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Preface

This volume is a collection of the recent papers which

the NICEll (Naked =on Collision Experiment) group, an atomic

collision study gL-OuP Organi2:ed at the =nstitute of Plasma

Physics, Nagoya University, has published in =nternational

Journals and ^Tiooks.

℡be Editor of the present volume would like to thank

the Editors of the follow土n9 Journals and Books for their

permission of reproducing our papers which have been

published in their Journals:

Journal of Physics A (papers 2,5,6,7,12,18)

Journal of Physical Society of Japan tpapers 10,14.16)

Nuclearエnstruments and Methods in Physical Research

(papers 1.9,1了)

pbysics of Electronic and且七omic Collisions

(papers 3.15)

Physica Scripta I(paper ll,1

Physieal Review (papers 4,8,13)

日太物理学会誌

H. ℡awara

Editor
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工. FOREWORD

This is a collection of papers on the work of the NICE

project at the rnstitute of Plasma Physics (=PP) , Nagoya

University from 1977 through 1984.

=n 1977, Y. Raneko and T. =wai were invited to be Guest

professors of七be 工pp and to make exper土men七s on atomic

processes involving highly-charged ions, which were supposed

to be extremely 土mportant 土n studies of big七 temperature

plasmas. A research group was organized and several

researchers were invited from various 土nstitut土ons 土n the

country to take part in the project. The primary purpo昌e Of

the proコeCt Was not Only to produce A-BJ! data useful for the

nuclear fusion research, but also to deepen our understanding

of the basic physics of the atomic processes involving

highly-charged ions at relatively low energies. =n order to

obtain clear conclusions′ i七was most desirable 七o make

collision exper土ments using beams of fully-Stripped or nearly

fully-stripped ions with a narrow energy spread. The project,

accordingly, was named NICE (Naked =on Collision Experiments).

=n the first stage of the project, an ion source of EB=S
●

type with a conventional magnet was built and some preliminary

experiments were made. =n the second stage, an EB=S type ion

source using a super cc･.tlducting magnet was built. A beam of

fully-stripped oxygen ions 08+ was su乍cessfully extracted from

the source in 1980, and the source was named NICE-1. Since

then. systema七土c and exhaustive studies on the electron
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capture processes by various highly-charged
一ions

from He atoms

have been made through cross section measurements and by means

of translatiohal ener.gy spectroscopy. The charge state of
r

ions studied has reached up to as high as 41 by the end of the

●

pご0コeCt.

Last spring, the NICE proコeCt Closed its first phase as
J

the Guest Research Program of the =PP･ The whole apparatus

including the ion source NICE-1 is still running in a good

■

shape, but the proコeC七bas been reduced in its scale and七aken

over to the Collaboration Program of the =PP. Zn cummemoration

of the collaboration of the NICE group and for the convenience

of reviewing the work of N=CEp this collection of papers was

edited by H. Tawara as a part of ZPPJ一旦出series. The names of

the people who have taken part in this project are listed
●

below in ,an alphabetical order:

Toshihiko Hino (=PP+Hamamatsu Photonics Co. )

Hironobu =mamura (Kyushu UriiversityすⅩyushu
-Electric

Power Co. )

Tsumji =wよi (Osaka University + Ⅹansai比edical University)

Yozaburo Raneko (Tokyo Metropolitan University)

出asahiro Rimura (Osaka University)

Nobuo Xobayashi (Tokyo
_Metropolitan

UniversityI

Atsushi出atsumoto (=PP)

Shunsuke Ohtani (=pp)

Ⅹazuhiko Okuno (Tokyo加etropolitan University)

Hiroyuki Tawara(Kyushu Univer.qity + =PP)

Seiji Tsurubuchi (Osaka University + Tokyo University of.

Agriculture and Technology)
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Tsutomu Watanabe (The University of Tokyo + The =nstitute of

Physical and Chemical Research, R工ⅩEN).

●

=t was really an enコOYable collaborationp We appreciate

very much the wonderful team work brought into existence bv
t■

all members of the group, and believe so do they. S. Ohtani

has filled the role of secretary of the group throughout the

■

proコeCt.

On behalf of the members of the NICE group, we appreciate

the whole staff of the エnstitute of Plasma Physics fo.r their

kind support extended to the proコeCt. 玄specially, we would
●

like to express our sincere appreciation to Professor Emeritus

Kazuo Takayama who invited us to sta.Tt this proコeCt When he
=

was the Director of the =nstitute, and to the Former Director

professoL- Emeritus Hidetake Xakihana who encouraged our group

throughout the work. We thank Hr. Genji Takamatsu and his

company for their skillful machining of the ion source.

Finally. we thank all wives of the NICE memberET. for their

tolerance of frequen七 ne91ect o王bome by 七he土r busbands who

stayed out of hc･mes often for the three consecutive nights,

supposedly due to the experiments, over a long period of J:he

コ

proコeCt.

January ll. 1985

Yozaburo Kaneko

Tsuruji. =wai
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==. List of Publications and Talks

●

工ト1. Ori91nal papers

i. Some Characteristics of an Electron Beam =on Source:

● ●

H. =mamura, Y. Xaneko, T. =wa1, S. Ohtan1,

K. Okuno, N. Robayashi, S. Tsurubuchi, M. Kimura

and H. Tawara

Nuc1. =nstr. Heth. 188′ 233 (1981)

2･ Symmetric Resonance Multiple Char･ge Transfer of Neq十

andArq十(q ≦ 4):

Y. Xaneko, T. =wai, s. Ohtani, K. Okuno,

N. I(obayashi, S. Tsurubuchi, M. Rimura

and 冗. Tawara

J･ Phys･ Bii' 881 (1981)

3. Cross Sections for One-Electron Capture from He by

Highly Stripped Ions of C, N, O, F, Ne and S below

l key/amld=
● ■- ■■■

■
■ ●

Y. I(anl∋ko, T. =wa1, S. Ohtan1, Ⅹ. Okuno,

N. Robayashi, S. Tsurubuchi,班. Rinura, H. Tawara

●

and S. Takagl

Physics of Electronic and Atomic Collision.

(ed. by S. Date:, North Holland, 1982), p.697.

4. Cross Section for One一三lectron Capture by flighly

Stripped =ons of a, C, N, 0, F, Ne and S from He

below 1 key/amu‡
●

T. =wa1, Y. Raneko,班. Kimura, N. Robayashi,

● ●

S. Ohtan1, Ⅹ. Okuno, S. Takag1, H. Tawara

and S. Tsurubuchi

Phys･ Rev･ A望′ 105 (1982)
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5. Observation of Electron Capture into Selective State

by Fully Stripped =ons from fle.Atom:

S. Ohtani, Y. Kaneko, H. Rimura, N. Xobayashi,

●
■

T. =wa1, A. Matsumoto, K. Okuno, S. Takag1,

H. Tawara and S. Tsurubuchi

J. Phys. a l'5, L533 (1983)
■■l■-

6. Two-EleciT･rOn Capture into Autoionizing States of

N5+ (3丸3Ar) and 05+ (1s3且3丸f) in Collisions of

N7+ and 07+ with He:

S. Tsurubuchi, T. Zwai, Y. Kaneko, A. Kimura,

●

N. Xobayashi, S. Ohtan1, Ⅹ与 Okuno, A. Matsumoto,

●

S. Takagl and E. Tawara

J･ Phys･ a ii' L733 (1983)

7. The (n,A) Distributions in Electron Capture Reactions

for C3+, N4+ and

H. Ximura, T.

A. Matsumoto,

H. ℡awara and

J. Phys.

o5+ Ions colliding with He:.

エvai, Y. I(aneko, N. Robayashi,

●

S. Ohtani, Ⅹ. Okuno, S. Takag1,

S. Tsurubuchi

a 15, L851 (1983)
L二二二二=

●

8. Energy-SpectroscopIC Studies of Electron-Capture

Processes by Low-Energy, Highly Stripped C, N, and 0

土ons from He‡

Z(. Okuno′ H. ℡awara, T. =wai, Y. Kaneko,

■

H. Kimura, N. Kobayashi, A. Matsumoto, S. Ohtan1,

●

S. ℡aka91 and S. ℡surubuchi

Phys･ Rev･ A3E, 127 (1983)

9. Gain Characteristics of 朗icro-Channel Plate and

Channe1-Electron出ultiplier for出ultiply Charged

工ons;

●

S. Takag1, T.エwai, Y. Xaneko, M. Ximura,

N. Robayashi, A.剖atsumoto, S. Ohtani, A. Okuno,

H. Tavara and S. Tsurubuchi

Nuc1･ =nstr･ Meth･型旦, 207 (1983)
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10. Measurement of Relative Population between B2+ (2s)

and B2+ (2p) in Electron Capture Collision of B3+

with He:

●

A. Matsumoto, T. =wa1, Y. Xaneko, H. Ximura,

N. Robayashi, S. Ohtani, K. Okuno, S. Takag1,
●

H. Tawara and S. Tsurubuchi

J｡ Phys. Soc. Japan旦蔓′ 3291 (1983)

ll. Recent Activities at NICE Nagoya=

S. Ohtani

Phys･ Scripta T呈′ 110 (1983)

12. ℡わe Dependence on 氏 of Cross Sections for

one-Electr.n
Ca｡tur…

by Sll', s13'and Krq'(q=7-25)

Zons from He Atoms=

T. =wai, Y. Xaneko,班. Ximura, N. Xobayash'i,

● ●

A. Hatsunoto, S. Ohtan1, 冗. Okuno, S. Takag1,

H. Tawara and S. Tsurubuchi

J･ Phys･ Bill L 95 (1984)
.

13. Energy-SpectroscoplC Studies of Electron Capture
●

Processes by Low-Energy, Highly Stripped F and Ne

工qns 土n Coll土s土ons with He atoms=

●

H. Tawara, T. =wa1, Y. Kaneko′ H. Kimura,

.I.
I(obayashi, A. Hatsumoto, S. Ohtani, 冗. Okuno.

●

S. Takagi and S. Tsurubuchi

Phys･ Rev･ A&' 1529 (1984)

14. Landau-Zener Model Calculations of One-Electron

Capture from He Atoms by Highly Stripped =ons at Low

●

Ener91e£ :

M. Kimura, T. =wai, Y. Raneko, N. Xobayashi,

● ●

A. Matsumoto, S. Ohtan1, K. Okuno, S. Takagl,

H. Tawara and S. Tsurubuchi

J. Phys. Soc. Japari 53, 2224 (1984)
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15. One-Electron Capture by Highly Stripped工ons from
_qe

Atoms-Final State Analysis-:

S. Ohtani

Eelctrcnic and Atomic Collisions (Ed. by

J.ヱichler. I. Ⅴ. Hertel and N. Stolterfoht,

North-Holland, 1984) p.353

16. Translationa1-Energy Spectroscopy o.f One-Electron

capture processes in He2+ -H2 and -N2
Collisions:

●

N. Xobayashi, T. =wa1, Y. Kaneko. A. Ximura,

A. Hatsumoto. S. Ohtani, Ⅹ. Okuno, S. Takag1,
●

H. Tavara and S. Tsurubuchi

J･ Phys･ Soc･ Japan Li, 3736 (1984)

17･ Electron Capture in =q+ (q=10i41) + He Collisions at

●

Low EnergleS=

●

､ H. Tawara, T. =wa1, Y. Xaneko, A. Ximura,

N. Robayashi, A. Matsumoto, S. Ohtan1, K. Okuno,
●

S. Takagl and S. Tsurubuchi
●

Nuc1. =nstr.比eth.壁,432 (1985)

18･ Electron Capture Processes of =q+ Ions with Very High

Charge State (41≧q≧10) in Collisions with He Atoms:

●

H. Tawara, T. =wa1, Y. Kaneko,也. Rimura,

N. Xobayashi, A.出atsumoto, S. Ohtani, K. Okuno,

S. Takagl and S. Tsurubuchi
●

J. Phys. a 18, 337 (1985)
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エエー2. ℡al九s in エnternat土onal Conferences

■

1. NZCE Pro)ect at =PP:

Y. Kaneko

=nvited Talk at the Nagoya Seminar on Atomic

Processes in Fusion Plasmas, Nagoya, 1979

2. Cross Sections for One-Electron Capture from He by

Highly Stripped =ons of C, N, 0, F and Ne below

l keV/amu;
●

Y. Xaneko′ ℡.エwa土. S. Obtanl. R｡ Okuno.

N. Kobayashi, S. Tsurubuchi,班. Kimura, ZI. Tawara

●

and S. Takagl

工nvited ℡alk at X工工 工nternational Conference

on Physics of Electronic and Atomic

Co11isions (=CPEAC) , Gatlinburg, 1981

3. Recent Activities at NICE Nagoya:

S. Ohtani

=nvited Talk at the Symposium on Production

and Physics of Highly Charged Ions,

Stoc'kholm, 1982

4. Electron Transfer Processes of Highly =onized Heavy

=ons =nvestigated Through Energy I,oss Spectroscopy:

●

fl. Tawara, T. Zwa1, Y. Kaneko,山. I(i.mula,

N. Kobayashi, A. Hatsumoto, K. Okuno. S. Takag1
●

and S. Tsurubuchi

Symposium on production and physics of H土9hly

Charged =ons, Stockholm, 1982

5. Some Trends in Highly Zoni2:ed =on-Atom Collision

Experiments: Surnmary Talk

H. Tawara

Symposium on Produ.ction and Physics of Highly

Charged =ons, Stockholm, 1982
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6. Experimental Studies of Electron Capture Processes by

Low Energy, Highly Stripped Heavy =ons:

●

H. Tawara, T. =wa1, Y. Xaneko′ M. Rimura,

=

N. Xobayas･hi, A.出atsumoto, S. Ohtan1, i(. Okuno,

●

S. Takagl and S. Tsurubuchi

エnv土ted ℡al九 at U.S.-Japan Cooperative

Seminar of Physics of Highly =oni2:ed =ons

Produced in Heavy =on Collisions, Hawall,
= =

1983

7. Fina1-State Analysis of Electron Capture Processes in

Co11ision of Highly Stripped C, N, and O =ons with He

atoms;

H. Ximura, T. =wai, Y. Kaneko, N. Robayashi,
■

● ●

A.出atsumoto, S. Ohtan1, K. Okuno.I S. Takag1,

H. Tawara and S. Tsurubuchi

X工エエ ェCpEAC′ Berlin. 1983

8. Final-State Analysis of Electron Capture Processes in

Co11ision of Highly Stripped F and Ne =ons with He

atoms:

●

H. Tawara, T. =va1, Y. Xaneko, M. Rimura,

N.

S.

Robayashi; A.朗atsumoto. S. Ohtani, K. Okuno,

●

Takagl alld S. Tsurubuchi

Xエエ工 工CpEAC, Berlin, 1983

9. One-Electron Capture by Highly Stripped =ons from He

A七oms (F土nal-State Analysis) ;

S. Ohtani

工nvited ℡alk at X工工工 エCpEAC′ Berlln′ 1983

10. Electron Capture by Slow Multi-Charged =ons Colliding

with Neutral Atoms:

Y. Raneko

=nvited Talk at. the Asia Pacific Physics

Conference, Sin甘apOre, 1983
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ll. Report on the Present Status of the Naked =on

Co11ision Experiment (NICE) :

Y. Raneko

2nd =An Coordinated Research Program

b4eeting on Atomic Collision Data for

Diagnostics of加agnetic Fusion Plasmas,

Nagoya, 1983.

12｡ One-Electron Capture Processes of Very Highly

=onized =q+(q≦41) Ions in Collisions with He Atoms

=

at Low玉nergleS.'

Zi｡ Tawara, T. =wai, Y. Xaneko′ n. Ximura,

N｡ Kobayashi, A.出atsumoto, S. Ohtan1, R. Okuno,
■

●

S. Takagl and S. Tsurubuchi

=nternational Conference on the Physics of

Eighlyエonized Atoms, oxford, 1984.

13｡ One-Tjiectron Capture Processes by Highly Charged

=ons from He:

Y. I(aneko

US-Japan Workshop on Tokamak Diagnostics by

X-Ray' VUV and Optical Radiations, Nagoya,

1984.

14｡ Electron Capture by Slow and Eighly Stripped Iodine

form He‡

出｡ Rimura

=nternational Conference on the Physics of

玉Iectronic and Atomic Collisions, Stan ford.

