

vI-7 02+(1s22s22p2) + =e + o+ + =e+. oO + =e2+

-4-



z cq+ +瓦(1s) collisions

I-1 C6++H(1s) +C5+(ne) +I+

Experimental data for total cross sections are summarized･1

A number of total cross sections have been calculated using

different techniques.･

salop and OIson2 (LZ model, 0.04 - 2.9 key/amu) 1976

o1son and Salop3 (cT放C. 20 - 25 key/amu) 1977

Bottcher4 (=p, <225 keV/amu) 1977

vaaben and Briggs5 (mo basis, i.06 - 6.25 key/amu) 1977

Greenland5a (s-matrix, 0.06
-

25 keV/amu) 1978

Ryufuku and Watanabe6 (UDWA, t).025
･1

2000 keV/amu) 1979

cro七I一erS and ℡odd7 (exponential model,

0.25
- 25 keV/amu) 1980

Ryufuku8 (UDWA, 0.025 -

2000 key/amu) 1982

Green et a1.9 (LZ, 0.8
-･

52 Rev/arrLu) 1982

Green et a1.10 岬0, 3 - 1300 eV/amu)
1982

Fritsch11 (AO, 0.i
- i.0 key/amu) '1982

su2:uki et a1.12 (EDWA, 0.i - 10 key/amu) 1984

Toshima and Watanabe13 (DWA, 0.2 -

500 keV/amu) 1986

Kimura14 (trave11ing也0, 0.15
-

10 keV/amu) 1986

Kimura and Lane15 (travelling J40, 0.15
-

10 key/amu) 1987.

It should be noted that the electron capture cross Sections

from hydrogen atoms in the 2s excite8 states calculated by

salop16 are far large and nearly constant

range o.o2
-

2.5 key/amu (- 3ユ【 10-14 cm2)
●

highest energies are laL'ger by one order

compare.a with those for the ground state

sharply wi七b increasing the energy;

c6ナ十H(2s)すC5+(ne)十H+.

over the energy

and even a土 the

of magnitude.

which increase

-

(i)

Janev et al･17t using肌ZRC techniquer calculaLl･ed the n-

dependence of the cross sections over 0.05
-

64 key/amu with

n=4 dominance.
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At the selected energies the cross sections for (ne)

distributions have been also calculated=

Ryufuku and Watanabe18(UDWA, 25, 75 key/amu)

Hardie and OIson19 (cT比C.孝5, 50 key/amu)

1979

1983

presnyaikow and Uskov20(Keldysh model, ne=4e, 25 key/amu)1984

Gro2:danov and Belic21 (LZp ne=4e, 0.5
-

20 key/amu) 1984.

叫ore syste加atic calculations for (ne) distributions have been

reported as follows;

Salop22(c℡b4C, 25 - 72 keV/an.a) 1979

Green et al.23 (mo. o.o1
-

27 key/amu) 1982

Kazanskii and Komarov24(mo, nc=4e, 5e, 0.25
-

4 key/amu)1982

Fritsch and Lin25 (AO, 0.i - 20 keV/amu) 1984

salin26 (J40, 1.0
-

16 key/amu) 1984

Bedahman et a1.27 (J40. 0.25
-

50 key/amu) 1985

Kimura and Lin28 (AO一班0. 0.2
- 4 key/amu) 1985.

Fritsch29 extended his calculation for less dominant (n〃)

states' namely for n=6, 7, 8 at 4,10 and 25 keV/amu. At

higher energies. Ctothers and.'払cCann30 calculated the (nem)

distributions using CDW and OBⅨ over 5
- 2000 keV/amu.

Recently Belkic et a1.31 reported (ne) distributions (n=1-7)

at higher energies (200-3500 keV) calculated by the first

Born approximatioTI With correct boundary condition. Similar

calculations were made by Dube and Burgdorfer･3･1a

Experimental work is quite limited･ Kimura et al･321 using

traIISlational energy spectroscopy. observed the dominant

channel of the electron capture into n=4 states. Using

photon spectroscopy, Dijkkamp et a1.33 determined the emissio.

cross sections for n=4
◆

n=2(13.5 nm). n=3
◆

n=2(18.2 nm) and

n=4 す n=3 (52.i nm) transitions. This measurement was

extended by =oekstra et al｡34 who determined the emisE;ion

cross sections for n=4
+

n=2 (13.5 nm), n=4 + n=3 (52.i nm),

n=3 十
n=2 (18.2 nm). n=5

+
n=3 (35.6 nm). n=7

◆
n=6 (343.5

nm)and n=8
+

n=7 (529.5 nm) tran.qitions over i
-

9 keV/amu.
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ト2 C5+(1s)十E(1s) + C4+(1sne) + I+

The dominant capture occurs into n=4 states of C4+ ions at

low energies, aS Clearly understood from the energy diagram
●

of the system. Total
･electron

capture cross sections have

been calculated by Bottcher and Heill
us与ng

fully quantal PSS
e

l

method over the energy r畠nge 1 - 250
eV/a●益uand

by Ship畠占y et

a1.2 using比0 (for low energy) and CTHC (for high energy･) over

10-2 - 200 keV/amu. Experimental situation of total cross

see,tions is summari2T.ed.3

Total cross sections show a minimum at intermediate energy ;

℡he cross sections increase with decreasing the collisiotn

energyt.reaching about 10-14 cm2 at the energy less than i

ev/amu, m占anwhile, after passing a minimum (2 Ⅹ 10~15 cm2) at

500 eV/amu, the cross sections reach a maximum (5 x 10-15 cm2)

at 7 -8 key/amu and then decrease rapidly with increasing the

collision energy. Unfortunately no exper.imental and

theoretical data for the (ne) distributions have been reported

up to now' shipsey et al･2 estimated the contribution from n

states other than n=4 is quite small at intermediate energy

range; for example, that from n=3 state increases with

increasing the collision energy. however. being only about

5% at 5 keV/amu and that from n=5 state is even smaller.