1985｡

●

15｡ヱnergy-SpectroscopIC Studies of Electron Capture

●

Processes of Very High Charge at Low EnergleS=

H. Tawara, T.エwai, Y. Raneko,也. Rimura,

N. Robayashi, A. Matsumoto′ S. Ohtani, 冗. Okuno,

●

S｡ Takagl and S. Tsurubdchi

=nvited Talk at Satellite Meeting on Atomic

Physics of Highly Charged =ons, Stanford'

1985.
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==-3. Progress Reports

1. On the NICE Project:
●

v Y. Xaneko, T. =wa1, S. Ohtani, Ⅹ. Okuno,

N. Xobayashi, S. Tsurubuchi,班. Rimura, H. Tawara

and H.エmamura

Atomic Collision Research in Japan-Progress

Report旦, 117 (1978〉

2. Experimental Study on Multiply-Charged =on

Coll土sions :

A. Matsumoto, S. Ohtani, S. Tsurubuchi, Ⅹ. Okuno,

℡.エwai and Y. Xaneko

Atomic Collision Research in Japan-Progress

Report 4. 78 (1978)

3. Study of Charge Transfer Processes rnvolvinぐMultiply

Char9ed 工ons:

●

A. Hatsumoto, M. Ximura, S. Tsurubuchi, T. =wa1,

●

S. Ohtan1, H. Tawara, Y. =toh, A. Namiki,

T. Xoizumi, N. Robayashi and X. Okuno

Annual Review (1979/1980,工nst. plasma Phys.,

Nagoya Univ.) p.118

4･ Cross Sections for One-Electron Capture from ZIe by

Highly Stripped Ions of Bet BI Cr Nr 0, F, Ne and S

below 1 keV/amu:
ノ

Y. Xaneko. ℡.工wal, S. Ohtan土, 冗. Okuno,
●

N･ Ⅹobayashi, S. Tsurubuchi,出. Rimura, H. Tawara

●

and S. Takagl

Atomic Collision Research in Japan-Progress

Reportヱ. 71 (1981)

5. The Nagoya EB=S (NICE-i)･.

T･工wai, Y･ Kanekor R･ Okunor h'･ Kobayashir

S･ Tsurubuchi, H･ I(imurar H･ Tawarar S. Takagl and
●

S. Obtani

Annual Review (1980/1981, =nst. Plasma Phys.,

Nagoya Univ.) p.116
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6. Cross S.ections for One-Electron Capture from He by

Highly Stripped =ons of C, N, 0, F and Ne below

l keV/amu:

Y. Xaneko, T. =wai, R. Ohkuno, N. Xobayashi,

●

S. Tsurubuchi, H. Rimura, Ⅰ‡. Tawara, S. Takagl

and S. Ohtani

Annual Review (1980/1981,工nst. Plasma Phys‥

Nagoya Univ.) p.118

7. Observation of玉Iectron Capture in+･o Selective State

by Hulticharged C, N and O =ons:

S. Ohtan1, Y. Kaneko, M. Kimura, N. Kobayashi,
■

● ●

T. =wa1, A. Matsumoto, Ⅹ. Okuno, S. Takagl,

H. Tawara and S. Tsurubuchi

Atomic Collision Research in Japan-Progress

Repor七旦. 309 (1982)

8. Recent Activ土ties 土n Ⅳ工CE:

S. Ohtanェ. T. Hino, A.朋atsumoto, S. Takag1,
● ■-■ ■■

●
- 一 ■■ ■ ■ - -

■ ●

T-. =wai, Y. Raneko, A. Ximura, N. Kobayashi,

R. Okuno, H. Tawara and S. Tsurubuchi

Annual Review (1981/1982, =nst. Plasma Phys.,

Nagoya.Univ.) p.155

9. Energy-Spectroscopic Studies of Electron Capture

processes in Collisions of Highly Stripped 工ons:

●

S. Ohtani, T.工wa1, Y. Kaneko, M. I(imura,

N･ Robayashi, A. Hatsumoto. K. Okuno, S. Takag1,
●

H. Tawara and S. Tsurubuchi

Atomic Collision Research in Japan-Progress

Report旦. 51 (1983)

10. N=CE Experiments:

●

T.エwa1' Y. Raneko, N. I(obayashi, Ⅹ. Okuno,

M. Kimura, S. Tsurubuchi, T. Hino, A. Ma'tsunoto,

S. Ohtani, S. Takagl and fl. Tawara
●

Annual Review (1982/1983′ 工nst. Plasma pbys‥

Ⅳa90ya ロn土Ⅴ.) p.134
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ll. Electron Capture

(10≦q≦41)エons in

S. Ohtani, T,

N. Kobayashi,

E. Tawara and

processes of Xrq+ (7≦q≦25) and =q+

Co11isions with Ere Atoms:

●

=wa1, Y. Xaneko, M. Kimura,

A･朗atsumoto, 冗. Okuno, S. Takag1,

S. Tsurubuchi

Atomic collisions Research in Japan-Progress

Report 10, 57 (1984)
L_二こ::_=

12J･ Electron Capture Processes of I(rq+ (7≦q≦25) andエq+

(10≦q≦41) Ions in Collisions with He Atoms:

T. =wai, Y. I(aneko, N. Kobayashi, R. Okuno′

●

M. Ximura, S. Takag1, S. Tsurubuchi, A.拭atsumoto,

H. Tawara and S. Ohtani

Annual Review (1983/19B4, Znst. Plasma Phys.,

Nagoya Univ.) p.160

13. Dependence of the Gain of出icro-Channel Plate on

=ncident Charge State:

H. Ximura, S. Takag1, T.工wai, Y. Xaneko,
●

N. I(obayashi, R. Okuno, S. Tsurubuchi,

A.朋atsumoto, S. Ohtani and H. Tawara

Annual Review (1983/1984, =nst. Plasma Phys.,

Nagoya Univ.) p.161

14. One-Electron Capture Processes by Highly Charged

=ons from Helium王

Y. Raneko

proc. us-Japan Workshop on Tokamak

Diagnostics by X-Ray, VW and Optical

Radiations (=PPJ-703, =nst. Plasma Phys=

Nagoya Univ･, 1984) P･'68･

ユ5｡ electron Capture by Low Multi-Charged Ions Colliding

with Neutral Atoms:

Y｡ Ⅹaneko

proc. First Asia-Pacific Physics Conference

(Ed. A. Arima, C.R. Chew′ T. Ninomiya' P･P･

ongr x･K･ Phua and R･L･ Tan'World

scientific Pub1. Co., Singapore, 1984)

Val.1｡ P.44｡
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正一4｡ 邦文誌報告

且｡N王CE計南の経過報昏

金子洋三邸､ Ⅳ‡C苫グル･･-メ

核融合研究 別冊
_阜_2二_萱､

47 (19?9)

望｡ N互CE計画とそれによる多価イオンの共鳴電荷移行反応の研究

金子洋三邸､岩井鶴二､大谷俊介

核融合研究 旦旦二j､ 23 (1980)

3｡NICE実験について

大谷俊介

核融合研究 45-1､ 6 1 (1981)

4.｡低エネルギー領或における多価イオンの電荷移行

奥野和彦

核酸合研究 46-1 I 85 (1981)

5
｡電子ビームイオン源用太平設置起電毒コイルおよびタライオスタットの製作

小林膚夫､大谷俊介､金子洋三鮮､岩井鳥二､奥野和彦､海淵誠二､

大村正広､俵博之､日野利彦

名古屋大学プラズマ研究所資料技衛報昏 IPPJ-DT-84

(1981)

6
｡多価イオンの-電子捕獲断面鏡の荷数億有に見られる振動

大村正広

日大物理学会誌 旦ヱ､ 763 (1982)

ri｡多価イオン(q≦41)による-･電子描獲

岩井鶴二

日太物理学会誌 A旦､ 213 (1985)
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Ⅱ-5
.国内学会発表

1
.EBIS形高電革垂イオン蜜-NICE計商.I
金子洋三飾､奥野和彦､小林膚夫､大谷俊介､岩井亀二､亀瀕誠二､

大村正広､今村博億､俵博之

第3回イオン寄とその応用技舘シンポジウム(東酪大)

1979年2月19日

2.Neq',Arq'(q≦4)の対称共鳴多重電荷移行:

金子洋三懸､岩#也二､大谷俊介､奥野和彦､小森唐夫､鳥漏誠二､

大村正広､俵博之

物痩学会(福井大学) 1980年10月2日

3
.多価イオン衝突実敦とN王CE計車:l

金子洋三好

物理学金 原子分子シンポジウム(北海道大学) 1982年10月2日

4.低エネルギー用EB‡ S塑多価イオン帝の原理と特性:

大谷俊介

物理学金 原子分子シンポジウム(北海道大学) 1982年10月2日

5
.高電慶イオンとH e衝突による電子境獲全断面漬:

小糸膚美

物理学全 廃子分子シンポジウム(北海道大学) 1982年10月2日

6.低エネルギー電子捕獲生鮮面鏡の荷数億有に見られる振動構造:

俵博之

物理学会 席子分子シンポジウム(北海道大学) 1982年10月2日

7
.電子捕獲適者のイオ･ン分光法による研究:
大村正広

物理学金 原子分子シンポジウム(北海道大学) 1982年10月2日
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8.特定準位への選択的電子捕獲:

奥野和彦

物理学全 廃子分子シンポジウム(北海道大学) 1982年10月2日

9
.自動電錐状慈への二電子端獲:
鶴淵誠二

物理学会 原子分子シンポジウム(北海道太学) 1982年10月2日

10
.NICE計画の今後:
岩井鶴二

物理学金 原子分子シンポジウム(北海道大学) 1982年10月2日

11･Krq++He (q=10-25)における電子移行反応:

岩井包二､金子洋三臥 大村正広､小林唐夫､松太淳､大谷俊介､

奥野和彦､高大祥示､俵博之､鶴朝議二

物理学会(岡山大学) 1983年10月11日

12
.L

a a d a u-Z e a e rモデルによる多価イオンの電荷移行反応

大村正広､岩井色二､金子洋三郎､小林倍夫､松大津､大谷俊介､

奥野和彦､高大祥示､俵博之､包淵誠二

物理学会(岡山大学) 1983年10月11日

13
.ヨウ素多価イオンの電荷移行反応:
大村正広､岩井亀二､金子洋三郎､小林倍夫､松太淳､大谷俊介､

奥野和彦､高大祥示､俵博之､鶴湖譲二

物理学会(九州大学) 1984年4月3日

14.MCPゲイソの特性の荷数(26>q>3)依存性:

高大祥示､岩井鶴二､金子洋三郎､大村正広､小林膚夫､松永軽､

大谷俊介､奥野和彦､俵博之､也淵誠二

物理学会(九州大学) 1984年4月3日
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Some characteristics ofa mediumっized EBIS have been investigated in the continuous and pulsed operation modes. It is found

that a 1 keV and 100 mA electron beams, rI･Iike ions such as C5+, N6'and 0?'as well as He･like ionsareproduced withinten･

sities comparable to those of doubly ionized ions. A weak trace Of naked carbon ions (13c6') is also seen in the spectra.

I. ∫ntroduction

ln atomic collision physics, astrophysics and other

fields of applications, the importance of collision pro･

cesses between highly ionized heavy ions and atoms

has recently been recognized. Ⅰnparticular, the
im･

purity ions of heavy elements in a thermonuclear

fusion. plasma
are expected to play a key role

in

coohng and disturbing a hightemperatureplasma and

energy loss from the plasma. Therefore, cross sections

for couision processes involving highlyionized ions

are urgently required. Production mechanisms of such

highly ionized ions in the ion sources are aJso closely

related with atomic co皿ision physics itself.

1t seems that a Penning type ion source, which is

commonly used as a heavy Ion Source, Can not PrO･

du°e completely ionized heavy ions. On the other

hand, an electron beam ★ion source (EBIS) 【1,2】
seems to be a good candidate rbr production qr

highly ionized and possibly naked heavy ions. In

～ Present
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2) Department of Physics, Tokyo Met∫opoutan University,

Tokyo 158, Japan.
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Hirakata. Os･dka 573, Japan.

4) Department of Applied Physics, Tokyo University of

Agriculture and Technology, Koganei, Tokyo 184,
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6 )JNauEcalnc;r
Engincerlng Department, Kyushu University,

Fukuoka 812, Japan.
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EBIS, highly ionized ions are produced mainly

throughsuccessive impact ionization by energetic

electrons which
are confined with a strong axial mag･

natic field.A space charge potentialwell generated by

these high density electron beams trapsthe ion

radially. On the other hand, these ions are axially

(along the electron beam now direction)confined
withthe blocking electric potential三PPlied

flo some

electrodes until the ionization of ions in a desired

charge state distribution is achieved.

In the present paper we describe the EBIS opera･

lion brieny and report some measurements ofcharac･

teristics of prototype EBfS constructed to investigate

the collision processes involving highlyionized heavy
Ions.

2･ EBIS operation

By assuming that (1)the successiTe
iordzation

processes by electron impact play a main role in ion

production, (2)multiple electron iomiation processes

?ontributenegligibly
to total ion productioIMnd (3)

Ion tosses due to the diffusion and other processes are

ne菖1igiblysmall, the ion production in
EBIS is gov-

erned by the fbllowlng equation:

dnq/dI = nq-10q-1,q -

nqOq,q'1 ,

where
nq is ;he ion densitywith charge (q+),oq.q') is

the ionization cross section from charge q to (q + 1)
by
electron impact and

I is the ionization factor

which is equal to product or･electron current density

land conhement time. The above equation can be

-2l-
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l♂ ]62 10-J I lO

t(&･sec･)
Fig. 1･ The calculated chalge distributions of Cq'ions as a

function of the ionization factor under the pulsed neutral gas

injectionmode (a) and the continuous zleutral gas injection

mode (ち).

solved under such conditions that (a)Leneutral甲s
atoms are continuously supplied and (ら)the gas IS

injectedunder a pulsed mode･ The calculated results
for carbon ions are shown in rig.1 using Lotz's empi･

ricalformula [3] to estimate the ionization cross scc･

lions. From these figures,it is found thatthe charge

distributions are quite diffelent in bothoperation

modes･ For the puised gas injectionmode,the charge
distribution of ions changes with the ionization

factor

and ionswith each charge state have a ma.'(imum

-22-

intensity at a particular value of the ionization (actor

and finally all ions become completely ionized

(naked).Onthe other hand, for the continuous gas

injection,the production of ions becomes equili-
brated (dnq/dI= 0) at large values of the ionization

factor and their intensity ratios are given by

〝q/ノーq_I
≡

q叶1.q/qq,q')at equilibrium･
The nomlal･

ized total ion density (Q= ∑q ･17q/flo;
no is the den･

告ity or neutral atoms叫ected) becomes saturated
fわr

the pulsed gas injection,meanwhile this increases

with I for the continuous gas injection.

3. Experimentalsetup

Fig. 2 shows a schematic drawing of our prototype

EBIS (calledPROTO･NICE)with a medium･sized

ionization
region of

40 cm. The electron gun is of

Frost type [4] with about 3 pm perveance and oper･

ated under the condition of the Brillouin now [5].
The cathode is concave with a 20 mm diameter. The

diameter of electron beams at the waist was measured

to be about 1 mm in diameter at I keV-100 mA and

2 kG atthe center. Th typical current density of the

electron beam was estimated to be 10 A/cm2.
There

are two differently functionlng SOlenoids, boゆbeing

water･cooled: One isthe mairL coil for generatingthe

magnetic field which confines the electron beam, the

other isthe compensation coil for forming
a sharply

rising magnetic field pearthe electron gun.and the

electron collector. Mu.metalsheets of 2 mm in thick-

ness were used to shield I:,.emagnetic field at both

ends. The magnetic field distribution nearthe gun is

shown irTIfig.3. The magnetic field strength at the

waist of the electron beams was morethan halfofits

maximum field strength, and lessthan a few Gauss at

the anode-cathode region. With this system, more

than 99% of the
'electron beams emitted from the

cathode (100-200 mA) could reach the electron col･
1ector electrode.

Fourteen drift tubes made of6
mm ¢

stainless steel cylinder, whose potentials
can be inde･

pendently varied,
are used to control the operation

modes of PROTO･NICE. The ions produced
are

extractedand accelerated
to desired energies. The

●

charge states or the
ions are analyzed usi喝the sector

magnet andthesc
ions are detected by continuous･

type electron multiplier･ The system was evacuated

with one 450 I/sand two 100 I/sturbo･molecular

pumps and its final
vacuum rcachcd 8 × 10-9 Torr

measured at the end of the drift tubes.
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Fig･ 3･ Measured distribution of magnetic field -near the elec-

Atronwith 2 mm thick fL･mCtal shield.
The cross mark (x)

show.c the calculated position or the waist of
the electron

beam. (J(: cathode, G: grid, A: anode･)

4. Resul(s

The EBⅠS can be operated both in continuous or

time･of･nightmode (continuous gas injectionand

continuous electron beam) and in conBning or pulsed
mode (pulsed gas injection and/or pulsed electron
beam, or confinement by the blocking electrodes).

4.∫.Cull(L'tzuousmode

Ⅰn this operation mode, electron beams and also

gas atoms (in the present case residual gases)
were

supplied continuously. No time･varylng POtentials

235

were applied but allthe potcntials applied to the drift

tubes were constant, and there was no gradient in

their distributionalong the drift tubes. A typical

example of the charge distribution of residtzalgas ions

produced in PROTO･NICE
is shown in fig.4 which

was
obtained under the condition pr 1.3 keV/89 mA

electron beams and 3 × 10-8 Torr vacuum. H_like

2 3 4 5 6 7 8

trn/I )

Fiβ･4･ Typical spectrum of the charge
distribution of residual

gas ions from PROTOINICE under'the conditions that the

clt:ctron beam intensity is 89 m^ at I.3 kcV and the
back･

ground prcssu-c is
3 x 10-8 Torr･

-23-
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ions such as CS', N6'and Ol'ions can bc seen in the

same scale as those in doubly ionized
ions (C2',N2'

and O2'ions). 1t is also noteworthy to find in the

expanded spectfrum that naked carbon ions
13c6+

ions (m/e I 2.17) are producedwith an in'tensity of

about 1/2O of 13cS'ions (m/e=2.60). Therefore,

1t Can be expected that some of
12c6', N7'and O8'

ions are also produced
in this PROTO･NICE, though

it is impossible to distinguish these naked ions (m/e
=

2.0 for these ions)from H; ions in the present analys･
lュg System.

In fig･5 are shown ratios of ions which charge q'

to doubly iomied ions. As clearly seen in fig.5,

He･like ions (C4',NS'and O6'ions)with two ls･shell

electrons are quite intense (70 to 15%) relative to the
doubly ionized inns.

In fig･5 arealso shown the calculated charge Jis･

tributions for the carbon ions which are based upon

the ionization factor
ofO.まA/cm2

･

s. The calculation

is in
roughagreement withthe observed charge

distri･

butions. This ioni2:atiorlfactor corresponds ･to the ion

confinement time of 10 ms inthe present ion source.

This is much longer than the thermaldrift time of

ionsalong the drift tubes and indicates that some

confining potentialweus are produced along the

beam axis and that ions are trapped in these wells and

ioni-zed by successive couisi'ons,resulting ln enl1anCe-

ment of highercharge state components.
It is also interesting to compare ion yields in the

Penning Ion Source and in PROTO･NICE. In typical

PIGs, the ratios of N3'/N2'and of N4'/N2'are o.3

and 0.02, respectively,-wh正e the ratios of N3+/N2',

～ iO-[
l=
iヨ

一っ■

t=

I0-2･

-I--･･･-･････ C

*･- N

h<-:--こ

●
x

㌔-0-- 0

---･--- C.cot.

‡ 2 3 4 5 6 7

q

I:ig･ 5･ Relative measured charge distribu(ions of C, N aJld 0

ions under the same conditions as I'n抗g. 4. The
dotted line

shows the calculated results tTor carbon ions with an ioniza-

tion factor orO.1 A/cm2 ･s.
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N4'/N2'and NS'/N2+ ions in PROTO･NtCE are 0.65,

0.49 and 0.21, respectively. This can be understood

from the fact that in P!Gs highlyioriized ions are pro･
duced mainly throughmultiple electrGn ionization

processes in single collisions, whereas in PROTOI

NICE the successive collision of single electron ioniza･

lion processes is dominant under better con丘nement.

4.1.1. E>essure dependef7Ce
J

In fig.6 is shown the dependerlCe Of ionやrOduc･

tion on the gas pressure in the source. The residual

gas pressure was controlled by adjustingthe ope･ning

of the vacuum valves. Production ofN3'and N4'ions

depends weakly on the gas pressure, while those or

He･1ike and H･like ions (N5'and N6'ions) are

stronglydependent
on the gas pressure. For example,

the intensities of N6'ions increasedalmost one order

of magnitude when the gas pressure decreases only by

a factor 2 (from 6×10~8 to 3×10~8 Tort).This
clearly indicates the importance of highvacuum in

the source in order to produce highlyionized ions,

particularly, He･1ike, H-like and naked ions in the

EBIS.

4.1.2. EZec(ron enerw dependence

The production of N6'ionsalso shows a Strong

dependence on the ionlZlng electron energy, lnCreaS･

1ng One Order of magnitude whenthe electron energy

increases from 1 keV to i.5 keV. This is quite under･

standable by considering the ionization potentialof

3 4･ 5 6 7

p(x168T.r,)
Fig. 6. Pressure dependence o[ the relatiye charge distribution

or the nitrogen ions.
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clectrollS in NS'ions (Hb
≡ 524
eV) and the fact tlla【

the maximum ioniz乙Ition cross sections occur at about

3-4 times Elb.