This situation is also confirmed experimentally by Kimura et

a1.4
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ト3 C4+(1s2) + I(1s) + C3+(1s2ne)+Ⅱ+

A11 the theories predict that the dominant electron

capturing level is n=3 and the contribution from other
e

neighbouring levels is small, which are confirmed

experimentallyl ･

Total electron capture crosさ SeCtions have been calc!ulated

using'different methods by OIson et a1.2 (o.o5
- 5 keV/amu).

Hanssen et al.3 (o.25
-

25 key/ann: their numerical numberk

are cited by Bendahman et a1.4) and Bottcher and Eei15 (o.5 eV

-

250 eV)′ meanwhile experimental data have already been

compiled.
6

0n the
10ther

hand, the partial cross sections have been

calculated by Fritsch and Lin7 using AO expansion method and

by Gargaud et al･811O using舶O mode･ Only a single

experimental measurement of the partial cross sections was

made by Dijkkamp et a1.ll using the photon spectroscopy over

the energy range 0.?5 -6.25 keV/amu. Some preliminary data

are glVen by Dijkkamp e七al.12. ciric et al.13 and Dijkkamp et
=

a1.14

Generally speaking. the agreement among ヒbeories and

experiments is quite good for dominant capturing levels but

the discrepancies are obviotlEi for less intense capture cross

sections.

Baptist et al･15 determined relative intensities among 3sr

3p and 3d subshell cross sections at the energy 0.6
- 40 keV

using VUV spectroscopy and compared them with calculations by

Fritsch and Lin and Gargaud et a1. The agreement is found to

be good among them. Some related topics on determining the

absolute cross sectionsi from photon measurements were

discussed16-17.

The rate coefficierltS for this process over the temperature

103-104･5 A have been calculated by Butler and Dalgarno using

LZ model.18
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I-4 C3+(1s22s 2s) + H(1s) + C2+(1s22enef) + H+

Experimental data of the measured total cross sections are

summarized.1 Blint et a1.2 have calculated the cross sections

fFOr the dominant lls22s3s 3s) states oveL･ the energy range 0.i

-

1.75 eV/古mu using pertubaヒion七heory and also for (1s22s3s

ls) states which are found to be far Weak (only i-2% of those

for 3s
states at i eV/amu). They also compared their results

with Landau-Zener calculation, their agreement being fairly

good･ Watson et al.3 also made the full quantal calculation

for ls22s3s 3s
state over o.oo1

-

15 eV/amu. Their results
●

●

show significant deviation from LZ model at lower energies,

in
p9･キticular

below O･Ol eV/amu･ The rate coefficients were

calculated quantally by Butler et al･4 over 5×103
-

5×104 K.

using molecular treatmentr Hell et al･5 calculated the partial

cross sections for 2s3s 3sr 2s3p
3pOr

2p2 1s
and 2p2

1D
states

over o.27 -

8.i eV/amu. Furthermore, Bienstock et a1.6

extended their calculations using UDWA over 10 -

5000 eV/amu.

Experimental investigations were reported by McCullough et

al･7 using the translational energy spectroscopy over O･05-l･5

key/amu, though their results are sometimes mixed from other

states because of the limited energy resolution. On the

other handy Ciric et al･8 determined the absolute partial

cross 弓eCtions for the following processes using photon

spectroscopy over 0.7
- 4.6 keV/amu:

c3+(1s22s 2s) + I(1s)
+ C2+(1s22s3s

(1s22s3s

(1s22s3p

(1s22$3p

3s) +H+

1s)

ョpo)

1pO)

(1s22s3d 3D)

(1s22s3d lD)

(1s22s4d 3D)

(1s22占2-1s)

(1s22p2 1D)

(1s22p2 3p).

--36-
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I-5 C2+(1s22s2 1s) + I(1s)
+ C+ + H+

℡otal electron capture cross sections for 七his process are

summarized′ showing a broad maximum of 8×10-16 cm2 at around

200 keV and decrease with decreasing the energy. However, no

(ne) distributions have been determined experimentally. Only

a single experiment on (ne) distributions was reported by

比cCullough et al･2 over the energy range 2-8 keV･

Unfortunately they could not provide the cross sections for

(n〃) distribution because七beir C2+ ion beams contain not only

ions in the ground stater ls22s2 1sp but also an unknown but

significant fract3･on of ions in the metastable ls22s2p
3po■

state.

On 七he other band. some theoretical investigations have

been made at low energies from the astrophysical interest3~6.
●

Generally the cross sections are small at thermal to eV

energy reglOn and the rate coefficients of the electron
=

capture process are 10-ll - 10~12 cm3/s, which are two
-

three

orders of magnitude smaller than those for C3+ + I collisions'

=n these investigations, the fo1】.owing processes can be

expected to occur 王

c2+(1522s2 1s) + H(1s) +C+(1s22s22p
2pO) + I+

+ (1s22s2p2 2D)

◆ (1s22s2p2 2s)

+ (1s22s3p2 2D).