4.1.3. Euec( of(he t'o71 drt'F(]110(t'0]1

To investigate the effect of the mobility of ions in

tile drirt tubes wfdcl一Changes the retaining time of

the ions, the variation of ion illtenSity was measured

as a [uflCtion of the potential gradient along the dri[t

tubes. The results are sl10Wn in Bg. 7･ It is interesting

to note the sharp drop of the intensity oflligh1y
ion･

ized ionsabove 8 V. Particularly, the decrease lS prOm･
inent for NS'and N6'ions. On the other hand, the

intensity Of N2'ions
increases at this potential･ This

result can be understood by assuming that the space

charge potentialof about 8 V is generated along the

electron beanl axis. Ir the applied potential becomes

larger than 8 V, ions can not be confined along the

drift tubes and, as a res'Jlt,the
intensity

ofhigh1y
ion･

ized ions decreases significantly.

4.2. PtLIsed mode

There are a lot of different operation modes in the

pu王sed beam productioll. In our system, the electron
beams and also (residual)gases are continuously

su卓)plied.Therefore, the ion yields were measured as

a function of some important parameters such as the

ion confining time and the pulse width orion extrac-

tion in order to understand the characteristics or

PROTO･NICE in the pulsed operation mode.

l<

10

0 ]0 20

△∨(∨)

ITig. 7. Efrcct or potential gradient (AV) along tlle drirt tubes

on ihc charge distribution or nitrogen ions.
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4.2. 1. EMse wt.d(lt of ex(rlGC(t.ot7
Ions were extracted by applying a square･pulsed

lIOltagewith variouswidths to the lastdrift tube. The

confinement time was fixed to 2 ms. The ion beam

pulse shape was observed as a function of the pulse

width or ion extraction. The ion beam illtenSities

increasewith lengthening Pulsewidth and at least

70 ps of thtt ptllsewidth is necessal･y tO extract ions

from the ion source and longer pulses add only weak

tails or ion bealnS WIlicll are probably produced in

ionization collisions after all ions confined are

extracted.

4.2.2, CTonJf]lCment(t'me

In rig.8 is shown the dependence of carbon ion

yields on the confinement time. In the present case,

the ion confinement time is controlled by applying a

potential barrier with various widths at the last dri托

tube. For all the charge sほte ions, f九epeak currents

increasewith increasing the confhement time and

reach saturation val□es.This increase
is due to the

confinement of ionsinthe electron space charge po･

tential and the effective successive ionization. Because

the residual gas atoms are continuously supplied, the

calculated yield of C2'ions
can
reach equilibrium a

few ms after the ion confinement starts; such a behav･

ior is in
roughagreementwith the observed

data･ For

c5+ ions, acccording to the calculation, some王Iun･

dreds of ms are necessary befbre the equilibrium of

CS'ion production is established･ However, the ob･

served data show that the production of CS'ions

reaches equuibrium after 15 ms conrlnement. This

■■■

【=

qJ
L

L)

=l

U

IO
⊂

○
■■･■●

4)
>

:;;
U

芯
∝

16t , 10 lO2

Tc(msec.)

Fig. 8. Cl一･Jrgedistriblltion or carbon io.,.a!11CuゝurCd as a
rune･

tion or the conrlnCmCnt time.
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discrepancy may be due to the beam loss after the

natural neutralization of the electron space charge

potential occurs･ The calculated natu-al neutraliza･

lion time, which is caused by the ionization of the

residual ions, is estimated to be about
10 ms at a vac･

t!um of 10-1 Torr which
is a reasonable estimate of

the vacuum inside the drift tubes. It is clear from

fig･8 that it is essentialto attain a background pres･

sure (of residual gaJSeS)that should
be as low as possi･

ble in order to obtainthe highestcharge state ions

from PROTO･NICE.

5. Concluding remarks

We 王IaVedescribed some characteristics or our

PROTO･NICE, whic王I
is an EBIS with a medium･sized

ionization length of 40 cm. At 1 key-100 mA elec.

tron beams, which corresponds to about 10 A/cm2

beam density, H･1ike ions as well as He-like ions of

residualgases (C5',N6'and O7'ions)are found to be

produced in a continuous operation･ There isalso
a

weak but Certain
trace of the naked carbon ions

(13c6'ions).Inthe coムfinementmode
by controiling

the potential of the last drift tube, pulsed
ion beams

were extracted. It is found that there exists a best

-26-

pulsewidth of the potential in order to extract efrec･

tivclyall ions generated and confined
in the source･ lt

is also found by observing the beam
intensity as a

function of the confinement time that the natural

neutralization time i一lthe present PROTO･NICE is

much shorter than the calculated confinement time

necessary to produce C6+
ions
with the

best intensity･

lt becomes clear that the lowest background pressure

is prerequisite in order
to obtain the higlleStCharge

state heavy Ions.

Based upon these results, a CRYO･NICE, an EBIS

with a superconducting solenoid which
can generate a

magnetic field up to 20 kG, is now under develop･

meat in our laboratory.
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Abstract. Cross sections for resonance charge transfer processes, Aq+ + A -+ A + Aq+, have

been measured for Net-I+ and Arl-1+ at iot3 acceleration voltages of 2, 3 and 4 kV. The

cross sections obtained at 2kV are 6.9×1O~16, 1.74×10116, 4.9×10~17 and 3.4×

10-18cm2 for Ne+, Ne2+, Nc3+ and Ne4+, respectively, and 2.4xlO-15, 5.5×10-16,

9･0× 10-17 and 3 × 10-18 cm2 for Ar+, Ar2+, Ar3+ and Ar4+, respectively･ This is the如st

measurement of resonance charge transfer cross sections for quadruply charged ions. The

results obtained are discussed in terms of the totalionisation energies ∑jqI)of the ions, where

lj is the &h ionisation potential･ A concept of the 'survival factor'is introduced.

1. Ⅰntroduc壬ion

So far, relatively littleattention has been paid to symmetric resonance multiple charge
transfer processes,

Aq'+A.A+Aq' (q>1) (1)

comparedwith asymmetric charge transfer processes. Especially for q a 3, only a few

measurements have been rep(irted. Flaks and Filippenko (1959) determined cross

sections ,.q.3 for process (1)for Ne3+ and Kr3'with ion energiesof 9-90 keV. Latyrov

e(at (1968) measured 300･o3 for Ne, Ar and Xewith ion energiesofO.75-9 keV. Beuhler

etaZ (1979) measured 30qO3 for Xe at 150 keV, and Okuno etaZ (1980) reported 30qO3

for Kr with ion energies Of 0.6-7.5keV. There are no reports of cross section
■

measurements of resonance charge transfer for q >4, except for that by Beuhler et al

(1979) who estimated only the order.of magnitude of 40qO4 for Xe at 200 keV･
A few theoreticalpapers have been published on resonance double charge transfer

processes (Gurnee and Magee 1957, Ferguson and Moiseiwitsch 1959, Fetisov and
Firsov 1959, Lichten 1963, Komarov and Yanev 1966). The concept that a resonance

charge transfer cross section is determined in terms of the internuclear distance Rc

where the u-g osciⅠ1ation of the colliding system becomes appreciable is well

established. All the theories cited above are based on this concept except forモhose

†Permanent address: Dcpar血ent oE Physics, Tokyo Metropo)itan University, Tokyo 158, Japan.

+ Perrnanent address: Department ofLiberaI Arts, Kansas Medical University, Hirakata, Qsaka 573, Japan.

i Permanent address.'Department oE Applied Physics, Faculty oE Technology, Tokyo University of Agricul-

ture and Technology. Koganei, Tokyo 184, Japan.

1IPermanent address: Department oE Physics, Osaka Uniyersity, Osaka 560, Japan.

¶Permanent address: Nuclear Engineering Department, Kyushu University, Fukuoka 812, J'1pan.
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(Fetisov and Firsov 1959) taking account of escaping processes via pseudocrossings of

the potential curves to the A'+ A+ states. No theories for resonance charge transfer for

q>3 are known to us.

Recenfly Okuno e( al (1978) made cross section measurements of 20qO2 for Kr and
Xe in the energy range from 0.04 to lOeV (centre-oトmass system). They used the

injected-iondrift tube technique with isotope･selected primary Ions, Which is consi-
●

dered to be one of the most reliable ways of determlnlng absolute integral cross sections
● ●

in that energy range (Kal一eko 1980). They found that the cross sections 2Oロ･o2 increase

as E-1/2 with the decrease of the collision energy E below 1 eV, and become almost

equal to the classical orbiting cross sections multLiplied by a factor of圭.Their results
are

summarised as follows: (i)the resonance double charge transfer occurs With a prob-

abilityabout 2ionce the ion gets within a certain distance Rc from the atom, (ii)the cross

sections 20ロ･o2 exceed 10qOl at room temperature and (iii)the cross see(ion curves of
200･o2 are almost parallel to those of lOqOl above 1 eV, and the ratios 20qO2/10ロ･ol

are

close to ll/(Zl+t2), Where ll and I2 are the鮎st and second ionisation potentials,
resp e ctively.

Althoughthese results were not unexpected from the existing theories, they are so

striking and de丘nitive that we were stimulated to discover what would happen to more

highlycharged ions. Of course, however, the experimental technique which Okuno et

at used cannot be applied to the ionswith q > 2 because highly charged ions may change

their charge sttales in collisions with the He buffer gas (Kr2+ and Xe2'are.excep(ions

whose reco血bination energies are smai王er than the ionisation potential of He). There-

fore, a beam experiment af re王ativelyhighenergleS Was performed, and some results on
●

Neq+ and Arq+ (q <4) are presented here.

2. Experimental

The experimeltalset-up for this study is shown schematically in丘gure 1. The ion

source nicknamed cryo･NICE is of the EBIS type developed by Donets (1967, 1976).
The cryo-NICE was designed as a source of highly s.tripped ionswith low kinetic

energies for studies of elerrlentary Processes in hot plasmas, and it was built at the
●

Institute of Plasma Physics (IPP),Nagoya University. The ions are produced by a

high-densityelectron beam con丘ned by a strong magnetic丘eld畠pplied along the axis of

the electron beam. The ions produced乙･Je trapped in the radial direction by the space

charge potential of the electron beam. In the direction of the electron beam axis, the
ions are con丘ne･d by applying suitable potential barriers. Further strlpplng Of the

● ■

trapped ions proceeds throughsuccessive ionisation by electron bombardment. The

ions can be extlaCted either in the pulse mode or in the continuous mode. The

cryo-NⅠCE has a 3uperCOnducting magnet (SCM) for generating a strong and stable

magrletic鮎Id. A sllrface of the liquid helium reservoi( for the SCM isexpected to have a

cryogenic pump王ng function and to ensure an ultra-highvacuum in the source region.
■

●

Because ithas recently been constructed and no丘ne adjustment has been made, the full

performance expected has not yet been achieved. Detai一s of the soul●ce Will be reported

elsewhere after satisfactory adjustments are伝nished. Nevertheless, it provides enough
intensity of ion beams for the present purpose.

The ions accelerated to the desired energy are mass analysed with a sector magnet B

of 10 cm radius, and pass througha collision cell C. Then the beam is detected with a

secondary electroll multip!ier M placed behind the cell. A palr Of de負ectors Dl and D2
=
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Figure 1. A schematic diagram of the apparatus used. B is a sector magtlet Of 10 cm radius,

C is a collision cell, Dl and D2 are deAectors for manlpulating len bearns, Dちand D4 are

denectors for complete separation oE charged particles from the beam path, M is a

Mullard-B419 muttiplier and G is a capillary tube for target gas introductioTl. The diameter

of the apertures are as follows: Al(1.0 mm), A2(0.8 mm), A3(0.5 mrn), A5(2mm) and

A4(10 mm). Collision length i which isthe d)'stance between A3 and A4 is2.0 cm.

is used to manlPulate the primary Ion beams. Anotherpairofdenectors D3 and D4 isfor
● ● ●

complete separation of charged particles from the beam path. The hearn intensities are

measured by the slngle-COunting mode.
A channel-type continuous multiplier

Mullard-B419 was used for the detector. It has a cone shaped openillg lOmm in

diameter. The guard ring A5 and the input end of the multiplier are kept at the ground

potential, and a positive highやoltageisapplied on the output end of the JTlultiplier. The

distance between the exit of the collision cell and the detector is 8.0 cm. The diameters

of the apertures around the collision cell are as follows: Al(1.0 mm), A2(0.8 mm),

A3(0.5 mm), A4(2.Omm) and A5(10mm). The collision path
length i which is the

distance between A3 and A4 is 2.0 cm. Target gas is introduced into the couision cell

througha capillary tube G from the reservoir, -thepressure of which ismeasured with a

Piranl gauge Calibrated carefully with an MRS Baratron capacitance manometer. By
コ

the use of the conductance of the capillary tube and cell apertures, the target gas

pressure inside the cell is determined.

The cross sections are determined by

αqSa
qoqoq

=

α

oSiNL
(2)

where So and Sq are the counting rates with andwithout the double deaector触d, N is

the target gas density, L, is the collision path length, αo and crq are the detection
● ●

e朽cienciしS Of the
fast neutrals and the prlmary Ions Of charge state q.

Since, in the single-particle-counting technique, a slngleparticle implnglng On the
● ● ●

multiplier is detected as a slngle output pulse of the multiplier, the detection efficiency
●

should not depend on the charge state of the incoming Particle as long as the missing
●

counts due to the failure of ejectionof secor,dar)I ele･ctrons are negligible.Therefore,

we always assume ao - aq - 1 in this experiment･ This assumption maynot be correct at
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least for low-energy beams, and we shall discuss this problem later. Throughout the

measurements, the primary ion beam intensifies were reduced to be of the order of
●

1 x 104
coun(s/s in order

to prevent the counting loss due to piling up.

The target gas density isgiven by N - 3.54× 101bp(273/Tg), where P is the target

gas pressure in Torr and T& is the gas temperature which is around 300 K. The target

gas pressure is determined by P-Po(Fo/F), where Po is the pressure of the gas

reservoir, Fo isthe conductance of the capillary tube and F isthat of the cell apertures.

The vacuum theory provides F./F= 2.67 d3/I(K,a…+K.a三),where d and ∫are the
radius and length of the capillary tube, a3 and a4 are the radii of the apertures A3 and

A4, respectively, and K3 and K4 are the correction factors for the aperture thickness

(Clausingfactor).Giventhevaluesd = 0.4 mm. I -200 mm, a3 = 0.25 mm, a4- 1 mm,

K3-0.95 (for 0.03 mm thickness) and K4=0.91 (for 0.2 mm thickness), the target

pressure is given by P-0･88x 10-3po･ when a measurement was made in a high-
●

pressure range, the capillary tube was replaced by a shorter one of 100 mm le喝tb.

The ultimate vacuum measured with an ionisation gauge mounted on the vacuum

chamber of cryo-NICE is 8 × 10-10 Torr･ The pressure in the ion source region Cannot

be measured because it is surrounded by the walls of the liquid helium reservoir, and

because the source pressure is supposed to depend on the vapour pressure of the gas at

unknown temperatures inside the source. When a gas is introduced into the source

region, the indicator of the ionisationgauge rises up to around 1 x 10-9 Torr･ The target
●

pressure inside the collision cell is usually kept below 5xlO-5Torr, and below

3 x 10-5 Torr in case of Ar4+, in order to ensure single-collisionconditions (see next

settion), while the pressure outside the cell is kept below 8× 10-9Torr by double

differential pumping With two turbomolecular pumps.
●

Because multトcollision processes are more likely than single-collision processes to

produce neutral atoms from highlycharged ions, the target gas pressure must be kept as

low as possible (see next section). Therefore,
it is most important to minimise

background So signals, which are observedwithout target gas introduced but with the

denection丘elds at D3 and D4. In order to minimise the background signals, the

fo)lowing e庁orts were made.･ (i)the collision cell housing was baked for some days to

reduce background gas pressure, (ii)each aperture edge was made as thin as possible,

and especially A3 Was Pierced in a copper foil 0･03 mm thick to reduce tile possibility of
●

neutralisation of the primary
ion beams on the aperture walls and (iii)a double de8ector

system was used and one of the de鮎ctor plates D3 Was COVeredwith a tungsten mesh

and coatedwith carbon soot in order tominimise re鮎ction of ions. The tiltima.te
background signals were a few counts per minute while the noise level of the detector

itselfwas less than one count per minute･ Even this low-level background hindered the
cross section measurement for ionswith q>6 as mentioned in the next section.

Time-of･mght measurements showed that signals by photons produced along the beam

path were negligibly small.

3. Results

3. ). Pressure dependence of So/Sq

In order to ensure that the fast neutral particles detected are produced through

single-collision processes, the dependence of So/Sq on the target thick.ness q - NL, was

examined･ ln F･gure 2･ the results obtained for Arq'with acceleratio･"oltage 2 kV are
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Turge† g8S fhi【kness 7T (Tor√ ⊂Tn)

Fipre 2. Dependence Of So/Sq on the (arget thickness for processes Arq'+ Ar→ Ar + Arq'

at the ion acceleration voltage 2 kV. The full lines are 45o lines.
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upward deviation from 45o lines isseen at high values of q indicating contributions from

two-step processes. For Ar4+, the slope of the S./Sq curve tends to be 2 at highvalues of
q, and tends to be independent of q at low values of q. The former trend indicates that

two-step processes are dominant for highvalues of q, and the latter trend is attributed
to the background So signals which are observed even without the introduction of the

target gas. In触ures 3(a) and 3(b), linear plots of So/Sq in the low打region are shown
for Ned+ and Ar4+. The broken curves indicate quadratic equations S./Sq=

ao+ alq +a2q2, which are best Btted to the experimental points by the method of least

squares. The full lines indicate the linear parts of the equations, and the true cross

sections can be deduced from the slopes･ Because ittakes quite a Ions time to measure

each dependence of So/Sq on q, the cross sections for other accele･ration voltages were
deter fr.ined by setting the target thickness at appropriate values and measuring the

di任erences of neutral signalswith and without target gases. This procedure isevidently

safe for Neq'(q<4) and A{q+(q<3) whenL the (aTgeI (hickness is below lx

10-'4Torrcm (5xlO-5Torr). In the case of Ar4+, this procedure will result in an

overestimation of S. even thoughthe target thickness is set below 6 × 10~5 Torr cm

(3 × 10~5Torr). Then, the S. are corrected for the quadratic term indicated above by

Jleglecting the energy dependence of the quadratic
term. This correction is 30% at

most.
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FJ'gure 3.Linear plot of So/Sq at 2 kV against target gas thickness甘in the low ℡ region･
The broken curves are quadratic equations S./Sq = ao十alq +a2℡2 which are best紬ed to

the experimentalpoints by the method of least squares. The full lines are linear parts of

them.

For ionswith q-5, cross section measurements could not bs mad､ because

Ne5'(M/q - 4) and Ar5+ (M/q - 8) could not be separated from some impurity ions

such as C3'and 02+ in the primary beams. The S./Sq curve for Ar6'in尽gure 2

indicates that even three-step processes contribute to some extent in this case. E仔orts

were made tominimise background signals as mentioned in the previous section, but

the ultimate background signals hindered the separation of the linear portion from the

measured So/Sq curve. In a preliminary experiment (Kaneko 1979) we overestimated
these cross sections because of underestimation of multi-collision processes.