(1)

(2)

(3)

(4)

Process (i)I electron capture into the ground state, is only

important at low energies though the cross sections
●

themselves are small (10~18 cm2 at 1 eV5) and decrease with

increasing the energy. With increasing the energy, the

capture into the excited state accompanying Simultaneous
●

excitation, in. particular process(2), becomes dominant with

the cross section of 10-18 cm2 at 100 eV. The dominance of

process(2) at higher energies has beerI Observed

experimentallyr though only qualitatively. by爪cCu11ough et

al･2 There the electron capture into ls22s2p2 2s
states

begins to play a role (10
- 20% of

2D
state at 2-8 keV).

-50-
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As already mentione-a above, the m.easured total electron

capture might be affected by the presence of the metastable

ls22s2p
3pO

state ions･蛇cCullough et al'have shown that at

■

1 key energy reglOn the following processes involving the

metasヒable ion beams are observed;

c2+(1s22s2p 3pO) + H(1s) + C+(1s22s2p2 2D) + I+

◆ (1s22s2p22s)

◆ (1s22s23p 芝po)

十 (1s22s23d 2D)

(5)

(6)

(7)

(8)
■

and process (7) where one electron is captured into 2s statep

accompanylng 2p state electron excitation into 3p state, is
●

found to be dominant ( -50% of total).

℡he radiative electron transfer process

c2+(1s22s2 1s) +エ(1s) → C+(1s22s22p 2pO) + H+ + hv (9)

has the rate coefficients which are five orders of magnitude

smaller than those for non-radiative electron cpture

mentioned above in the energy range of 10
-

106 K･6
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== cq+ + Ⅱ2 COllisions

=I-i C6'+=2 +C5'(ne) +=2'

+ c4(nenle') + =22'

Experimental data for total cross sections for single

electron capturle are Summarizedl･ using the tunneling modelr

total electron capture cross sections have been also

calculated by Gro三danov and Janev2 at the energleS O･12 and
●

2.76 keV/amu. Only a single experimellt ba£ been reported for

the VロV photon emission measuremen七by Dijkkamp et al.3 over

the energy range 1.7
-

9.2 key/amu who determined the

absolute emission cross sections for n=3 +
n=2(13.5 nm). n=4

十n-2(18.2 nm)∫ and n=4
+

n=3(52.0 nm) transitions of C5+

ions. Their resultsi Show that the dominant electron capture

occurs into n=4 state. Though no theoretical calculation of

(ne) distributions has been reported. Kimura and Lane4 have

described the adiabatic po七en七まal energy curves for this

system and found that there is clear difference between C6+ +

z= and C6+ + E2 COllision systems in the positions of the

avoided crossings and the widths of the energy difference

there, resulting in different behaviour of total cross

sections between two systems. Their c･alculation also

indicates the dominance of electron capture into n=4 states,

agreeing with the experimental observation by Dijkkamp et a1.3

and by Kimura et al.5

No total cross section for double electron capture was

reported yet.
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==-2 C5'(1s) +=2 + C4'(1sne) +=2'

+ c3+(lsnenlel) + =22+

Although total cross sections for single electron capture

are summari2:edl. no mea.5urement Of the partial cross sections

has bee由reported except for the determination of the

dominant electron capturing levels, that is, n=3 with a

slight contribution of n=4. states･2
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Tables三追(1985) 235

2.帆. Kimura, N. Kobayashi, S. Ohtani and H. Tawara, J. Phys.

B迎(1987) 3873
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II-13 C4'(1s2) +=2+ C3'(1s2ne) +=2'
●

+ c2'(1s2nenlC.) + =22'

Experimental data of total cross sections for single and

double electron capture have been compiledl･ only a single

set of data for the partial (ne) distributions have been

reported by Dijkkamp et a1.2 over the energy range of 0.8 -

6.7 keV/amu, meanwhile a calculation of the partial cross

sections has been made by Gargaud and出cCarro113 using MO

trE.･atment OVer thc ∈rlergy range Of 0.5 - 250 eV/amu. Both

e.I.･p∈ri.TIerlt and theory glVe the dominant capture into n=3
●

state which agrees with experimental results obtained through

translational energy spectroscopy4･ The e-distribution among

the n=3 states is strongly dependent upon the collision

energy. with 3p state being dominan七over 1
-

100 eV/amu.

Relative variation of (ne凪) distributions has been

determined by Baptist et al･5 and found to be in agreement

with the calculation by Gargaud and雌cCarrol13･ Also Baptist

et al.6 measured the polari2;ation of VUV photons emitted from

(3em) states of C3+ ions over 4 - 40 keV/amu with the result

of significant polarization for 3s+2p tranr'ition and of m=0
●

and m=±1 being dominant at low and high energies
●

invesヒiga七ed. respectively.

The behaviour of (ne) distribution of this system at much

high energies (2
-

5机eV) has been investigated also

theoretically and experimentally･7 =七is found that the

observed (ne) distributions can well be described by the

continuum distorted Wave calculation.