3.2. Cross sectt'ons

The cross sections obtained are shown in伝gures 4(a) and (b) and table 1. The

acceleration voltages of primary Ions are Set at 2, 3 and 4 kV. In the case of Ar+, no
● ●

measurement was made at 4 kV because tbe鮎1d of the sector magnet was not strong

enoughto select the ions. Each示oint indicates the average of cross sections determined

on di仔erent occasions･ On each occasion several runs of measurements of So/Sq were

made. The errors indicated in the軸ures and table are only for reference of the extent

of data scattering.
The most ambiguous factors are the detection e侶ciencies αo and αq in equation (2).

As mentioned already, we have always assumed αo-αq in this experiment. This
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Figure 4･ Cross sections qoqoq for Neq+ and Arc+ (q <4). ら,present results; DSEG, DiIIon

etat (1955); LFFS, Latyrov et a[ (1968); FS, F)aks and Solv'ev (1958); HH, Hasted and
Hussain (1964); FF, Flaks and Filippenko (1959)･,MK, McGowan and Ke一vin (1967).

Tab一e l･ The cross sections qoqoq obta言ned for Neq+ and Arc+I

Acceleration

γolta£es

(kV)

IOqOl

(10-16 cm2)

20qO2 30qO3 40qO4

(10-16 cm2) (10117 cm2) (10-18 cm2)

Arq+

2

3

4

2

3

4

6.9土1.0

6.8土1.0

7.6土1.0

24士5

20土5

1.74土0.25

2.08土0.25

1.82土t).25

5.5土0.8

3.8土0.8

3.9土0.8

4.9土0.7 3.4士0.8

5.Oよo.7 3.4土0.8

5.Oよo.7 3.4土0.8

9.O女l.5 3土1

9.5土1.5 3土1

7.8土1.5 3土1

assumptior7 may not be correct at least for low-energy collisions. The present results for

ionswith q
- 1, however, do not indicate any certain deviatioTl from the results

previously reported
Lu.y
other investigators. When the acceleration voltage was

decreased below 2 kV, the reproducibi]ity of the apparent cross sections becomes very

poor･ It may be explairJed partly by the inadequacy of the assumption of ao=aq.

However, the reproducibility became even worse for more highly charged ions for

which the assumption αo - αq was expected to be safer than for lower charge state ions
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because higher velocities were gained by b呈gber charge state ions at the same accelera-

tion voltage. In the preliminary experiment we used a detector system consisting of a

secondary electron converter plate and a multiplier. An aluminium plate and an

Ag-Mg plate were tested for the converter, but always we observed poor reproduci-

bility of S./Sq below 2 kV. Sinci we had to change the potentials of the lens system
drastically to focus the ion beams with acceleration voltages below 2 kV, a slightchange
of implnglng positions of iollS and neutrals on the detector might cause appreciable

■ ●

changes in the detection efhciencies αo and αq. The causes of these phenomena are not

yet clear. With acceleration voltages higher than 2 kV, the reproducibility was almost

satisfactory andwithin the errors indicated. The uncertainty caused from αo/αqis

estimated as 20%. The uncertainty associatedwith the determination of the target gas

thickness is estimated to be lO%. The totaluncertainty for the absolute values of the

cross sections istherefore estimated to be 30%. In the case of Ar4+, an additional20%

uncertainty arises from the determination of the slope of So/Sq on target thickne･ss, and
it makes the totaluncertain^Ly 50%.

There are some results of other groups previously reported for ions with q < 3 and

they are also shown in缶gures 4(a) and (b). These previous results scatter to some

extent, and the present results are within the scattering of these data. No cross sections

have been reported for ions with q
I 4. Beuhler eEaE (1979) estimated 40qO4 for Xe to

be O･1 × 10-16cm2 al 200keV which seems to be a littletoo large･ Since the energy

range studied isnarrow, we cannot say much about the energy dependence of the cross

sections obtained; nor can we say whether the primary Ions are extracted in their ground
● ●

state althoughitis said that the ions extracted from an EBIS type Source include few ions
in metastable states (Klinger e( a1 1975).

4. Discussion

No theories for symmetric resonance multiple charge transfer processes for ionswith

q≧3 are known. As mentioned in the introduction, it is well established that a

resonance double charge transfer cross section is glVen by圭qRc2.Here Rc is the
●

internuclear distance where the u-g oscillation starts (Gurnee and Magee 1957). There

are several ways of estimating Rc. In a study of symmetric resonance double charge

transfer of Kr2+ and Xe2'okuno etal (1978) found that the ratios 20q.2/10qOl
are Close

to ll/(Il+Z2) above 1 eV. Here, Il and Z2 are the nrst and second ionisation potentials,

respectively. This suggests that one of the simplest ways of estimation of Rc for

resonance multiple charge transfer is'to assume

Rc2

K読
(3,

where lj is the )'thionisation potential･ In table 2, a comparison of
qoqoq/10qOl and

ll/∑TIi ismade. Althoughqoqoq and lOqOI Should be taken at the same energy for this
pt:'･-pose, we reluctantly take them at the same acceleration voltage 2 kV, because the

energy ranges studied do not overlap･ The agreement between
qoqoq/10qOland ll/∑7

I,･

may be said to be fairly good for q
- 2 ifone takes into account that they are not at the

same energy･ For q -3 and 4, the agreement is poor. This is quite natural from the
●

followlng POint of view.

In触ures 5(a) and 5(b), some potential curves are schematically shown for

(A卜Ar)2'and (A卜Ar)3+ systems. These curves are drawn takin岳onlythe levels at
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T&ble 2. Comparison of cross sectionswith ionisation potentials.

qoqo｡/10qO1† Il/∑7Ii‡ qoqoq/
10qO1

Arc+

1

2

3

4

1

2

3

4

I

0.25

0.071

0.0049

1

0.22

0.03&

0.0012

1

0

0

0

1

0

0

0

34

17

096

36

19

1l

1

0.74

0.42

0.05l

1

0.61

0.21

0.012

千Åt the ion acceleration voltage 2 kV.

辛Moore (1971).
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Fi8ure 5. A schematic diagram of potential curves for (A卜Ar)2'and (Ar-Ar)3'syslems･
●

The positions of R. determined from the ratios of total ionisation energies and the single

charge transfer cross sections (see text) are shown approximately.

in触ity and the Coulomb repulsions into account. In the case of (AトAr)2+, no potential
curves for the血al state (Ar+-･Ar+)cross the curve for the initia! state (Art+-Ar) at a

distance larger than Rc. In contrast, in the case of (Ar-Ar)3+, a number of potential
curves for (Ar2'*-Ar') cross the potentialcurve for the initialstate (Ar3'-Ar) outside
Rc. Generally speaking, there are four co11i主ion paths at each potential crosslng aS

■

indicated in鞄ure 6. The initialcollision pair虻Ar results
in elastic scattering by

path (1),or results in Ar2'*-Ar state by path (2)(theunderl;,leg indicate East particles).
● ●

Some of the initialcollision palrS penetrate the crosslng alld may reach Rc. On the way

back, however, some of the palrS in the state Ar-Ar3'which have experienced
●
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Ar‡●-Ar

Ar2'*-Ar･

Figure 6･ Collision paths at a potential curve crosslng･

resonance charge transfer escape to At-Ar2+* state by path (3).Thus, only the initial

collision pairs going in and coming out by path (4) are eligible to be observed as the

resonance charge transfered state Ar-Ar3+ except for the charge transfer probability･
From this point of view, the ratios of experimental cross sections to bypotbetical ones,

which are glVen in table 2, are providing some idea on the `survivalfactor'. That is,the
●

●

survival factor is the possibility of getting to Rc and coming back without suffering from

adiabatic proc.esses at potential crosslngS･ If the probabilitie岳of penetration at the kth
●

potential crossing istaken to be (1-Pk),
the survival factor corresponds to n芸(1-Pk)2,

where TZ is the number of the crosslngS Outside Rc. Of cours占, this is a very crude
●

●

argument especially as the e庁ects of potentialcrosslngS inside Rcare neglected.

However, the fact thatthe ratio of
q.q.q/l｡qOl

tO Zl/∑7Li ismuch smaller for Ar4'lhan
for Ned+ isquite understandable becausethere are much more potential crosslngS in the

●

(Ar-Ar)4+ sys(em than in (Ne-Ne)4+. II would be most interesting to see what will
■

happen to resonance multiple charge transfer processes in very low-energy reglOnS

where the classical orbiting cross sections become large.
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CROSS SECTIONS FOR ONE-ELECTRON CAPTURE FROトl IIc

BY tlIGuLY STRIPPED ‥ONS OF C, N, 0, ド, Ne A:ND S BELOW 1 keV/amu

芸:苦;:ertlbOこ;h言÷∫It:.?i乏imSuiaT:ttalTiiat:;rOal;una:;
,

sT･芋oJk器;s#'#1i
'･

Institute of Plasma Physics, Nagoya University,

Nagoya 464,.Japan

The cross sections for one-electron transfer from fJe atom into

the fully stripped, hydrogen-like, helium-like and lithium-like

cq', Nq+, Oq', Fq', NeqT ions and also highly stripped Sq'ions

have been measured at the energy range of 0.Sq
- 4･Oq keV･ It

is found that the measured cross sections are nearly independent

of the collision energy with a few exceptions.仙en plotted as

a function of the ionic charge
,q
of ion, strong oscillations

in the cross sections are observed which are very similar in

phase but different in absolute values for ions with different

isoelectronic sequence･ On the other hand} the measured cross

sections coTne together on a single curve when plotted as a

★

乱mction of the effective core charge ZI Of ion by taking into

account the screening by electrons. This oscillatory behavior

can be explained reasonably well throughthe modified classical

one electron. model of Ryufuku.-Sasaki-Watanabe.

1. INTRODUCTION

The electron transfer process between highly stripped heavy ion With charge q and

at,Jmic hydrogen at low energies

Aq+ + 7,I+A(q-1)+
+ fl+ (1)

is important not only in basic collision physics but also in many applications such

<.1S astrophysics and high temperature plasma physics. In particular, the process(1)

ilWOlving impurity ions plays a key role in the energy and particle loss from the

Tokamak plasmal). Because only a single electron is involved in the collision

process of the fully stripped ion, theoretical trcatmcnt is considerably simple and

a nunJber of theoretical calculations have been reported. Most of the theories arc

bas｡d upon the concept of formation of the q､laSi-molecule (A-ll)q+ during collision･

pr･)gress in theories is suTTmarized by OIson2).伽the other hand, it is difficult

★ Department of Physics, Tokyo Metropolitan University, Setagaya-ku, Tokyo 158

辛 Department of Liberal Arts, K:1nSai Medical University, I一Iirakata, Osaka 573

+ Department of ^pplicd Physics, Tokyo University of ^gricultu･re and Technology,
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ll Nuclear EngiTeering Department, Kyushu University, Fukuoka 812

a DcI)ar'cmcr･t Of Electr'ic Enginccring , Doshisha University, Kyoto 602
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to obtain the highly ionized heavy ions at low energleS and, therefore, experi-

mental results are particularly scare.e for the fully stripped ions･ Data up to
r

early 198O have been compiled3).' prese･･1tly both theoretica12) and experimental

works4-S) are concentrated on investigations of the depender･ce of the cross

sections on the ionic charge of ion q and its nuclear charge Zl and on the collision

energy. ネ1ost of theories predict that the cross sections change monotollically

α

wまtb the ionic charge q and its dependence is glVen aS q ,
α being rougllly equal

to 2 but slightly depending on the model used, and the cross sections are nearly

independent of the colt_;sion energy bf21ow energies COl･reSPOnding to the velocity of

1 a.u. with a few exceptions.

Experimental aspects including targets other than atomic hydrogen are reviewed by

salzborn and抽11er6).
Most of the data have been obtained at energies higher

than a few keV/amu for partially ior!i乙ed heavy ions. Again, almost all the experi-

mental data show the monotonic dependence of the cross sections on q. However,

there is also experimental evidence that the cross sections do not change m-lnOtOni-

cally but some bumps or dips exまstエn some collision systems.

and Crandall &t a1.8) reported the cross sections for Xeq+ ions

For
example,鵬11er7)

show a significant

bump at q=5 in collisions With ll and Xe targets. Very recently, Bliman et al.
9)

also reported the non-monotonic variation of the cross sections for Cq+, Nq+, Oq+

and Arq+ ions incident on D2 and Ar gas targets at the energies of lq
- 10q keV･

They corLCluded that such an oscillatory variation of tIミe Cross Sections is not due

to the presence of the metastable ions but dllC tO the electronic structure of the

pro3･ectile ions･ Similar variations have also been observed by Cocke et al.1O)

Mean血ile, Ryufuku, Sasaki and Watanabe (RSW)ll) , based on their unitarized

distorted-wave approximation (UDtVA)12), predict that such an oscillation of the

cross sections at low energleS Occurs due to the crossings of the diabatic potenti∂･1

curves and that the amplitude of the oscillation is large at lo吋er energleS and the

oscillation disappears at intermediate energies (= 2S keV/'amu). They also showed

that at low energ.tes the UDWA treatment is equivalent to the classical treatment

(see 3.3).

The present paper describes our effort in measuring the cross sections for one-

electrorl Capture processes in highly stripped C, N, 0, F, Ne and S
i-ons including

tlte fully stripped ions in collisions with rle gas target :

^q+ + IleすA(q-1)+ + He+ (2)

at the energy range of 0.5q
- 4..Oq key. This is, to our knowledge, the first

systematic measurcments of the cross sections for highly stripped heavy ions with

the isoclcctronic scquencc.

ヱ. Expel･imcntal

コ.1 ion source and charge state distribution of ions
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In the present work, ions are produced in NICE-113), an electron bea皿tyPe ion

source (EBIS) , which has a superconductins magnet to confine the highdensity

electron beam. The surface of the superconducting magnet container at liquid He

temperature works as a cryogenic pump to reduce background gas pressure in the

ionization reglOn. The background pressure measured at the outer vacuum vessel is

usually 2xlO-1O Torr･ The present experimental set-up is schematically shown in

Fig.1. Ions, accelerated to a desired energy, ale mass-analyzed and injected into

a collision chamber･ To make separation and identification of the charge and mass

of ions easy and sure, the stable isotope gases,
13co, 15N2

and
18o2,

are used for

C, N and 0 ions･ Ne and SF6 gases al･e used for Ne, F and S ions･

A typical charge state distribution of
lSN
ions is shown in Fig･2 which is observed

with a continuous electron multiplier (E=T)･ In contrast to the ordinary EBIS14),

the present NICE-1 is operated in a mode where gas and electron beam are continuous-

I～rJ6｣_ charge Spectrurn o-
15N

vj‡ 2･5KV

Ve=2.5KV. ]f…10.5nA

p芋1.い10-9 To.r in
yesset

⊇ ●3 ち

Fig.2
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1y suppliedlS)･ Therefore, the charge of ions produced is fairly widely distributed

over from q=･1 tO q=7 for N ions ; their distribution is strongly dependent on the

gas pressure in the ion source and the electron energy･ The intensity of the fully

stripped N7+ ibns shown in Fig･2 is typically 2xlO3 counts･per second (eps)･

Because of such a wide cha.rge distribution, ions with different charge state are

obtained without changing the ion source parameters･

2.2 Cross section measurements

To reduce background signals, the present collisic･n chamber is 3VaCuated down to

10-8 Torr with a 500 A/s turbo-molecular pump･ The target density of the collision

cell coTltainingHe gas atoms is estimated through the pressure il. a gas reservoir

measured with a capacitance manometer 8AROCELL and the calculated conducta-lee Of

tlle Capillary-aperture system used. Tons which pass through the collision cell are

charge separated with a parallel plate electrostatic analyzer and detected with a

multichannel plate detector (MCP) which works in a single particic counting model

In this detection system, it is assumed that the sensitivity of the MCP is identical

for all ions with different charge state because the ion impact energy on the MCP

is always higher than a few keV where the coefficient of the secondary electron

emission isusually larger than unity. It is found that the pulse height distribution

from MCP used is dependent on the count rate. Therefore, in the course of mcasure-

melltS, Care is taken to minimize the counting loss due to reduction Gf the pulse

lleight by monitoring the pulse height distribution from MCP through a multichannel

llulsc height analyzer and an oscilloscope. The intensity of the primary ion beams

i･-lways kept less than l･5xlO4･cps･

The cross sections for electron capture processes are dctermincd through the initial

.qrowth
of the charge-changed ions. The errors of the mcasurcd cross sections are

estimated to bc about ± 30亀wherc most uncertaintjcs come from the determination

oil the groly･th ratcI {･hc target thickness and reproducibility･
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In Fig.3 is shol寸n a Tr.atrix of the ion and charge state which -has been investigated

in the present work. ^s seen in Fig.3, we are concentrating ourselves on measurc-

ments of the cross sections of the fully stripped, hydrogen-like, helium-like and

lithium-like ions.
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3. Results and discussions

3.1 Energy dependence of the cross sections

^s those in previous works, the measured cross

sections･ for one-electron capture of multiply-

charged heavy ions are nearly independent of

the collision energy over 0.5q - 4.Oq keV

investig?ted in the present work, except for a

few collision systems such as C3+, F8+, Ne8+

and S13+ ions where the cross sections increase

slightly with collision energy. As a typical

example, the cross sections for the fully

stripped C6十, =7+ and 08+ ions are Shown in

Fig.4. Fu11 details of these results will be

published elsewhere.

It is found from these data that the cross

sections are varied with the charge state q and

also with the nuclear charge ZI Of the projec-

tile ions at the present energy range. The

variation of the cross sections is

l

◆ (F.S.I;

0 (H)

A(He) :

ロ(Ll) ;

と 3 q 5 8 7 8 9 10 ll 12 15 ltl

C ～ 0

C ～ 0 F Ne

C ～ 0 F Ne

C ～ 0 F He

Fig.5

～

particularly large for highly stripped

low Zl ions and seems to be not so

simple and mor10tOnic as predicted by

theories but depends on botl- q and Zl
.

3.2 Ionic charge dependence

ln Fig.ら are shol爪the cross sections

at 0.8 keV/amu as a. function of the

initial charge state for all ions

investigated. The lines are draI<n tO

connect the initial charge of the

isoelectronic sequence. As seen in

Fig.ら, the cross s(､ctions oscillate

strongly with q for all ions. Thcsc

oscillations are partictllaTly signifi-

cant at lol=ト For examl)le, the cross

sections for q=3 and 5 are almost
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olle Order of tl一e magnitude larger than tl10Se for q=4･ Also the oscillation of the

cross sections as a function of q lS Very Similar for ions with different isoelec-

tronic serquence･ Further, for the same q･ the cross sections depend on the atomic

numberヱ1 Of the projectile ions･ These oscillation and variation with q and Zl

tend to disappear with increasing q and Zl･ In fact, the measured cross sections

in the present I.Ork, averaged over the oscillation, are very similar to those

obtained from an emplrlCal formula of帖11er and Salzbom
16)

3.3 me classical one-electron model lヾith effective ct一arge

As mentioned already, similar oscillations of the cross sections as a function of

zl are predicted by RSIVll) for the electron capture process between the naked ion

and atomic hydrogen where only a single electron is involved. However, in the

present case, the target of He !'･as two electrons and the ion, partially ionized,

also has a few electrons･ Therefore, both nuclei of the target and projectile ion

are screened by eleccrons aJld, then, the electron involved in the capture process
★

feels a potential by such screened nuclei･ The effective core charge, Zl, Of the

ion, as seen by tlle electron to be transfer, is not the same as tlle ionic charge of

theion q.

In order to understand the oscillation phenontena observed in the present.Pork, we

follow the classical one-ilectron model in the electron capture process by RSW tJith

the following modifications :

-.
It is assumed that the partially stripped projectile ion consisting of the

core with the nuclear charge Zl and the screening electrons is equlVale71t tO
★

a naked ion with the effective core charge Zl and the target rle atom con-

★

sists of the hydrogen-like nucleus with the effective char苫e Z2 and an

electron which is transfered into the projectile ion.

2. Such a core + electron system behaves hydrogenically , that is, the energy
★

of the level of ion with the effective charge Z is given by
-(Z★)2/2n2

1ヾhere n is the princlpal quantum number of the level concemed.
E】

3･ The effective charge Z of such a partially stripped ion and helium aton! is

determined through the ionization potential I in the ground state (ng) of
g

the core + electron ≦vstem :

★

z ≡

ng(Ig/I[I)1/2 (3)

wllere IH represents tlle ionization potential of hydrogen atom in the ground
★

state･ For･He target atom, Z2 ≡ 1･34･

Thcn, the level energy for the excited state is calculated as follows :

-(z★)2/2n2
I

-Ign…′(2n2Ifl)･
(4)

^s the ionization pol二Cntial l of the ground state ion with the nuclear
g

charge Z, empirical values of Lotz17) are used.

^L-eOrding to the classical one-electron model of RSW, the electron transfer to

=ll11til-1y cI-arge ion at low collision energleS Occurs Wl-en tI-e energy levels of the
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collision system before and after coレ

1ision cross diabLTlticzLlly, that is,

-zl/R
-

(=;)2/2n…
-

-(Z;)2/2n…
-

=っ/R

★ ★ つ つ ★ つ つ ★

(5)

where R is the nuclear distance betwccn

tlle projectile ion and target atom. In

tl-e present case, nつ=1 as tl一e electron
▲■

is in the ground state of lie atolll.

The left-hand side of eq. (5) corrcsI)Onus

to tlle diabュtic potential energy of

electron in the He target witIl tl一e
*

effective charge Z2 Perturbed by the

Coulomb potential of the projectile ion
★

with the effective charge Zl before collision and the right-hand side of eq･(

does to that in the nl State Of the pro3'ectile ion with the effective charge

perturbed by the Coulomb potential of the tie+ ion with the effective charge 7-

after collision (see Fig.6).

S)
*

z*l

つ
■一

The electron transfer becomes possible when the diabatic potential energy before

collision (the left-hand side of eq. (5)) exceeds the maximum value of the potential

barrier formed between the projectile ion and target atom V

_*,_
,_*､2,_

2
m

-Zl/R
- (Z,)~/2n-2三-Vm･ (6)

vm --

((z;)1/2
･ (z2')1/2)2/R･ (7)

Prom two equations (5) and (6), the integer n corresponding to the level where the

electron is transfered can be deteT･mined as follolヾS :

n三nl,

★ ★ ★ ★ ★

_
.

_
★

nl
≡ (Zl/Z2)((Z2 ･

2〔Z;z;)1′2)/(zl
･

2(Z;z;)1′2))1′2･

(8)

Then, the distance Rn, corresponding to the crossing point of the diabatic potcntiul

curves, is given by the following equation :

R｡ - (Zl -

Z2)/‡(Z;)2/2n2
-

(z;)2/2n…†･
(9)

★ ★

Therefore, the classical one-electron transfer cross section oq,q-1 is glVCn aS

follows :

oq,q_1 ≡

(1/2)TR三･
(10)

3･4 Comparison bctw･3en the measurcdく=rOSS Sections and the classical model

ln r:ig･ 7 are shown the measured cross sections plotted as a function of the
★

effcct'ive charge ZI Calculated from eq･(3), instead of the charge state q, togcthcr

with those calculated from cq.(10) based on the classical model (dotted line).

The number of n in lJig.7 represents the r)rinclpal quantum numl)er of the lcvcl or

the projectile ion into which tllC CIcctron is captured. It is rcmarkaI)lc thilt

almost all the mcasurcd cross sections come close togcT･hcr on a single curvc･ '1●hct
★ ★

oscillation is large for low Zl and tends to vanis:I for hi呂hcr Zl･ 'I'his osci11t･JtOry
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★ ★

of the effective charges Zl and Z?･
★

for I-igher Zl ions･

behavior is quite similar to the calculated

one, though the agreement in the phase of

the oscillLTltion is not so good.

Such a poor agrecmcnt in the phase of the

oscillation seems to be understandable from

the follolヾing reasons :

1. In tlle present Classical model, tlle

tunllel effect is neglected and tlle

thc possibilit)'of the electron being

captしIred into more than a single levels

is neglected. If these effects are

taken into account, tlle OSCillation

should dump.

2. TI一e Charge cloud of the target atom and

of the partially stripped ion will be

defomed during collision because of

their finite size of tlle Charge distri-

bution. This polarization effect may
■

result in the change of the electron

transfer probability or in the change

ln eitller Case, tl一is effect may be large

3･ Because tlle energy level of the excited states is not purely I一ydrogenic in

characteT∫ SOme COrreCtions are necessary to obtain the accurate level energy･
★

These corrections cause the change of the effective charge ZI Which, in

turn, may gl.Ve rise to some systematic deviations between different isoelec-

tronic sequences.

In essence, however, the oscillatory behavior of the measured cross sections

observed in tile present lヾOrk is a good indication thatl in highly stripped heavy

ion collision at loll energiesl the electron is captured dominantly into a particular

single level of tI-e projectile ion through the crossing of the diabュtic energy

levels in the collision system･ The oscillation is particularly slgnificant for

low = ions･ For low Z ions, the energy level rcsponsiblc for the electron cdPturC

has a small value of n and then the ad3'accnt levels are largely scparated･ This I

causes a gre･1t increase in the cross section cvcn if the n-value is promoted by onc･

0-- tI-e otI-er hand, for high Z ions} the electron is captured into a level having

･･1 large n･ lヾhcrc the cncrgy leycls are densely located, and then more than a single

lcvcls have a chtlLICC tO Capture electron from the target atom･ This may bc a

reason lv'h.ythe amplitude of the oscillation in the cross sections tends to diminish

tolt･ard hidlCr Z ions.
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4. Conclusions

We have measured the cross sections for one-electron transfer from !Ie atom into

highly stripped Cq+, Nq+, Oq', Fq', Ne匂+ and Sq'ions produced in an electron beam

ion source at energies less tllan 1 ヒev/amu. The measured cross sections plotted

as a function of the ionic charge of ion q show significant oscillations with q

which tend to disappear at large q. These oscillations are ver)'simil;1r for ions

witll different isoelectronic seqtlenCe but the observed cross sections are consider-

ably different from each other. On the other hand, when plotted as a function of
★

the effective charge ZI Of ion, the cross sections measured come close together

on a single curve with an oscillation which is reasonably well reproduced with the

classical one-electron model, though their phase of the oscillation is not in

good agreement with each other.

In order to understand the oscillatory phenome-1a in the cross sections for electron

transfer precesses, measurements of the cross sections for lower Zl ions such as

Bq+>8eq+ and Liq+ ions seem to be important at the lol寸energy range and also more

sophisticated calculations of the cross sections would be of great help･
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Cross sections for one･electron transfer from a He a(om into the fully stripped. hydro-

genlike, heliumlike, and lithiumlike Bl+, Cl+, Nq+, 01+, Fl+, Neq+ ions. and also highly

stripped Sl+ ions have been measured at the energy range of 1.5q- 3.Oq key. The meal

sured cross sections are nearly independent of the collision energywith a few exceptions,

and most of the cross sections measured are about (1 -4)×
10一暮5cm2, but･ the cross sec･

tions for B4+, c4+, and N4+ ions are very small in the energy range studied･ When (he

cross sections measured are plo(ted as a function of血c ionic charge q of isoelectronic pro-

jectileions, strong oscillations in the cross sections are obsen/ed.Asa first approximation,

this oscillatory behayior can be explained in terms of the classical one-electron model.

Ⅰ. INTRODUCTION

The electron capture process by highly stripped
ions is currently of great importance not only h

basic atomic collision physics butalso in such

diverse fields as controllヒd･thermonuclear-fusion

research, developments of x･ray laser devices and

astrophysics.

h particular, the electron･capture process by

highlystripped ions Al+ from atomic hydrogen at
low energies,

■

^q++H-A(q-I)++H+ , (1)

plays a key role in the energy aJld particle tosses

from high-temperatureplasmas.J Because of a sim･
plc situation in the collision pr∝ess of the fullyl

stdpped ion, a number of theoreticalcalculations

have been reported･2 onthe other handl it is diffi-

cult to obtain highly stripped ions at low energies
●

and, therefore, experimentalrcsults are scarce for

the fully stripped ions･3 until nowl theoretical and

experirnentalworks including partially stripped ions

have been concentrated on inyestigations of the

dependence of the cross sections on?he ionic charge
q of the projectile

ion and its nuclear charge
Zl and

on the collision energy.

Most of the theories are based on the concept of

the quasimo)ecule (A-H)q
+
during collisions. Then,

the cross sections are mainly determined by interac-

tions at the crossings between the diabatic potential

curves of the initial (Aq+-H) and the final

26
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(.i(q~1)+･H+) states. For the high-chargestates of

projectile
ions, th･ere are many.curve crosslngS and

●

itis possible to model the collision pr∝ぶSeS. These

theories predicted that the cross sections change

monotonicallywith the ionic charge qand are pro･

For(ionalto qA', where a IS equalto
1
-2 depcndent･

1y on the model used,and that the cross sections
are
nearly independent of the collision vel∝ity at

low and intermediate velocities (106～ 108 cm/s).

Meanwhile, for the low･q States, severaltheories

showed that the cross sections do not scale accord･

lng tO Such a simplerule as q changes.Aside from
●

detailed calculations for the specirled collision pro-

cesses, Ryufuku, Sasaki, and Watanabe (RSW)4

predicted a strongly oscillatory dependence of the

cross sections on certain effective charses of proJ'ec･

tile ions at low and intermediate energies (<10

key/amu) using a model in which the projectiles
are r'eplaced by bare nuclei having the effectiye

charges. They also showed the oscillation disap･

pears at higherenergleS.
Experirriental aspects including target atoms oth･

er than atomic hydrosen have been reviewed by

salzbom and M古Iler.5 Most of the data have
been

obtained for partially stdpped ions at energies

higher than a few key/amu.Almost all the experi･

mental data show l九e monotonic dependence or the

cross sections on q. However, there are experimen･

･talcvidences that i^
some collisions cross sections

do not d一allge mOnOtOnically, but some bumps or

dips exist.As for the H- target atom, for example,

105
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crandaIJ et a[･6･7and Gardner et a[･S reported that

the cross sections for C. N, 0, F, and Xe ions show

significant bumps at q-3 and 5 in the key/amu

energy region; Phaneuf reported very recently that

the cross sections for C ions show neither monoton･

ic changewith q nor uniform veluity
dependence

below 500eV/amu･9 Recently, Bliman et at.10 re-

ported the nonmonotonic variation of the cross sec-

tions fb∫C, N, 0, and Ar ions iIICident on D2 and

Ar gas targets
-1n
the energy range of lq- log keV.

They concluded that suchanoscillatory behavior of

the cross sections isnot due to the presence of meta-

stableprojectile
ions but due to the electronic struc-

ture of the ions. Similar oscillations were observed
by Cuke eE at･II Mann et at･12also repor(ed that

the cross sections for the one･electron capture by

highlystripped heavy Ions Change drastically in the

magnitudewith the ionization potential of the tar-

get atoms･

The helium atom, among others, is an interesting

target atom, baause its electronic structure is sim-

ple enoughto
treat theoretically, and because it is

easily prepared as a target atom in collision experi-

ments. The electron-capture process
by highly

stripped ions from He atom has been studied experi･

mentally by several authorslユー19･ zwally et at･
)5･J8

measured the cross sections of one-electron capture

for C4+ and B3+ ions in thewide energy range of
o.3～4O keV. Cranda'1lll and Gardner et at.19 mea_

sured the cross sections of one･e]ectron capture for

the He-like and the Li-like ions such as Bq+, Cけ,

Nq+I and Oq+ ions in the energy range of 6q-23q

keV, and observed the n･onmonotonic variation with
the char苫e State q. Tbeyalso measured the cross

section of two-electron capture and found that this

cross section becomes greater than that of one-

electron capture for the C4+ ion as the collision en-

ergy is reduced. No measurement of the cross sec-

tions, however, was reported for fully stripped ions

or the Hllike ions except for B4+ al low energies.2O
The present paper describes our effort in measur-

ing the cross sections of one･electron capture for

highly stripped B. C, N, 0. F, Ne, and S ions in･

eluding the fully stripped ions in collisionwith he;主-

um target,

^q+ +He-A(q-ll++(product) (2)

at the collision energies below 3.Oq key. This is,to

our knowledge, the firstsystematic measur,Jment Of

the one･el∝tron･capture cross s∝tion ri汀highly

stripped ionswith the isoel∝tronic sequen･=e.

-50-
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ⅠⅠ･EXPERIMENTAL TECHNIQUE

A･ ‥on source and experimental setup

The ion source in the present work, called
NICE･1, is an electron･bcam･ion source (EBIS)

onglnally developed bv Donets･2) The ions are prop

duced by a high-densityelectron beam confined by
a strong magnetic field appliedalong the electron･

beam axis.

The NICE･1 has a superconducting magnet

(SCM) for generating a strongand stable magnetic

field; the solenoid made of Nb-Ti is loo czr. in

length and 10 cm in inside diameter (i.d.);the mag･

netic field can be varied up to 2 T; a persistent

current･mode operation is chosen. A surface of the

liquid-helium reservoir for the SCM works as a

cryogenic pump to reduce the background gas pres･

st?re in the ionization reglOn. An electron beam is

extracted from a thoriated tungsten hair-pin-type

gun and passes throt1ghaTIar.Ode hole of 2 mm in

radius and the subsequent 14 pleCeS Of

drift tubes of 3 cm in i.d. surrounded by the

liquid･helium reservoir. A very small amount of

gases is ln)eCted througha gap between the firstand

second drift tubes. Ions produced by electron im･

pacts are trapped radially by the space-charge PO･

tentialof the electron beamand axially by the po･

tentialbarriers applied to the drift tubes･ The s!ep･
by-step Ionization of the trapped ions proceeds by

successive electron bombardments. The diameter or

the el∝tron beam was not measured directly, but is

estimated to be less than O･5 mm. After passing

throughthe drift tubes, the electron beam is re･

ceived by an electron collector shielded from the

:uvr(a

ic field by a soft-iron plate and a p-metal
r. A typicalelectron current is 15 mA at 2

nd 1.2 T. The background gas pressure mea･

at the vacuum vessel of the NICE･1 is usually
2× Ion-10 Torr･ Then the residualgas pressure in

the ioniz

than lx ;a.-oTc
region is expected to be much less

Torr･ Such an ultrahighvacuum is

essentially important for producing the fully

stripped ions･ For the fully stripped C6+, N7+,and

o8+ ions'stable isotope gases 13co, 15N2, and
18o2

are used to separate froLn impurity ions having

M/q-2･ DF3, Ne, and SF6 gases are used for B,

Ne, F, and S ions.

The present experimentalsetup IS SChematically

shown in Fig･ l･ Ions extracted from the source al-?

accelerated to a desired energy. Ån ion beam,

formed after passing throughan einze1 lens and a

pair of quadrupo)e lenses, is mass analy･iedwith a
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Flo. 1. Schematic view of the apparatus.

60o s∝tor of 20･cm radius and injectedinto a col-
lision cell. The ion beam is well collimated by a

pall Of beam-defining apertures of I mm diam A I

andA2; the distance betweenAlandAヱis
5 cm and

A2 is placed 4 cm
in front of the gas cell.

The gas

cell is 2 cm in length and its entrance and exit aper-

turcs are 0.8 and 1 mm in diameter, respectively.
Ions
which pass throughthe cell are charge separat･

edwith a parallel plate elcctrostatic岳nalyzer locat･

ed I cm behind the cell;the entrance and exit aper-

tures rthe analyヱer plate are 5 mm inwidth and
8

mm in height. By changlng the voltage applied to

the analyzer, both the primary
Aq+ ions a･1d the

charge･changed A(q-‖+ iollS are detectedwith the
same micrcK:hannel plate detector (MCP, HTV

Fl15S) in a slngle･counting mode. Another detec-

tor, a continuous e)ectron multiplier (EMT),aligned

to the ion-beam axis. is used to identify the charge

and mass of the primary ion.
In order to reduce

background signals, the pressure outside the col-

lision cell is kept below 2× 10-8 Torrwith a 5(カー

1/～turbomolec山ar pump. Figure 2 shows a typical

charge･state spectrum of
t5N
at the acce)eration

voltage of 2.5 kV. h contrast to the ordinary
EBIS

operation,21 the NICE･1 is operated in a mode

where gas atoms to be ionized and the electron

beam are continuously supplied･22 Thererore the

charge of ions produced iswidely distributed over

from q-1 to 7 for N ions; their distdbution is

strongly dependent on the gas pressure in the ion

iO7

source and the electron energy. The intensity of the

fully stripped N7+ ions shown in Fig･ 2 is typically

2× 10ユcounts per s (eps)･ Because of such awide

charge distribution, ionswith different charge state
●

are obtained without changing the ion source

p aram eterS ･

The He target gas is introduced through a

stainless･steeltubing from a cylinder containing
He

of highpurity (99.999%). In order to avoidユny
coTltami,nationwith impurities, the tubing lS Care･

fully connected and preheated.

8.如easur山1_eat Of cross sections

J. DeteTmJ'TIaLl'on o/Cross SeCtEons

Cross section for the one-electron-capture process

qq.q
- I is determined by

qq-q-l=

αqSQ-)

αq-]sqNL
l (3)

where Sq is the count rate for the pnmary Aq+

ipnsI Sq-I for the charge･changed A(q一仙ions'N

the number density Of the tar芸et He atom, i the

3::lis三?.nn'pea,tn?ci三慧･f.:nt三e訪.anadi｡aAQ.盲L,琵eiotnhs?
In the presen( detection system, we assumed that

the detection efficiency of the MCP is identical for

all the ionswith different charge states, that is,
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FIG･ 2･ Typical spectrum of the charge･state distribution of ]5Nq+ ions extracted at 2･5 kV from the NICE･l under the

condition that the electron beam intensity is 10.5 mA at 2.5 kV. Ion detection is made by the EMT shown in Fig. 1.

aq-a9-I, because the ion impact energy on the

MCP isalways higher than a few keV where the

c*fficicnt of the secondary electron emission is

usually larger than unity.