℡he eユ.ectron capture of C叫ions involving the metastable

state (1s2s 3s) has also been investigated at 3.33 key/amu

energy by Druetta et al･8;

c4+(ls2s 3s) + H2 + C3+(ls2s3e 4L) + =2+･

The dominant transition observed is ls2s2p
4pO

+ 1s2s3s 4sr

with the cross section of 1.5xlO-15 cm2.
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=工-4
､C3+(ls22β

2s) + =2十C2+(1s22･ene-) + =2+

+ c++技22+

Total cross sections for single electron capt皿re Process

have been summarized･1 =n collisions with molecular targetsr

AB･0七･叫y
the s'imple electron capture but also tarlget

exci£aよion or.tr3a93Sfler itD血i2:ation ¢a･n
roc･clu.･r

･an8,七hereforet

tぬe ¢ol且五届五¢n電ぽ¢C悪さ惑1eS.ar.e弼tCh皿Ore COmPlica七ed, compared

with those of atomic target* エn factT観1kie
･et al.2 observed

a mmber of peaks corresponding
･to

tぬe following proce甲eS in

組eir energy spectra壬

c3'(1s22s 2s) + x2 + C2'(1s22s3s 3s) + =2'

(1s22p2 1s)

(1s22p2 1D)

tls22p2 3p)

(1s22.･32p lpO)

(1s22.･i2p 3pO)

(1s22p2 3p) + H+ + H(1s)

(1s22s2p lpO)

(1s22s2p 3pO)

(1s22s2 1s).

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

The first six processes colrrespond to the electron capture

into proコeCtile ions resulting in simple ioni2:ation of H2'
●

whereas the last four do to the dissociative ioni2;ation of

? target m.1ecules. Even th.ugh the limited energy res.1uti.n

of their system prohibited the complete separation of all

these processes, their spectrum clearly shows the dominance

of proces･s (3), electron capture plus electron excitation, at

their energy range (1.5
- 18 keV). However' they could not

determine the cross sections for these processes.

on the other hand′ Ciric et al･3′ through photon

spectroscopy. determined the cross sections for the same

processes as those in atomic hydrogen target (see the above),

regardless of the target molecular states after collision.

Their result indicates the cross sections for 2p2
1D

state are

dominant at lower energy (8.28 key). agreeing qualitatively

-67-



ご.
一, .

I,･.
.

･
(:

with those of Wilki卓l'e-'t a1･1.-i-i姐d.'6▲creas.e Jwit一打i血r由sing th色◆

energy, whereas at higher en主唱ieis (･T155.4key) those for 3s 3s

state become dominant with sユgnificant contribution of 3d
3D●

state由well a5 2p2
1D

st貞七eンS･i-mi1[ar to七he･ t-ten丘･of･ atomic
■

hydrogen target畠.･' Zt should be note-a that.a岳 th白i4f ab細工ute

values of the total'eroS畠･secti6ns bbt畠主ned byt皇岳ummェng tip
{ ●

_

those for all thさprocesses inv.estigated and:by'their

independent direct mea白uremezits of t'dtal. cross sections 昏eem

to be inconsistent with -each other and also in disagree紐ent

with other experiments, their data shown h色re are I

renormali2:ed to the known cross section$l by mdltiplying their

orlglnal data by i.74. assuming their relative values are
●

■

correct. No total cross section for double electron capt･ure

was reported yet.
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zzz cq+ +エe collisions

==トエC6+ + He(1s2) + c5+(rT.e) + He+(1s)

,

+ c4+(men-eI) +エe2+

Experimental data for total cross sections of single and

double electron capture are suznmarizedl. Dijkkamp et a1.2

have determined the emission cross tsections corresponding to

the n=3 + n=2 (13.5 nm) and n=4 + n=3 (52.0 nm) transition-s.

on the other handr Kimura and OIson3r using地O approachT

calculated the paL'tial cross sections for 3s, 3p and 3d

states over the eLlergY range i -200 keV, indicating that the

capture into 3d state is dominant at low energies (<10 keV),

meanwhile around 20 -200 keV ヒbese three cross sections are

nearly equal･ Using AO methodr Fritsch and Lin4 calculated

the partial cross sections for (3e) and (4e) states over 0.5

-

40 keV/古mu. with the result slightly differen七 from七hose

●

of Kimura and OIson in particular at lower energies.

Jain et a1.5 extended. using two-center AO methodt the

calculation by Fritsch and Lin to get (nCm) distributions

over 10 keV/amu
-

2机eV/amu with the emphasis of those at

higher energies. Their results are in general agreement with

those of Fritsch and Lin, except for those of 3d subshell.

At around 500 key/amu, the eapture土n七o
2po

state is dominant,

meanwhile that into ls state becomes dominant at the energy

higher than i.5比eV/amu.

Total cross sections over i -103 key/amu are also given by

sue:uki et a1.6 who used UDWA method.

Also total double electron capture as well as total single

electron capture have been treated by Ohyama-Yamaguchi7

recently over the energy range 0.1 - 10 keV/古mu using CC

method.
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=rz-2 C5+ (1s) + He + C4+(1sne) +茄e+

◆

c3+;(1snQnfe') + He2+

Total cross sections for single electron capture ar-e

surnmari2:edl.

AlthoLugh土血ere is an indication that the dominant capture

occurs into the.34 states, the most likely states being 3p

and 3d statesr2 no partial cross section has been reported

yet. No total cross sections for double electron copture are

reported. either.
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Ill-3 C4+(1s2) + He + C3+(1$2ne) +
,He+-

+ c2+(1s2ncnfeT) + He2+

正Ⅹperi由ental data for single and double electron capture

cross ,sections are summari2;edl.