It is found that the pulse-height
distribution from

the MCP used is nearly independent of the ion im･

pact energy foral1 the charge states, but dependent

on the charge stateand the count rate. The max･

imum of the pulse･heightdistribution shifts
to･

wards higher values as the charge state increases,

and the pulse･heightdistribution
becomes broader

and itsmaximum shifts towards lower values
as the

count rate increases. Therefore, for each experi-

mental nln, Care is taken to minimize the counting

loss due to reduction of the pulse heightby moni-
toring the pulse･heightdistribution

from the MCP

with a multichannel pulse-heightanalyヱerand
an

oscilloscope. The count rate of the pnmary
len

beam isalways kept less than 5×103 cps･ spacial

detection ef{ICiency of the MCP used is checked by

varylng the analyzer voltage, and is confirmed
to be

fairly uniform over the detection area within the

limits of stabilitiesof incident ion beams.

The target density N in the gas cell isdeterTnined

by the use of the calculated'conductance of the

capillary tube and cell apertures and by measure･

ments of the pressure in the He gas reservoirwith a

capacitance manometer (BAROCELL). Details of

the determination have been described in Ref. 23.

The co11ision･path length L is assumed to be the

-52-

distance between the apertures of the cell which is 2

¢m.

Actually, cross sections for the one-electron･

capture process are determined through the initial

growth of the charge･changed A(q-I)+ ions. This

procedure is illustrated in Fig. 3 as an example,

which showsthe count rate for the pnmary N7+
●

ions and charge-changed N6+ ions as a function of

the target thickness NL. At first,the analy2:er VOlt･

age is set for the pnmary ions to impact on the
●

MCP while the collision cell is evacuated, and then

15N7'+He- )5N6+
+ He

+

fc)

吋
l⊂ps】

>ヽ

= 40
t=

ど

三 30

Tld

ヱ
20

0 2 4 6 8 IO 12 14 暮6 I8

Torget Thickness NL (Jd2c,621

FIG･ 3･ Growth･rate curve of the charse･changed N8+

ion for the pnmary N7+ ion･ See text for detai1･
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the target He gas is introduced into the cell until a

few % reduction of the count rate of the primary

ions is observed [par((a) in Fig･ 3] Secondly, the

analyzer voltage is set
for the charge-changed ions

and the target gas pressure is reduced continuously

【part(b) in Fig. 3]. Finally, the analyzer voltage is

returned for the pnmary Ions in order to check the

reproducibility of the count rate of the pnmary
lens

【part(c) in Fig. 3】.Then the cross section can be

determined from the slope of the豆rowth･rate
curve.

This procedure has
four advantages at least･ First,

it is easy and sure
to check for single-collision con-

ditions, which are necessary to apply Eq. (3), by

directly observing the linearity of the growth･rate
=

curve. Second, background noise signals are readily

subtracted from the count rate of the charge･

changed ions Sq_I Which is usually severaltens eps

when Sq is of the order of
103 cps･ Third･ it is very

useful to reduce statisticalerrors, becausethe con･

tinuous variation of the target thickness corre-

sponds to average out a lot of point-to･point mea-

surements. Fourth, the identification of the pn･

mary ions, which is usually not so easy because of

the presence of impudty ions in the prlmary beam,

can be reconfirmed by the analyzer potentials
to be

applied for theAq+ and A(q-1けions･

2. Uncet･EaJ'tzt.'es

Most of uncertainties come fr(m the stability of

the primary ion beam, determination of the slope of

the growthィate curve and of the target thickness.

The uncertainty in the stability of the pnmary ion

beam is estimated to be less than ±8%. The uncer･

tainty associatedwith determination of the slope of

the growth･rate curve is less than ±20%. Deter-

mination of the target thickness involves about

+_10% uncertainty as estimated in the previous

work･23 Further uncertainty arises from the
depen･

dence
of counting efficiency of the detector on the

ionic charge state and count rate. This uncertainty,

however, is elaborately reduced as mentioned in See.

Ⅰ7B, and estimated at ±5%. The total uncertainty

for the absolute value of the cross section therefore

is estimated to be about ±30% in quadrature sum

except fbr the uncertainty in the pnmary ion-beam

punty. All ions studied are completely separated

and well identified by the use of stable isotopes.

However, we cannot say whether the pnmary ]o!,IS

are extracted in their ground state although it is

said that an EBIS-type ion source produces few ions

in the metastable states.24

Ill. RESULTS AND DISCUSS10N

A. General results and comparison with others

109

Table I presents the measured cross Sections for

the one-electron capture by highly stripped B, C, N,

0. F. Ne, and S ions togetherwith total uncer(ain･

ties. In general, most of the cross sections measured
are about I-4× 10-15 cm2 in the collision energy

range of I.5q -3.Oq
keV investigated in the present

work. However, it is quite remarkable that the

cross sections obtained for B4+, c4+,and N4+ ions

are anomalously small. The measured cross sec･

tions are nearly independent of the collisi8n energy,

thoughthe present energy range is rather narrow.

Some cross sections, however, increase with the col･

1ision energy ln Such collisions as B4+A, c3+･, F8+-,

Nee+～, and SIS+-He systems･

There are severalgroups which have studied ex･

perimentally the
AQ +･He

system.All of the present

data are illustrated in Figs. 4(a)-4(g) for compar-

isonwith others. Owing to the different energy

range studied, the present data cannot be compared

directly to others except for the data of Zwally

et at.
Nikolaev eL aL･14 reportedthe cross sections

qi!ralndfoL6t.Lei.fnusl,l言h:t監慧eBi5,'.,
i買･.
,tis,.H,
-ikde

o6+ ions, and the Li･like B2+, c3+, N4+, and 05+
ヽ

ions. Their data, however, were obtained in the en･

ergy range about 100 times as highas the present
ones; in their energy range qq.q

_J Sharply
decreases

with the collision energy; their data are not shown
in Fig･ 4･ Crandall18 and Gardner et aZ･W obtained

their data at energleS a few times as highas the
present ones. In their energy range, most of the

cross sections are nearly independent of energy.As

seen in Figs. 4(a)
-4(a), roughextrapolationof their

data indicates that the present data seem to be in

fairly good agreement with theirs for the B3･4+,

c3･4+, N4.5+, and O5･6+ ions which are the only
ionic species available for comparison. Data of

zwally and KoopmanI5 for the C4+ ion and of
zwally and Cable16 for the B3+ ion, which can be

directly comparedwith ours, are in good agreement

with the present data as seen in Figs･ 4(a) and 4(b)I

As for the fully stripped C6+, N7+, and O8'ions,

the present data are comparedwith the results of

Afrosimov et a[.20 Though. the collision energy

range tested is different, both data seem to be

smoothly eonnectedwith each other･

王tis found from the present data that the cross

sections qq.q-I Varywith the ionic charge q drasti-

calIyand also with nuclear charge
Z] of pro)ectile
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TABLE I. One･e7ectTOn･CaPtuTe CTOSS Sections qq.q_ [ for the hishJy slrippcd ion (ron He at col)ision enerB.y E･

ions at the p三FSentenergy range･ The variation of
the cross sections

is
enhanced for highly stripped

-54-

low･Zl iorlS_?rPdis not simple and monotonic as q

changes, but really depends on both q and
_Zl.
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a. Ionic ch&rSe dependence

In Fig. 5 are shown the cross sections reasonably

interpolated at 0.8 keV/amu as a function of the in･

itialcharge state q forall ions investigated. The

lines are drawn to connect data for ions having the

s]ame isoelectronic sequences such as fully stripped,

H-like, He-like, and Li･Iike ions.Asseen in Fig. 5,

the cross sections oscillate stronglywith q forall

ions. These oscillations
are
particularly slgnificant

at low q. For example, the cross sections for q -3

and 5 arealmost one order of magnitude larger than

those for q -4. Furthermore, for the same q, the

cross sections depend on the atomic number ZI Of
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the projectileions･ These oscillationswith q and
variationswith ZI tend to disappearwith increasing

q and ZI. In fact, when the oscillation of the meal

sured cross sections in the present work issmoothed
out, the q dependence is quite similarto that ob-

tained from an empirical formula of MGller and

Salzborn,25 which is shown as a dotted line in Fig･

5.

C. Classical onc･eleclron model

with effectiye charge

Few theoretical studies have been made on the

electron･capture pr∝ess for ^q+-He collisions.
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FIG･ 4･ (a) Cross section of one-electron capture by B･1'- B4+I and B5'ions incident on He･ Open circles ale ike

present data, triangles the data of Zwally and Cable (Ref･ 16), solid circles the data of Cranda)1 (R,;(･ 18). squares the data

of Gardner e( a]･ (Ref. 19). Dashed line is the theoretical result of Shipsey eE at. (Ref. 26). (t')Cross sections ofl one-

electron cap.･ure by C･1+, c4+, c5+, and CB+ iollSincident on He･ Open circles are the present data'triangles the data of
Zwal]y and Koopman (Rer･ 15), solid circles (he data of Crandall (Ref. 18). squares the data ofGardner et a[. (Ref. 19),

crosses the data of Afrosimov ct a/. (Ref. 20). Dashed line is the theoretical result of Shipsey et a]. (Ref. 26). (c)Cross

sections of one･electron capture by N4', N5+, Nb', and N7'ions incident on He･ Open circles are the present data, solid

circles the data of Crandall (Ref･ 18), squares the data of Gatdner et a[･ (Ref. 19), crosses the 'data of ^frosimov et ot.
(Ref･ 20)･ (dl Cross sections of one･electron capture by O･1', ob', o7', and O8'ions incident on He･ Open circles are the

present data. solid circles the data of Crandall (Ref. I8). squares the data orGardner eE a[. (Ref. 19), crosses the data of

AfTOSimov et o[. (Ref. 20). (e) Cross sections of one･electron capture by Fb', F7ヰ, and F8'ions incident on He. (n Cross

sections of o--e･electron capture by Ne7', Ne8+, and Neq';･8nS inc:Ident or･ He･ (g) Cross sections of one-electron capture

byStl+ and SIJ+ ions incident on He.
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CROSS SECTIONS FOR ONBIELECTRON CAPTURE BY HIGHLY...
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FIG･ 5･ Measured cross sections ql,4-1 at O･8

keV/amu as a function of the ionic charge a of projectile
ions. The dotted line is obtained from the empidcal for-

mula of M(iller and Sal王bom (Ref. 25).

shipsey et at.26 calculated the cross sections for

B3+～ and C4+･He collisions by the use of the

molecular･orbital method, and their results for the

one-electron･capture process are shown aS dashed

lines in Figs. 4(a) and 4(b). Their results agreewith

the present data and those of Zwal!y and CableI6

for B3+ ions, but their cross sections are somewhat

smaller than the experimental results for C4+ ions.

Except for their calcula'･ions,there has been neither

detailed calculation of individual collision processes

nor

,overall
treatment for better understanding of

the A
a +-He
collision systems systematically.

As mentioned
in See. I, similar oscillations of the

cross sections were predicted by RSW4 as a func-

tion of the effective charge of pro)ectiles for the
Al+-H

co11isions･
Their
calculation is based upon

the unitadzed･distorted-wave approximation27

(UDWA), but they also showed that the UDWÅ

treatment becomes equlValent to the classical treat-

ment at low energtes. Hence, as a first approxima-

tion, we adopt a classical one･electron model in the

sense
or
RSW in order to understand the osci;lation

phenomena observed in the present work.

In the classical one-electron model, the projectile
ions are replaced by bare nuclei

having the effective

charge Z了and the He atom is replaced by the sJ･S･
ten
of a bare nucleus having the effective charge

Z; plus one electron which is to be transferred into

the prq】ectile i(-∩. Such a bare nucleus plus one･

113

electron system behaves hydrogenically, that is, its

energy level is gwen by -(Z')2/2n2, where
n is the

pnncIPalquantum number of the level concerned.

The effective charge Z+ is d,etermined from the ion･

ization potential Zg of the ground state (n8) of (he

System

z+ -ng(I8/IH)ln ･ (4)

where IH isthe ionization potential of the H atom.

As the ionization potentiaiZ8･ emPilicalva7･ues of

Lotz28 are used. Then, the energy lev(!lof the excit-

ed state (n) is calculated'by

-(I.)2 -Igng2

2n2 ~(2n2IH)
(5)

According to the classical one･electron model, the

electron transfer from He atom
to
proj比tile

ions oc-

curs when the energy leyels of the collision system

before and after collision coincide diabaticallywith

each other, that is, the quasiresonance condition is

fu1缶11ed:

-z7 (I;)2 -(zて)2 z;
R 2TZ…

■~~~
-∵~~~== =

=

2r[亨
R

I (6)

where R is the intemuclear distance between projec-

tileion and the target He atom. The left-hand side

of Eq. (6) corresponds to the diabatic potential ener-

gy of the t22 State Of the target
He atom perturbed

by the Coulomb potentialof the projectileion
be･

fore collision, and theright-hand side of Eq. (6)
does to that of the nl State Of the projectile

ion plus

one electron perturbed by the Coulomb potentialof

the He+ ion after collision･
In the present case,

tz2- I since the electron is inthe ground state of the

He atom.

The solution
R in Eq. (6)givesthe crossing polnt

of the two diabatic potential curves. There are

many possible crossing points corresponding
to

●

many different TZI States into which the electron is

to be transferred. According to the classical modd,

however, the electron transfer becomes possible

when the diabatic potential energy before collision

exceeds the maximum value of the potential ba汀ier

- Vm formed between the pro)'ectileion and the tar･

get atom:

-I; (z;)2

~~~云㌻≧~VmR

vm-[(zT)I′l+(z;)I/2]2/R.

and

(7)

(8)

From Eqs. (6) and (7), the integer a corresponding

to the state where the electron can
be transferred is
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determined as follows:

〝≦〝l,

wll ere

[z; +2(I;Z'2 )I/2]

【z丁+2(Zでz;)1/2]

T. IWAI eL al.

(9)

(10)

Then the distance R. where one-electron transfer
●

takes placeLis given by

R.. -
(zて-I;)

I(zu2/2n2-(I; )ヱ/2ni]
(ll)

Assuming the probability of one-electron transfer
to

●

be i,the classical cross section q.,. _ 1 1S given aS
=

q.,._I-(i)qR.2
･

(12)

D. Conp&rison bet甘Cen the zn亡出ured

cro8$ 8CCtions and the chssicd model

FiguTe 6 shows the measured cross sections at O･8

key/amu plotted as a function of the effective

charge Zてderived'from Eq. (4) togetherwith those

calculated from 'Eq. (12) based
on the classicalone･

electron model (dotted curve). The nllmber of tz in
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FIG. 6. Comparison of the measured cross sect.ions at

0.a key/amu with the cross sections calculated in terms

of the classical one･etectron model shown as the dotted

curye. Cross sections are plotted as a function of the cf･

fecti･JeCharge ZT or projectile
ions･
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26

Fig. 6 represents the principal quantum number of

the level of the
ion (projectileplus one electron) into

which the electron is captured. It is noted that all

most all the measured cross sections come toge(her

on a single curve. The oscillation is enhanced for

low･Z; ions and tends to vanish for high-Z; ions.
This oscillatory behavior is similar to the calculated
one, tbougll tileagreement in the phase or the osciト

Iation is not so good. Since the present calculation
based on the classicalmodel is very crude, the poor

agreement between the calculation and the experト

mentalresults is not surpnslng. The discrepancy !s

partly due to neglect of the tunnel effect, neglect of

the polarization effect, and so on.

In essence, however, the oscillatory behavior of

the cross sections observed in the present work
is a

good indication that in highly stripped ion col-
lisions at low energies, the electron is cap(ured

sel∝tively into the level with a particular quantum

number TZ in the collision system. The observed os-

cillation is slgnificant for low･Zてions.For low-Zて
ions, the energy level into which the electron is

transferred has a small value of n, and then itsadja-
cent levels are largely separated. This causes a sig-

nificant change in the cross section if the n value

changes from tz to TZ +1.
On the other

hand, for

high･Z; ions, the electron is captured into a level
having a large n around which a number of energy

levels are densely located. This glVeS dse to aminor

change in the cross section if tz is changed by one,

and more than a single let/elmay have a chance to

capture one electron from the target atom. These

should bc reasons why the amplitude of the oscilla-

tion inthe cross section tends to diminish towards

higher･Z;ions.
Such an oscillatory behavior should be dependent

on the collision energy. The data of Gardner

et az.,m which were obtained at energies
a few times

as highas the present energy range, show oscilla･

tions around q -4 for Bq+,♂+, and
Nq+ ions, but

the amplitude or their oscillation issmaller than the

present one. The present classicalmodel is essen･

tia!ly independent or energy. More sophisticated

calculations would be desired.
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Observation of e‡ectmn cap紬re毒nto selective state by紬Ⅰ1y

s蝕ipped量ons from He atom

S Ohtani, Y Kaneko†, M Kimura‡, N Kobayashi†, T Iwai巷,
A Matsumoto, K Okuno†, S Takagi, H Tawaralland S TsurubuchiW

Institute of PIasma Physics, Nagoya University, Nagoya 464, Japan

Received 2 June 1982

Abstract. Energy spectra of charge-changlng projectile
ions are measured for one-electron

capture by fully stripped C and 0 ions from He atoms. The electron isselectively captured

into a single level of principal quantum number n
- 3 of C6+ and rL = 4 of 07+, respectively,

at a collision energy of 0.45 key arnu-1･

Recently, totalcross sections for one-electron transfer from He atoms into multi-

charged B, C, N, 0, F, Ne and S ions, including fully stripped ions, have been measured

at low collision energiesbelow 1.5
keV amu''''l (Iwaiet at 1982, Kaneko et a1 1982).

The measured cross sections are nearly independent of the collision energy lnVeSti-
●

呈ated with only a few exceptions. When the cross sections are plotted as a function

of the ionic charge q of isoelectronic projectileions, strong oscillations in the cross

sections are observed forall ions. This oscillatory be･haviour is interpreted as follows.

At low energies an electron is captured selectively into a level with a particular
●

quantum number n. Such a level drastically changes from a to a + 1 with an increase

of q. This level change res.ults in an increase of the crossing distance of the potential
●

curves: it causes a slgniRcant increase in the q dependence of the cross sections.
●

Similar oscillations in cross sections have been reported in other collision systems

(Bliman eta1 1981, Mann etaE 1981, Cocke eta1 1981).
In order to see whether the oscillation is caused by the change of the level into

which the electron is transferred in the collision system, we have measured energy

spectra of charge-changing Projectile
ions scattered in the forward direction for the

●

collision systems mentioned above. These measurements glVe uS information on the
●

level into which the electron is captured.

The experimental set-up is shown in負gure 1. The ion beam extracted from an

ion source of FBIS type, Called NICE-1, is focused, mass analysed by a sector magnet

and we王1 collimated by a pal一 Of apertures of 1 mm in front of the target gas cell. The
■

gas cell is 2cm in length and its entrance and exit apertures are 0.8 mm and 1 mm in

l Permanent address: Department of Physics, Tokyo Metropolitan University, Setagaya-ku Tokyo 158,

Japan.

i Permanent address: Department of Physics, Osaka University, Toyonaka, Osaka 560, Japan.

i Permanent addres･J: Department of Liberal Arts, Ran.saiMedical University, Hirakata, Osaka 573, Japan.

tlPermanent address･. Nuclear Engineering Department, Kyushu University, F!1kuoka 812, Japan.

¶Permanent address: Department of Applied Physics, Tokyo University oE Agriculture and Tec'HnOIogy,

Koganei, Tokyo 184, Japan.

oo22-3700/82/150533+03$02.00 ⑥ 1982 The lnstitute of Physics ･ L533
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Fipre l･ Schematicview of the spectrometer used Eor ion energy analysis.

diameter, respectively. Ions which pass throughthe cell are decelerated by electrostatic
lenses before entering a 12r cylindricalanalyser. An entrance aperture of the

decelerating lens system having 14 electrodes is located 22 mm beh王n.dthe cell. The

mean radius of the analyser is r- 125 mm and the slit widths are Sl- 1.Omm and

S2 - 1.5 mm. The deceleration voltage VR is so adjustedthat the energy of the
ions

passingthe analyser is between 30-60(×q) eV. Thenthe energy resolution is just
limited by the energy spread of incident ions extracted from NICEll. It is usually

P｢imory

⊂d･

Pl-0 Torr

Produ〔†

〔5.

I?=4 3

f I

一20 0 20 も0 60 80 100

Energy gQ'n leV)

Fi8Ure 2･ Energy gain and loss spectrum of scattered C5+ ions from C占++He colfisions

at a collision energy of 6 keV. No peak was observedwithout target Hc gas (Pt-0).
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0.8 ×q eV, depending a littleon the current density of the electron beam and on the

potentialdistribution applied to the drift tubes in the ion source. The energy spectra
●

●
.■■

■

.
● ■ ■

′●

of charge-changing projectilesarle Obtained
by scannlng an additional variable voltage

superimposed on the deceleration voltage while the de色ection voltage VD Of the

analyser is氏Ⅹed. The energy-analysed ions are detected by an electron multiplier

(EMT).
Tnfigure 2 is shown the energy galn SPeCtmm Of scattered C5+ ion from C6++He

●

collisions. Only a single peak is observed, which corresponds to the following electron
●

transfer process: C6+ +He(1s2)十C5'(a
- 3)+He'(1s).

For the case of 08+He collisions, as seen in丘gure 3, the electron is selectively

captured into the n --4
level of O7'. This change of the level from a =3 to n =4

Elves rise to a slgniRcant di庁erence in the cross sections for one-electron capture by
● ●

c6'and 08+ ions. Actually, as reported previously (Iwai e( aE 1982), the cross section
for 08+ is about three times lar島er tl.lan that for C6+. similar measurements are in

progress for various pro]'ectiles including fully stripped, H-, He- and Li-like ions.

Pri mory Product

o8' o7'

n=6 5 Ll )

1 J I I

II
0 40 80 120 160

Energy g8in (eV)

Fjpre 3･ Energy spectrum oE scattered 01+ ions from 08+ + He collisions at a collision

energy of 8 keV.
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Two･electron captⅦre into autoionising states of N5'(313t')

and O5'(1$3t3t') in collisions of N7'amd O7'with ‡‡e
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Abstract. Transfer ionisation processes are studied for the N7+ + He and 01+ + He systems

by means of ion beam speciroscopy at 7 keVI The a'toionising states (3t3t')of
N5+ and

(1s3t3t')of 051 are iden亡i鮎d. .

The identi丘cation of satellite lines of highly charged ions plays an important role in

the spectroscopic diagnostics of high-temperature source声SuCh as laser-produced

plasmas and vacuum spark sources, and also in the observation of the solar corona.

To the authors'knowledge, however, no experimental data is available forthose

satellite lines with the configuration of N vI (3lT{l')and 0 vI (1s3ln'(I).
In our previous paper, we showed that ion beam spectroscopy lS One Of the very

●

powerful tools in determlnlngthefinal electronic state of the projectile,
ions after

● ●

charge transfer collision wit.h He (Ohtani et a1 1982). The ion source used is the

NICE-1 built at IPPJ. A detailed description of the present experimental apparatus

will be published soon. Brieay, a 127o cylindrical energy analyser with a retardation

lens system is set behind a t卑rget Cell to measure the energy gain AE of the charge-

changed projectilein the forward direction.

In figure 1 is shown the energy galn SPeCtrum Of N6+ ions obtained in N7++He
●

collision. The dominallt pP･ak around AE-17eV is asslgned as being due to the
●

selective one-electron capture,
I

N7'+He(1s2) + N6+*(41) +He+(1s) + AEl.

The energy balance consideration in Bgure 2(a) shows that the N6'ions should be in

the n =4 state. Furthermore, a small peak around AE-60eV is recognised･ The

intensity of the peak increases with an increase of target pressure as shown in the

rlgur早. The purity of the target He gas was increased up to 99.999% to ensure no

impurity e#ect involved in the spectrum. The typical resolution of the analyser is less

than 4.8 eV in the present case･ Thus, we are certain that the peak is due to N占+ ions
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IIPermanent address: Department of Physics, Osaka University, Toyonaka, Osaka 560, Japan･
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system. The values oE the energy ]eve]s are taken from Bashkin and Stoner (1975),

PradIはn e( at (1981), and Ho (1979).
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formedthrotI.gh･adi庁erent reaction channel from the one-electron transfer process
in.which an electron is captured into the a - 3 state of N6+･

According to the calculation of Ho (1979), the doub'J.y excited autoionising states
ls, 1p,

and
3p in which･two electrons occupy the lⅠ

- 3 shell are located 7･7760 to

10.2160 Ryd below the N7'slale. !n丘gure 2(a), the ls(1) and lp(1) states are

presented. ne energy gain AE2 (see丘gure 2(a)) estimated fromthose levels is in

good harmony with the result obtained from the position of the second weak peak in

the present experiment. Thus, we assign the smallpeak observed in the spectrum as
●

being due to the followlng tr'P.r!Sferionisation via two-electron capture into the
●

autoionlSlng Sta-es o㌣N5+,
● ●

N7++He(1s2). N5+**(313l')+He2'+AE2

+N6++He2++e.

Figure 3 shows the schematic potential curves relevant to the proposed mechanism.

Another transfer ionisation, 1n Which one-electron capture into N6+* and target
●

ionisation of He+ take place simultaneouslyl would contribute to continuum back-

ground spectra and will not form a peak. Such a continuum was not observed in the

present spectrum･

Fipre 3･ Schematic potential curves relevant to the energy galn Spectrum Of N6+ in

N7++He collisions at 0.47 keV amu-1.

The 06+ spectrum obtained in the O7'+He collision lS glVen in軸u.re4. A similar
● ●

pattern of spectrum is obtained but the second peak is more clearly recognised. The

Rrst dominantpeak is asslgned as being due to one-electron capture into the ls4t
●

state of O6'from軸ure 2(b),

o7+(1s) +He(1s2). o6'*(1 j4t)+He'+
AEl.

From the resolution of the analyser, the second peak corresponds neither to the

one-electron capture into O6'(1s2t) nor to O6'(1s3L). Because the energy positions

167-
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Fi8tlre 4･ Energy galn SPeCtrum Of 06+ obtained in 07++ He collision at O･39 keV amu-1

of the (1s3s3p)2p and (1s3s2)2s states of 05+** (pradhan et a1 1981) agree quite well
●

with the maximum position of the weakpeak, we provisionally assign this peak as

due to the following transfer ionisation process by means of two-electron capture into
●

the autoionlSlng States Of 05+**,
● ●

o7+(1s) +He(1s2). o5+**(1s313l') +He2'+ AE2

+o6++He2++e.

The importance of the transfer ionisation has been pointed out by Kishinevskii

and Parillis (1969), and recently by Gr.oh et a( (1982) in the measurement of recoil

target ions in coincidence with the proJ'ectile ions. The transfer ionisafion process in
●

multiply charged ion collisions has been studied by measuring the energy spectrum

of the ejected electrons (Winter eE a1 1977, 1978, Wcerlee e( a1 1979).
Several types of transfer ionisation are possible･ ac･cording to the scheme of potential

curve interactions. These are well compiled in the literature of Niehaus (1980). The

two-electron capture into the autoionlSlng State Of the projectile ion with subsequent
● ●

Auger e庁ect is typical of transfer
ionisation (Kishinevskii and Parillis 1969).

The lifetime of the lp(1) and ls(1) states of N5+** can be estimated as 1.6× 10-15 s

and 4.9× 10~t5 s respectively from the resonant parameter r of Ho (1979). In the

present experiment, the kinetic energy of N7'projectile is 0.47 keV amu-1 which

corresponds to the velocity of 3･Ox 107 cms-1･ Assuming the effective interacting

distance is about 10 au, then the collision time is comparabk with the lifetimes of the

doubly excited states lp(1) and ls(1) of N5'. A molecular autoionisation would be

possible to some extent as well as atomic autoionisation of N5+･ The energy pro別e

of c3ected electronswill
be asymmetric and have a tail to the lower erlergy Side. It

is noticed that the observed transfer ionisation peak has a tail extending to the side

of higher energy galn, Which may be considered as a renection of the molecular
●
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autoionisation process･ A similar situation seems to be the ca,se for the spectrum

observed in the O7'+He collision. The measurement of the energy spectrum of

ejectedelectronswillgive
a definite answer to this question.

The total cross sections for N7++He+N6+(a-4)+He' and 07++He+

o6'(a -4)+He'are
1.1x 10-15 and 1.3x 10-15 cm2 respec(ively at 0.8 keVamu-1

(Iwaiet a[ 1982). The cross sections for the two-electron capture into the autoionising

states of N5+** and O5十** in N7++He and 07++He collisions are one order of

magnitude smaller than that of the one･electron capture process. In conclusion, we

have found, for the arst time,the two-electron capture processes into the doubly

excited autoionlSlng States Of N5+ and O･" converging tO the a -3 state of N6+ and
●
■

●

o6+ in collisions of N7+ and 07+ with He.

References

Bashkin S and Stoner J R Jr 1975 AEom,'c Energy Levels and Grotn'an DL'agrams (Amsterdam: North-

Holland)

Groh W, Schlachter A S, M屯11er A and Salヱ.L,om E 1982 I. Ph)･s. B: A(. Mot. Phys. 15 L207-12

Ho Y K 1979 I. Phys. a: At. MoE. Phys. 1王387-99

Iwai T, Kaneko Y, Kimura M, Kobayashi N, Ohtani S, Okuno K, TakagiS, Tawara H and TFurubuchi S

1982 Phys. Rev. A26 105-15

Kishinevskii L M and Parilis E S 1969 Sou. Phys.-JE7P 28 1020-5

NiehallS A 1980 CoTnment. At. MoZ. Phys. 9 153-63

0htani S, Kane'J(0 Y, Kimura M, Kobayashi N, IwaiT, Matsumoto A, Okuno K, Takagi S, Tawara H and

Tsurubuchi S 1982 I. PflyS. B: At. Not. Phys. 15 L533-5

Pradhan A K, Norcross D W and Mummer D r) 1981 Phys. Ret). A23 619-31

Winter H, Bloemen E and de Heel F I 1977 I. Phys. B･. A(. Not. Phys. 10 L599-604

Winter H, El-Sherbini T M, Bloemen E, de Heer F J and Salop A 1978 Phys. Lett. 6SA 211-1

Woerlee P H, El-Sherbini T M, de Hee一 FJ and Saris どW 1979 I. Phys. B: AJ. Mo(. Phys. 12 L235-ll

-69-



.}

-70_



J. Phys. B: Åt. Mol. Phys. 15 (1982) L851-L856. Printed in Great Britain

LETTER TO THE EDrrOR

The (a,l) distributions in electron capture reactions for

C3'I N4'and O5'ions collidingwith He

M Kimura†, T Iwai‡, Y Kaneko蚤, N Kobayashi昏, A Matsumoto,

S Ohtani, K OkunoS, S Takagi, H TawaraIIand S TsurubuchiW

lnstitute of PIasma Physics, Nagoya University, Nagoya 464, Japan

Received 4 October 1982

AbstmcI. Distributions of captured electrons in the reaction Aq'+He-

Å(q~1)+(n,I)+He'over the hal:state quantum numbers n and I are measured using a

beam spectroscopy method at the energy of 1.Oq keV. Projectile ions Aq+ arcLi-like

species of carbon (q
- 3),nitroge･n (q=4) and oxygen (q

= 5).

Electron capture by highly-charged ions from neutral atoms has been intensively

studied in recent years. Most work has been directぅd toward the determination of

totalelectron capture cross sections in such collisions.王n a previous paper (Iwai eE

a( 1982) we reported measurements of the cross sections for one-electron capture

from He by highly stripped ions Aq+ (A
- boron, carbon, nitrogen, oxygen,伽orine,

neon and sulphur) below 1.5 keV amu-1, and found strong oscillatory behaviour of

cross sections as a function of charge q. This observation was qualitatively explained

using the classical one-electron model (Ryufuku et a1 1980). One of the important

assumptions of this model is that an electron is transferred to a particular single energy

level of charge-changed ions･Asq 7･nCreaSeS, the prlnCIPal quantum number n of the
● ● ●

capturing level increases in a stepwi!;e fashion. As a result the cross sections show

oscillatory structure.

With this prediction inmind, wc･ have recently measured the energy galn SPeCtra
●

bf the charge-changed ions in collisions of fully stripped, H-like and He-like
ions of

C, N and 0 with He at the energies of
lq and 2q keV (Ohtani eta1 1982, Tsurubuchi

e( al i982, Tawara eE aE 1982, Okuno et at 1982). It was,con鮎med that an electron

rt?ally transfers to a slngle
level n of the ions in the process of one-electron capture

●

and that the number n agrees with that of the classical model except in one case

(Tawara e( at 1982).

Thoughthe energy resolution of our apparatus is good enoughto resolve the n
distributions for the above-mentioned systems, distributions of orbital angular quan-

tum number ∫within the same prlnCipal quantum number 〟 could not be resolved.
■
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Both theoreticaland experimental studies are quite scarce on the I distributions.･

Theoreticalstudies have been exclusively directed toward the collisions of fully-

stripped
ions with H atoms (Ryufuku et a1 1979, Salop 1979). Since the product ions

in such collision systems have almost
degenerate sublevels within one prlnClpal quan-

● ■

tum number,their predictions cannot be applied to our observations､ Winter et al

(1977) and Matsumoto et al (19gOa, b) have measured cross sections for one-electron

capture into several excited (a,E')states by observing radiations from charge-changed
ions in collisions of 100 keV Neq+ (q

- 1-4) with He, H2 and Ar, and Ar2+ of keV

energywith Na, respectively. Afrosimov et al (1977) and Huber (1980) have also
determined one-electron capture cross sections into several states by energy-loss

spectroscopy for the systems Arq'(q
= 3-7)-He, and for the systems Ar2'-He, Ne

and Ar, respectively.

The present paper is concerned with electron-capturing collisions of Li-like ions

of C, N and 0 on He. Since product ions from one-electron captute are Be-like and

they have wide energy separations among sublevels, the I distributions may be observed'

as well as the n distributions. These distributions are compared with cross sections

calculated by means of the Landau-Zener model.

The present measurements were performed uslng a beam spectroscopy method
●

and procedures described previously (Ohtani et a1 1982). Inal1 cases studied here

the 〟 distributions are consistent with the prediction of the classical one-electron

model･, C2'(n -2), N3'(n -2) and 04+(n =3).

(t')c3'+He. 'Infigure 1 is shown the energy spectrum at a collision velocity of

2.1 x 107 cm s-1. Iso(ope gas
13co

was used to separate impurity ions having m/q
= 4.

In this丘gure the calculated energy levels are also indicated which correspond to the

⊂3'.He____ヰ⊂2'Ln/ 1 'He◆(1sJ

produ〔I 〔2･

〃=3 /l=2

'p鞘1slsfSL-2,s4p,l IJ I

-72-

2s2
t

p ls

I I

0 10 20 30

Energy gain (eV)