=t is known that the double electron capture is more

probable at lower energies than the single electron capture2.
●

=n fact Crandall determined total cross sections for single

and double electron capture and showed the double capture
'is

●

dominant at the energies lower than 20 Rev over the single

electron capture. ℡his feature is explained theoretically

through the energy potential curves. The double electron

capture proceeds七o the following dominant channel ;

c4+(1s2) + He + C2+(1s22s2) + He2+,

meanwhile the single electron capture does through the 2p

states.4 and becomes dominant at higher energleS･ Recently
●

this was confirmed experimentally5T indicating that the double

electron capture into C2+(1s22s2 1s) is dominant at 0.3

key/amu. Also total double electron capture cross sections

have been calculated by Gro2:danov and Janev over the energy

range o.o1 - 7.5 key/amu6.

=t should be noted that in order to understand the features

in both processes the angular distribution of the product

ions must be known correctly
7-9･

The partial cross section5 for single electron capture have

been determened by Dijkkamp et allO. over七he energy range 0.8

-

6.7 keV/amu. The observed results indicate the dominance

of the capture into.2p state in the energy range

investigated. as predicted by 七beories.

Some features of the (nC) disttributions in this system at

higher energies (2-5地eV) have been investigated

七heore亡ieally and experimenね11yll･

℡わe rate coefficients for single electron capture over 七he

temperature 103 - 104･5 K were calculated by Butler and

Dalgarno12 using LZ model･
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Ill-4 C3+(1s22s 2s)十He 十 C2+(1s22s2 1s) + He+

(1s22s2p ョpo)

(1s22s2p lpO)

(1$22p2 3p)

(1s22p2 1D)

(1)

(2i

(3)

(4)

(5)

℡otal cross sections for single electron capture are

summar,ized1.

工n single electron capture. the above processes have been

investigated using tbe 七ran51ational energy spectroscopy

technique･ Kimura et al･
2

have shown that the most dozninant

capture goes into 2s2p
lp

states at 500 eV/amu. with a small

contribution of 2s2p
3p

and far less contribution from 2s2 and

2p2 states･ Lennon et al･3 determined the partial cross

seeヒions for the above processes over the energy range 3-18

keV■ Their results show that at the lowest energy 2s2p lp

states are far dominant over other channels but with

increasing the collision energy 2s2p
3p

and 2p2
3p

TID

channels become slgnificant. ℡he rate coefficients over the
●

temperature 103-104･5 K were calculated by Butler and

Dalgarno4 using LZ mode･ No cross section fol･ double electron

capture was reported yet.
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エ==-5 C2+(1s22s2 1s) + He + C+(1s22s22p 2p) + =e+ (1)

℡otal cross sections for single electron capture are

summarized.1 on the other hand′ Lennon et al･2r using C2+ ion

beams containing an unknown, but significant fraction of the
●

metastable state, observed the translational energy spectrum

over the energy range 1 -

6 keV and found 七bat ヒhe peak

corresponding to the process (i) is very small at low

energies. This can be understood because the process is

endothermic. Instead, the peak corresponding to the

metastable beams due to the following process

c2+(1s22s2p 3p) + =e + c'(1s22s22p 2p) + =e+ (2)

is found to be significant, because the process(2)
is

exothermic. Howe∇er′ as the fraction of the meヒas七able beam

is no七 known, they could obtain no cross sections. ℡bus it

shoud be noted that the observed total cross sectioonsl are

also affected by the presence of the metastable beams.

No cross sections for double electron capture was reported

yet･
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Da七a ℡ables

2･ 比. Lennon' R.W.爪cCullough and H.B. Gilbody. J. Phys. B

∃追(1983) 2191
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zv oq+ + Ⅱ(1s) coil.isions

=Ⅴ-i. 08+ +≡(1s) +07+(nc) +E+

Experimen七al data for total electron capture cross sections

are surn皿arized･1 using爪O descriptiont =arel and Salin2

calculated total cross sections with the indication of the

predominance of electron capture into n
= 5 state at

intermediate energies. Similar results have been given by

salop and OIson3 岬0 + CT舶C. 0.5
-

500 key/amu) with the

dominant contribtion from n = 5 sta亡es. Some calculation of

total cross sections was also reported by Grozdanov5 over 2.5

-

100 keV/amu using his classical model. Kazanskii and

Komarov6, using molecular calculation, have given the (nC)

distributions (n = 4′5) over 七he energy range 0.25
-

4

key/amu, with the dominance of n=5 states and relatively weak

contribution from n=4 and n=6 states. Janev et al.7

calculated the n-distributions using mLZRC method with the

result of the dominant n=5 states over 0.5
-

25 keV/amu.

shipsey et al･8r combining山O and LZ modelsr calculated the

partial cross sections for ne =4C,5e and 6e and for n=7

States over 13 eV/amu
-

34 keV/amu. The (ne) distributions

at 25 and 50 keV/amu have been also calculated by Eardie and

olson9 using CT朋Cr with an additional result of total cross

sections over 25
-

200 keV/amu. Fritsch and LinlO have

reported the calculated (ne) distributions at 0.i
-

3O

keV/amu using AO method. Furthermore, Fritschll calculated,

using the same technique, similar cross sections for non-

dominant capture processes, namely 7C, 8e and 9C states.

presnyakov and Uskov12 calculated total and n=5 states

partial cross sections at 6.25
-

56 keV/amu. The partial

cross sections for (5em) states have been calculated by

salin13 using机O model over 1 - 16 key/amu. Using the same

methodT Bendahman et al･14 gave the cross sections for

dlfferen七 n s七a七es over 0.25
-

50 keV/amu, indicating that

●

those for n=5 states are dominant at low energies and those

for n=6 become significant at higher energies･ Recently

- 107-



Kimura and Lanel･5t using the travelling HO method′ reported a

similar trend over 0.2
-

5 keV/amu.

Experimentallyr Kimura et a1･16 confirmed the predominance

of n=5 states, with the contribution of 20% from n=6 states

using the transコ･ational energy spectroscopy･爪ost recentlyt

Hoekstra et al｡17 determined the emission cross sections for

n=3 + n=4 (63.3 nm), n=5 + n=3 (20.0 nm) and n=6 + n=3 (17.0

nm) transitions wit'h the agreement with calculations for '=he

dominant processes but with significant discrepanciep. for
●

less dominant processes.
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IV-2 07+(1s) + H(1s) + 06+(1sne) +.I+

Total electron capture cross sections are summarized･1

However, no work was reported on the final state distribution

except for a single experimental work by Kimura et al･2 who

observed that the dominant electron capture goes into

,n=5

states at around 500 eV/'amu energy range using translational

energy spectroscopy.
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=Ⅴ-3 06'(1s2) + H(1s) + 05+(1s2ne) +苫ナ

Total electron capture cross Sections are summarized･1

Theoretical calculations of the cross sections have been

reported by Shipsey et al･2 who give total cross sections over
●

the energy range 10-2 - 200 keV/amu using molecu･1ar treatment

and CT爪C, with the indication of the predominance of electron

capture into n=4 states at low energies･ Similar results

have been given by Hanssen et al･3 using MO model over O･25 -

■

25 Rev/amu who also show the dominant capture into n=4 states

with a slight contribution fl･Om n=3 states･ Bendahman et al･4

gave the cross sections for n=4 and 5, showing that the

capture into n=4 states is dominant at low energies, Whereas
●

at higher energies the capture into n=4 and n=5 becomes
●

comparable.

Experimental confirmation of the dominance of the capture

into n=4 states is glVen by Dijkkamp et al.5 and Ⅸimura et
●

al.6 In particular, Dijkkamp et a1. determined the absolute

cross sections for (ne) states over 0.94
-

7.5 keV/amu using

photon spectroscopy. Their observed average e･-distributions

<e> are found to be well reproduced theoretically based upon

the extended classical over-barrier model.7
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=Ⅴ-4. 04+(1s22s2 1s) + H(1s) + 03+(1s22s2ne) + H+

Experimental total cross sections are summari2;ed･1 Total

rate coefficients over the temperature 103
-

104･5 a were

calculated by Butle･r and Dalgarno2 using LZ model･ No partial

cross section measurement has been reported.
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=Ⅴ-5. 03+(1s22s22p 2pO) + H(1s)
+

02+(1s22s22pne) + H+

Total electron capture cross sections are summari25ed.1 on

the other hand( Butler et al･2 made their quantal calculation

of total rate coefficients over the temperature range 5 x 103

- 5 x 104 K. Then, Hell et al.3 showed that the most dominant

process is 2s22p3p
3D

state capture followed by 2s22p3p 3s
and

2s22p3p
lp

at the energy range 0.27 - 8.i eV/amu. Further,

Bienstock et a1.4 extended their calculation of the (ne)

distribution for 2p3s
lpO1

2p3p
lpt 3s

and
3D

statest using

the distorted-wave approximation, over the energy range 0.1

-

5000 eV/amu, shoving that the capture into 3e states, in

particular 3p 3D
statet is dominant over the energy range

investigated.
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=Ⅴ-6. 02+(1s22s22p2 3p) +I(1s) + 0+ + H+

Total electron capture cross sections are summarized･1 No

experimental investigation has been reported on the cross

sections for (ne) dis･tributions. Butler et a1.2 calculated

the rate coefficients at the thermal energy using Landau-

Zener approximation and shoved the following process is

domin?nt :

. o+(1s22s2p4 4p) + I+,

that is, this dominant process is one-electron capture into

2p state accompanied by 2s electron exciヒation into 2p state.

Butler et al'3r using quantal methodt calculated total rate

coefficients over the temperature 5 x 103
-

5 x 104 K for the

capture into 2s2p4
4p

state･ Furthert Hell et a1･4r based

upon molecular treatment, calculated the cross sections for

2s2p4 4p
state over the energy range 0.27 -

8.1 eV/amu.

References

i. H. Tawara, T. Rato and Y. Nakai, At. Data and Nuc1. Data

Tables 31 (1985) 235

2. S.E. Butler' C.F. Bender and A. Dalgarno, Astrophys. J.

旦姐(1979) L59

3. S.E. Btltler' T.G. Hell and A. Dalgarno, Astrophys. J. 241

(1980) 442

4. ℡.G. Ⅱeil. S.E. Butler and A. Dalgarno. Phys. Rev. A 27

(1983) 2365

-140-



′~ヽ

コ

∈
ロ

ヽヽ

>
α

ヽー

>､
tコ)
L

a)
⊂

LLJ

(ヽ

ら
L iト

LJid

ら
t■~■●

tO

Liil

ら
占 i

ln

■■■

ら
J-

(石uJ〇) uO!l〇89 S!昏0｣○

-141-

■せ
t■■

ら
t~

巾

▼~

l

C
｣】li■

+

=

+

亡;i

<n-

<

CL

eN

∽

(ヽ
(～

の
ヽ

-
1=▼コ

+

○

∧

I

I

=

十

+
(～

O

汀)

⊂)
▼■~■■■■

●

ロ)

に



v oq+ + z=2 COllisions

v-1･ 08++珪2+C7+(ne) +=2+

Experimental data for total cross sections for single

electron capture are summarized･1 Total theoretical cross

sections have been calculated by Grozdanov and Janev2 using

the tunneling model at the energie$ 0.12 and 2.76 keV/古mu and

by Kimura and Lane3 using the travelling nO method with the

indication of the dominant contribution from electron capture

into n=5 states･ Bliman et al･4r by observing Lyman series

emission lines, determined relative populations in

5s,5p,5d,5f and 5g states, with the most dominant

contr主buヒ主on from 5d states followed by tha七 from 5f states

at 4.4 key/amu. Similar photon spectposcopic data are

reported by Politis et al･5 ロsing the translational energy

spectroscopyr Kimura et al･6 have shown the dominant capture

occurs into n=5 states at 0.75 keV/amu. However. no partial

cross sections for this system have been reported. No total

cross sections for double electron capture was reported yet,

eエセber.
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Ⅴ-2･ 07'(1s) + Ⅱ2 + 06+(lらne)+H2'

Total cro･'3S昌eCtions for 畠ingle electron capture processesT

though limited quantiヒiesr are available.1 However, no

investigation was reported lつn the final state distribution of

the system except for one work by Kimura et al'2 who observed

that the dominant electron c.apture occurs into n=4 and 5

states with nearly equal probabilities at around 500 eV/amu

using the transi7.ational energy spectroscopy. No total

sections for double electron capture was reported yet.
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v-3 06'(1s2) +=2 + 05'(1s2ne) +=2'

+ o4'(1s2n2nICI) + =22'

℡otal cross sections for single and double electron capture

processes are summarized.1 Baptist占t al.2 determined′ using

phot.on spectroscopy, relative population5 in e-distributions
勺

in n=4 states, which are expected and confirmed

experimentally3 to be dominant channels for single electron

capture and have

statistical at 60

0.9
-

7.5 keV/amu

spectroscopy. by

electron capture

whereas a七 higher

the contribution

observed average

shown that the e-distributions are

keV. The detailed (ne) distributions over

have been determined . based upon pho亡on

Dijkkamp et al.4 who showed that dominant

●

occurs into 4s states at lower energies,

energleS 4f states become significant, with
● ●

of 10
-

20 % from n=3s states. Their

e-distributions <e> are well reproduced

theoretically using the extended classical over-barrier model

over the energy range 1 - 6 keV/古mu.5
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Ⅴ-4･ 02+(1s22s22p2 3p) + E2 ◆ 0+ + Ⅱ2+
●

◆oo +E22+I

Total cross sections for single and double electron capture

processes are summarized･1 Kamber et al･2r using translational

energy spectroscopy, observed a series of peaks of the

energy-changed proコeCtiles and found that the most dominant
●

one-electron capture is 七bat into

ls22s2p4 4p5/2
State

at their energy of 6 keV. This shows that the dominant

electron capture into 2p state is accompanied by 2s占Iectron

excitation into 2p state･ They did not report any cross

section for this process.
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v= o可+ +ヱe collisions

v=-i 08++He +07+(ne) +He+

十06+(nen'e')
+ Ee2+

丑Ⅹperimental data of total cross sections for

double electron capture are summari2:edl･ Total

for single electron capture have been calculated
L

.

al｡2T uSingロDWA methodT Over the erl,ergy range i
1r.1/

and by Ki血ura and OIson3 using HO model over O･2

Bliman et a1･4 have given their calculated cross
●

single and

cross sections

by Su2:uki et

- 200 keV/amu
-

50 keV/古mu.

sections for

single and double electron capture based upon molecular

●

treatment, indicating that at low energies the single

electron capture into n = 4 states

contribution from n = 5 states and

capture into n= 3. nl = 4 and n=

dominant with n
= 4′ nI = 4 states

●

higher energies. Another important

is that the double electron capture

the single electron capture at the

土s dominan七 with a weak

the double electron

3, nl = 3 states is

●

becoming slgnificant a七

result of their studies

is not negligible, over

key/amu energy range.

Experimental observation by Ohtani et al･5 using the

translational energy spectroscopy shows the electron is

indeed selectively captured into n = 4 states at 0.4 keV/amu.

Another experiment of =Jaurent et al･6 pointed out the

importanc占of the angular distribution of the charged-changed

products : that for dominant n
= 4 states is forward-peaked.

whereas the contribution to single electron capture from the

autoioni2:in° states due to double electron capture becomes

important at larger'scattering angles. Relative intensities

of different e-states in n
= 4 states have been measured by

politis et al.7 at 4.4 key/amu. However, no absolute

measurement of the (ne) distributions has been reported.

T･heoretical calculations for (ne) distributions at higher

energies (keV一机eV) by Jain et a1.8 using AO expansion method

show that the capture into n = 4 states is dominant at around

30 keV/amu, that into n
= 3 until 15拭eV and n

= 2 at higher

energies. At higher energies the reduction of the cross

sections for m $ O states is significant, compared th that

-152-



for m
= O s七ates′ indicating tha七at higher energleS the

●

■

electron capture needs larger momentum component along the

beam direction, which the m
= O states have indeed.
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Ⅴ=-2 07+(1s) +王Ie+ 06+(1sne) +顎e+

+ o5+(1shen'e') + He2+

Total cross sections for single and double electron capture

processes are
･5ummaL7i2:edl･

only a弓ingle work has been

reported on the (ne) distribution of the final states by

Tsurubuchi et al･2 who used translational energy spectroscopy

to identify the most do..ninant electron capture process into

ls4e states at 500 eV/amu energy range.

No informat'ion is availab1･e on the.(nC) distribution of this

system yet.
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Ⅴト3 06+(1s2) +Ee + 05+(1s2ne) +Ee+
●

+ o4+(1s2ncn'c') + He2+

Total cross sieCtions for single and double electron capture

are summarized･1 The n-distribution of this system was

inves七iga七ed by Okuno et al･2. using translational energy

siPeCtrOSCOPy. Who reported the most dominant electron capture

occurs into n = 3 states. Dijkkanp et a1.3 , using photon

spectroscopy, determined the absolute cross sections for

various (n〃) states over the energy range 0.56
-

7.13 keV/amu

which show that 3p and 3d states are dominant at low占r

●
●

energies, Whereas at higher energleS 3s, 3p and 3d states

become comparable, With the contribution of 20 % from n = 4

states.

The theoretical calculations of the cross sections of (ntl)

distributions have been reported by Fritsch and Lin4 using )iO

model over 0.5
-

40 key/amu and by Shimakura et a1.5 using 'qO

model over 0.14
-

7 keV/amu.
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■

vI-4 05+(1s22s 2s) + He + 04+(1s22sne) + He+

+ o3+(1s22snenle') + He2+

℡otal cross sections

are summari2:ed by Wu et

partial cross sections

experimenヒ was made on

electron capture into n

range2. without knowing

for single and double electron capture

a1.1 Howevert no investigation of the

has been reported. Only a single

the obser∇atエon of 七he dominant

= 3 states at the keV/amu energy

the e-distribution.
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2. M. Kimura. T. =wai, Y. Kaneko, N. Kobayashi, A.

●

拭atsumoto. S. Ohtani, K. Okuno, S. Takag1, H. Tawara and

S. Tsurubuchi, J. Phys. B皇道(1982) L851
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Ⅴト5 04+(1s22s2 1s.) + He + 03+(1s22s2ne) + He+

+ o2'('1s22s2nen.et) + He2+

Experimental total cross sections for single electron capture

are summari2;ed.1 =oweverr no experimental studies on the

partial cross sections have been repor七ed･ ℡he rate

coefficients over the temperature 103
- 104･5 K were

calculated by Butler and Dalgarno2 using LZ model･ No total

cross sectios for double electron capture was reported yet･

References

i. W.K. Wu, B.A. Huber and Ko Wiesemann, At. Data and Nuc1･

Data Tables

2. S.E. Butler and A. Dalgarno, Astrophys. J. Bii (1980) 838
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一

v=-6 03'(1s22s22p 2pO) + Ee+ 02+(1s22s22pn･C) + =e+

◆ o+(1蕗22s22pnen'e-) + He2+

Experimental total cross sections for single electron

captur声are Summari2:ed･1

Total rate coefficients over the temperature 103 - 104･5 K

were calculated by Butler and Dalgarno2 using LZ model.

However' no甲Ork has been
reported on the partial cross

section measurements.

No total cross section for double electron capture was

reported yet.

References

i. W.K. Wu, a.A. Huber and 氏. Wiesemann, At. Data and Nuc1.

Data ℡ables

2. S..E:. Butler and A. Dalgarno, Astrophys. J. 2ii (1980) 838
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vr-7 02+(1s22s22p2 3p) + He + 0+ + He+
P

+ o｡ +He2+

Total cross sections for single and double electron capture

processes are summarized･1 Total rates at 300 K were

calculated by Dalgarno et al･2 using the Landau-Zener

approximation and Butler et al･3 calculated total rates over

the temperature range 5x103
-

5x104 K by quantal method.

using the distorted-Wave approximationr Bienstock et a1.4

calculated the cross sections for the capture into 2p3 2pO
and

2DO
states over the energy range 1 - 5000 eV/amu and畠howed

that at their energy range the capture into 2p3
2pO

states is

dominantt with significant contribution from 2p3 2DO
state

●

above 500 eV/amu.

on the other handT Kamber et al･5g using translational

energy spectroscopyr determined that the capture into 2p3

2D5′2
State is dominant and also determined relative variation

of their intensities over the energy range i - 8 keV.

References

i. W.K. Wu, B.A. Huber and K. Wiesemann, At. Data and Nuc1.
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2. A. Dalgarno, S.E. Butler and T.G. Hell. J. Geophys. Res.

旦皇(1980) 6047

3. S.E. Butler, 管.G. Heil and Dalgarno. Astropbys. ∫. 241

(1980) 442

4. S. Bienstock. T.G. Hell and and A. Dalgarno, Phys. Rev. A

2% (1984) 503
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(1985) 933
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