Figure l･ Energy galn Spectrum OE forward scattered C2+ ions from C3++He collisions
●

at a collision velocity of 2.1 × 107 cms-I.



Letter to the Ed/'tor L853

levels of the charge-changed C2+ ions for the process, C3++He-'C2'(nl)+He'(1s),

together with the energy prone of the prlmary C3'ions. Al王the peaks observed
●

correspond to the electron con丘gurations, 1s22J2J′,which have six terms. Relative

intensity for each term was determined from the best fit to the observed spectrum by

deconvolutionwith the energy profile of the primary Ions. Normalisation of the
● ●

relative intensities to the total one-p,1ectron capture cross section, which was measured

previously at a slightly
higher velocity 2.6 × 107 cm s-1,gives the cross sections for the

final channels･ They are listed in table 1 (L')alongwith the energy gain.values AE,

calculated from tabulated values (Bashkin and Stoner 1975). One can estimate the

Table 1. Energy gains AE and crossing distances Rc for capture into various states in the

collision systems C3+. N4'and O5'+ He. Crossing distances were estimated using equation

(I). Measured cross sections are normalised to totalone-electrorL
'cap(ure cross sections

obtained by lwai et al (1982) at slightlyhigher velocities and comparedwith the Landau-

Zener cross sections.

Measured qA LZ q

Final ionic s(ate AE (eV) Rc(A) (10-16cm2) (10-16cm2)

(T')C3+(1s22s 2s) incident

c2+ 2p2 1s o.67

1D 5.21
3p 6.26

2s2p lp 10.61

3p 16.80

2s2 1s 23.30

(z'.I)N4.i(1s22s2s) incident

N3+ 2p2 1s

tD

3p

2s2p lp

3p

2s2 1s

23.70

29.47

31.ll

36.68

44.54

53.15

(('E't')05'(1s22s 2s) incident

o小2p3s lp

3p

2s3d ID

3D

2s3p 3p

lp

2s3s ls

3s

6.93

8.34

13.36

14.83

17.04

17.30

19.72

21.49

43.0

5q5

4.6

2.7

1.7

1.2

1.8

1.5

1.4

1.2

1.0

0.8

Total

8.3

6.9

4.3

3.9

3.4

3.3

2.9

2.7

Total
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&Tota) one-electron c叩ture Cross Sections measured at slightlyhigher ve16cities are

decomposed into the coustituents according to their relative peak heights.
b･c･d
Total one-electron capture cruss sections at collision velocities, 2･6･,2･9 and 3･0 × 107

cm s-I respectively (Iwa)letat 1982), while the present measuremen(s were performed at

2.1, 2.3 and 2.5xlO7 cms-1.
c

Relative cross sections could not be determined.
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crosslng distance Rc for the two diabatic potentialcurves
from the followlng relatioq･

●
■

by considering pure Coulomb repulsion in the触alchannel A(q-1)+(n･ t)+He+ and

disregarding polarisation attractions in the initial channel
Aq+ + lie,

Rc- 14.4(q
- 1)/AE (A) (1)

where AE isexpressed in eV. The Rc value obtained from equation (1)
is also listed

intablel.

According to the Landau-Zener model, the probability of a transition
between

● ●

the two states at a crossing distance Rc is glVen by

p
-

exp卜2H壬2/vIAFl)

AF

-A
(Hll-H22)R=Rc･

wber¢

(2)

(3)

Here v is the radial velocity and H12 is the coupling matrix element between the
● ● ●

initial and丘nal states at the crosslng point. For the case of a slngle crosslng, the

probability of a transition from the initial state to the丘nal state is gIVen by the relation:
●

P=2p(1-p). (4)

This expression can be generalised to the case of N crosslngS aS described by Salpp
●

and OIson (1976) if interference between adjacent channels are neglected.
The

interaction potentialH12 at each crosslng point is estimated uslng the semi-empirical
● ●

formula given by OIson and Salop (1976). By integrating the probabilities (､ver the
impact parameter, the cross section for each channel can be obtained. The calculations

of the Landau-Zener cross sections are carried out for the collision velocity of 2･1
× 107

cms-I and the results are also listed in table 1 (t').Col 1Pared with the observation
the Landau-Zener cross section gives a Similar total one-electron capture cross section,

●

though indicating stronger selectiveness to the 2s2p
lp
state･

(E'i)N4++He. The energy spectrum for the N4++He collision is shown in丘gure皇.
●

One strong peak and a few weak peaks are observed. The strong one is assigned to

the ls22p2
1s
state･ A small peak at around 10 eV remains almost unchanged even

when the target He is evacuated. Therefore itis thought to come from the background

gas (1× 10~7Torr). Since the cross section of one-e一ectron capture for this collision

system is relatively small, the background signal becomes observable. A small tail

located at the higher energy wing Of the main peak is due to 2p2
1D
and possibly

3p.

It is noted that the two-electron process, in wbicb the one-electron capture together

with the projectileexcitation (2s. 2p) occurs simultaneously, is predominant compared

with simple one-electron capture. Energy gain Values, Crossing distances of potential
● ●

curves calculated from equation (1) and relative cross sections determined similarly

as for the C3'+He case are listed in table 1 (t'L').In this case the crossing distances

Rc are so small that our simple approximations to estimate Rc and H12 would make

serious errors･ This could be the reason for a slgnincant discrepancy between the
■

calculated cross sections and the measured ones.

(L･t･L･)05'+He･ The observed energy spectrum is shown in Bgure 3. A broad peak

corresponding to 04+(a - 3) is observed. Since the a -3 state consists of substates
densely located, each substate could not be resolved･ 1}econvoluting the observed
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NL'.He . N)'(nL)'He'(1s)

produ【† N3･

I7=3

'唱苛駁s
岩rJ･7号sr!2s2, )

nf= 2

且芦卑 2.s2

1slo】plp )p ls

‡ [I I [ I

h.JL..

L855

0 20 ん0 60

Energy gain( eV)

Figure 2･ Energy galn Spectrum Of forward scattered N3+ ions from N4++He collisions

at a collision velocity of 2･3 × 107 cms-I.

o5'.He→OL'(nl).He+(1s)
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Energy gqin I eV I

Figure 3･ Energy gain Spectrum O=brward scattered 04+ ions from 05++ He collisions

at a collision velocity of 2･5× 107 cms-l･

spectrum with the prlmary energy prO丘1e does notgive
a unlque so一ution in this case

● ●

because of the too narrow separations of tbe●sublevels･ One can say at least that the

2s3l states are selectively pcpulated, and among them the cross sections for the 2s3d
●

玉evels are much smaller than those for the 2s3s and the 2s3p levels. Energy gala
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values and crossing distances of the potentialcul･VeS are listed in table 1 (LIL'L')along

with the Landau-Z'ener cross sections.

In all the cases studied here any slgnals due to endothermic processes are not
二

observed. As seen in table 1, the process of one-electron capture seems to be most

favoured when the potentialcurv,5 0f the丘nal state crostr'es with that of the initial

state at
ta
distance of about 1.5_ヰiL.These results are consistentwith those observed

in わther multicharged-ion-He systems (Tawara e( a1 1982, Okuno e( a1 1982).
●

Regardless of one- or two-electron processes, the crosslng distance appears to bt
● ●

most important in determlnlng the ∫distributions.
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Translation･encrgy spectra of charge･state･changed prこ当eclile
ions scattered in the forward dircc･

lion in collisions ofCl+ (a-5,4), Nq+ (q-6,5), and Oq+ (q -6) ionswith Hc atoms have been meal●

sured at collision ener$le$ Of q and 2q keV･AlI the produc- peaks observed in the spectra come from

exothermic electron･capture processes･ From the measured energy galnS Of the produc(
(q - 1トcharge･s(ate ionsl it has been found that art electron is captured selectively into a single shelf
with a particular pnnclpalquantum number tl

-2 z'.orthe
incident C4+ ion and t7 =3 LTorthe incident

C5+, N5+, N6+, and 06+ ions･ This fact is in accordwith the prediction of the one-electron classical
theory･ lt has also been revealed that there is good simi1adty among the energy･spectralpattems ob-

tained fわrthe ions having the same charge +q, irrespective of ionic species; such a siJr･ilarityresults
from the similarity among diabatic potentialcurves for the co)lision systems of the q-charge･stale
ions and He･ In the case of C4++He collision, the two･electron-captLtre Process into the ground

sta(e of C2+ occurs more efficientlythan the one･electron-capture process a( the low energies stud･
ied.

I. INTRODUCTION

Recently one･electron-capture cross sections from neu･

tralHe atoms by multiply charged a, C, N, 0, F, Ne, and
S ions including fully stripped ions have been measured at

collision energies below l･5 keV/amu･I A remarkable os･

cillation of cross sectionswith incident･ionic charge q was

found. Similar oscillation was predicted by Ryufuku,

Sasaki, and Watanabe forthe case of the H atom ta巧Ct

using a Classicalmodel of charge transfer･2 The oscilla･

lion has bccn interpreted as follows. The transferred elec･

Iron is captured selectively into a shell having a pnncipal

q,uantum number a. This quantum number chanses from

n to tz +1 at some yalue ofq as q lS Increased, withanac･

companylng drastic increase in cross see(ion. Before the

quantum number n changes, the larser q gives the smaller
interaction distance, leading instead to a gradual decrease

jn cross section. After all,the cross sections show a saw･

tooth type oscillationwith the change of ionic charge q.

Thoughthe classicalmodel may be crude, the model has
been found to be adequatealso for the case of the He tar･

get･I The essentialassumption of this model is that the

electron is captured only into a single shell･ We hare

made a series of experiments intending to find some evi-
dence for it and to determine into which 写hel.王the

transferred electron go鵡. The results obtained should be

most important for basic understanding of charge transfer

involving multiply charsed ions and useful for develop･

ment of x･ray )aser and controlled-thcmonuclear-fusion
resea rch.

h our preceding p坤erS,3･4 energy gains Of the charge-

state changed projectileions scattered into the
forward

direction for the collisions of fully stripped C6+, N7+, and
o8+ with neutralHe atoms haye been reportedl and it has

been verified that an electron is captured selectively into a

shell of principalquantum number a -3, 4, and 4 of the
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product C5+, N6+, and 07+ ions, respectively･ In the con･

tinuation of the previous experiments for fully stripped
ions, energy-spectroscopIC Studies of collisions of hydro･

genlike and heliumlike ions of carbon, nitrogen, and oxy･

genwithneutral He atoms have been made systematically.

The two-electron-capture pr∝cssand the transfer ioniza･

lion process havealso been studied in addition tothe one･

electron-capture process; among these, the transfer ioni･

2:ation process has been reported4 for the collision systems

ofN7+ +HeandO7+ +He.

In the present paper, we report mainly on the one･

electron-capture process at kcV collision energies. The

experimentaldetails are described in See. ⅠⅠ.The meal

sured translation･energy spectra are displayed and similar-

ity among the spectralpatterns for ions haring the same

charge q is discussed in relation to diabatic potential
curves concerned in See. Ill. Concluding remarks follow

in See. ⅠV, where the results obtained from the series of

energy-spectroscopIC meaSurementS including fully

stripped ions are comparedwith the classicalone･clectron

theory･2

ⅠⅠ.EXPERIMENTS

The apparatus used and the experimental pr∝edure
have ban reported in Ref, 3. Therefore, we describe here

the pnnciple of translation･energy spectroscopy and the

relitcd problems such as determination of the parameter
depending on the apparatus geometry and the energy reso･

lution in detail. A brief description of叫e experimental

Setup IS glVen.

^. Principle of translation･cnergy spatroscopy

Wc
consider the followlng electron-capture pr∝ess at

low energies:

一之7 ◎19SユnleAmerican Physical S∝iety
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Aq++a.Aq'++B'++Q, q-q'+r (I)

where Q isthe total inelastic energy i;aim. In this inelastic

electron･capture process, the incident projectile
ion A9 +

with the mass Ml and the energy L'q is ～,catteredinto an

angle of 0 with the energy Eq･; meanwhile the neutral
t･ar･

get B atom with the mass M2 is rc{oiled with the energy

AE(Eq,Q,0)-
2MIM三

If it is assumed that the energy galn is much smaller

than the incident kinet-.c energy of the pro)ectile ion, that

is, Q <<Eq, the energy gain of the projectileion scattered
into the zeTO･degree direction (e-_Oc) becomes independent

of Eq as follows:

AE( e空Oo)e4. (4)

That is, by measunng the energy gain AE of the projectile

ion tenergy galn SPeCtrOSCOp.V) scattered into the forward

direction, we candetermine straightforwardlythe reaction
energy Q which provides impor(ant information on

mechanisms inthe inelastic collision processes.

王norder to get good energy resolution, the energy of the

projectile ions should be.reduced before they enter an elec-

trostatic energy analyzer as Shown schematically in Fig. 1.

If the decelerating potentIalto the projectile
ion is VR, the

energy of the incident projectile
ion is reduced to Eq -qVR

at the entrance of the energy analyzer.Whenthe ion is to

pass throughthc analyzer of which the denection voltage
is VD and to reaLCh a detector,the followlng relation

should bc fulfilled:

Eq-qVR =qKVD , (5)

where K is a constant depending mainly on the geometry

of the analyzer and probably on the denection voltage of

the analyzer VD. On the other hand,the energy of the

charge･statc･changed projectileion ul'+) with the charge
+q'has to bc decelerated throughVL, which is different
from VR for the incident projectilein order to pass

throughthe aJlalyzerwiththe sane denee.t呈enyoltage VD

as that for the incident projection
ion and to reach the

detector. Then, the followlnS COndition is necessary:

El･-q'VL =q'KVD ･ (6)

From the energy conservation, we obtain the following re･

1atiom:

VL-(q/q')VR+((q-q')/q']KVD+(1/q')AE. (7)

That is,we can determine the enersy change AE in the ab･

solute scale by scannlng the decelerating potentialV; for
the chargc･state･changed projectileions while keeping the
denec(ion voltage VD COnStant, provided that K is known.

B. Expenmental setup and determin&lion

of the parameter K

Actually, projectile
ions are produce(I in an EBIS-type

ion source called NICE･l and are injectedinto a collision

-78-
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E,. Then. the total gain Q is defined as

Q -(Eq･+E,)-Eq ･ (2)

In this energy spectroscopy, the gain Of the kinetic energy

of the scattered ion. AE -Eq･-Eq: may be measured at

the scattenng angle 8. The kinematical consideration

leads to the following relation:

sin2o_

MI+M2

cell after acceleration and mass･charge analysis. Ions

passlng throughthe cell are decelerated througt7 electroI
static lenses, are energy analyzed by an electrostatic 127o

.cylindrical
analyzer, and finally reach a Channel(ron･type

detector as shown in Fig. 1. The decelerating lens system

having 14 electrodes consists of a part of linear field dis-

tribution, an einze1 lens, and a pair of denection electrodes
to control the position of projectile ions and to optimize

the transmission throughthe energy analyzer as well as to

obtain good energy resolution. Dimensions of the present

apparatus are as follows: The collision cell is 2 cm in

lengthand its entranceand exit apertures are 0.8 and 1.0

mm in diameter, respectively; the first deLlelerating elec･

trode is located 22 mm behind the cell;the entrance and

exit slit widths of the analyzerwith the mean radius of
125 mm are 1.0 and 1.5 mm, respectively. This geometry

enables one to detect the ions scattered only into an ex･

tremely forward direction.

By the use of 10-keV C5+ ions, the energy resolution of

the present analyzer was tested as a function of the denec･

tion voltage VD. When the voltage VD is reduced, the

resolution becomes highand then tends to be nearly con･
stint; a typicaloperating resolution was about 0. 8 x 5 -4.0
eVwith the denection voltage VD Of 25-35 V after the
ion energy was decelerated by about 90% of the odginal

acceleration energy･ Therefore, the deflection voltage VD

was usually set at 30 V throughout the present experiment.
From these experiments it was found that the energy reso･

lution is mainly limited by the energy spread of extracted
ions from the NICE-I and it was estimated to be smaller

thaTt O･8×q eV under the continuous operation modeI5

which is much smaller than that prevailed inthe litera-

FIG･ l･ Schematic view of the apparatus used for

translation･energy spectroscopy･
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turcs.6

The trznsl&tion･助ergy SPeCtr& Of the charge･stato･

chaJ)昔ed projectileions are obtained by swnnlngthe de･

cclerating voltage VL while the dcnection voltage VD Of
the analyヱer is kept 8t the szLme Voltage, 30 V, as that for

the incident projectileions. In order to obtain the absolute
scale of the energy inthe energy spectra,the prameter K

in Eq. (7) has to be determined. First, we determined K

using aLi+-ion bw which is generated from a thcrmal･

emission-type Ion source. hthis ciLSe the ion energy lS

entirdy determined bythe acceleration voltage, and then

K is found to be eq血1 to 1.21. This number is very close

tothat estimated fromthe geometry of the aLnalyzer

(K-1.?.4). Secondly, we have checkedthis number by

prin4rl
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FIG 2. (a) Typical energy spectrum of O5'ions
in the for-

ward direction from the
06+ + He collision at 0.33

keV/amu･

(ト)Typicalenergy spectrum of
N5+ ions in the forward direction

from the Nb+ + Hc co11i血n at 0.30 key/amu.
(c) Typicalener･

gy spectrum of C5+ ions in the forward direction from the

c8+ + He collision at 0.46
key/amu.
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FIG. 3. Diabatic potential curves for the one･

electron-capture proc5eSS, 06+( ls 2)+ He-O5+(1s 2nh

+ He+( 1s),and energy diagrams tTorchannels of the one･electron

capture into 05+(ls2nt), N!+(1snt), and Cさ+(T)t)1evcls･

mcasunng the relationship between the denection voltage
VD andthe decelerating voltage VR based upon Eq. (5). 1t

was found that VD Changes very much linearlywithVR,

resulting in K= 1.213±0.(氾3 for the denection voltage

rangiZlg from 20 to 4O V, which is very close to the num･

her obtainedwith Li+-ion beams. Therefore, K- 1.21 is

used in the presem energy analysis.
The stable･isotopegases 18o2, 15N2,and 13co are used
for so,/Ice gases in order to separate the highly stripped
ions from impurity ions. The helium gas used for the tar･

冨三ui:din,,a6;:,=Cwhe,sera)d6eSWtitahn9?;9-919o%i.puunatty
･

th:
a:.k;

otirCeand 10-7 Torr atthe outside of the collision cell.

aYrn.d;:d

tlh.e-

gpTe:a;:OtnheCtO:dgietti
o,nr･6tShueres?nurtchee:eTl;Swu:蒜

at about 10-4 Torrl andthe pressure outsidethe cell was

about 10-` Torr.

ⅠⅠⅠ.R王SULTS AND DISCUSSION

The energy･spectroscopIC meaSurementS have been

made for hydrogenlike and heliumiike ions of oxygen, nil

trogen, and carbon such as 06+, N6･5+, and C5･4+ al the

energiesof qand
2q keV･ where q + isthe charge of the

projectile ion incident upon the neutral･helium targct･

;r?eeJp:u?e.ni
eei苧;.TfeS;詫品て.?:I;

len.I?lfdtl?nngSIOJi
tO:
Lhe?

In this section, however,the experimentalresdts are

presented and classified according as the ionic charge state

q rather than the isoelectronic sequence of the incident

projectiles,because good similarity
is four･d inthe spectra

obtained for the ions withthe same incident･ionic charge

state q. The measured energy gains AE of the charge･

state･changed projectileions are compared tothe reaction

energiesQ calculated
from the book of Bashkin and StoLl･

er7 and then the electron･captming levels of charge･state-

changed projectiles are determined･
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TAZILE 1. Obseryed energy gazns and related
levels of charse･state-changed projectiles.

Energy gain

AE is determined from the peak position in the energy spectrum measured･ The reaction energy Q is

calcuiatedwith energy
leyels giverl by上)ashkin and Stoner (Ref. 7). R. is the crossing distance of dia一

batic potential curyes in consideration of the polarization
for the initialchannel and the Coulomb repul･

sion for the final channel; note that Re is calcuJa(ed by the use of the ionic charge state q. R. is an in-

terduclear distance limit at which an.electron can get over the potential barrier between target and pro-

jectilein the classical model 【seeEq. (14) in rex(].

Incident AE (eV) . product

o7+

N7+

o丘+

Nb+

Cる+

N5+

c5+

C!+

18･OA 06+(1s4p lp)

(1s4d 1.3D)

(ls4/ l･3F)

(1s4s 3s)

(ls4p 3p)

16.8A

29.5

N6+(4/ 2E)

(4e12D)

(4s 2s)

(4p 2p)

o5+(1s23d 2D)

(ls23p 2p)

(ls23s 2s)

30･O N5+(1s 3p lp)

(1s3d 3D)

(1s3d LD)

(1s3p 3p)

(1s 3s 3s)

29.Ob c5+ (3d 2D)

(3s Zs)

(3p 2p)

16.0 N4+(!s23d 2D)

(1s23p 2p)

(ls23s 2s)

13･6 C4'(ls3p )p)

(1s3d lD)

(ls3d 3D)

(1s 3j)3p)
(ls3s ls)

(ls3s 3s)

31 C3+ (ls22p 2p)

(!s22s 2s)

16.95

I7.05

17.12

17.45

i7.46

1 7.08

17.09

i7.10

17.10

29.89

30.9ヰ

3ヰ.18

29.51

29.89

29.93

30.78

32.66

29.84

29.86

29.86

13.24

I4.07

16.75

12.98

13.21

1 3.24

13.97

1ヰ.00

1 5.44

5.13

5.ll

5.09

4.99

ヰ.99

5.10

5.10

5.09

5.09

2.53

2.26

2.26

2.56

2.53

2.53

2.ヰ7

2.3ヰ

2.53

2.53

2.53

4.39

4.1ヰ

3.50

4.48

4.40

4.39

4.17

4.16

3.78

4.1

3.9

ATake舟from Ref. 4.

braken from Ref. i.

Å. o6+, N占+ + He collisions

The energy spectra of the product 05+ ion in the

o6+ +He collision and of the product N5十ion in the

N6+･ + He collision are shown in Figs･ 2(a) and 2(b), to-

getherwith the energy profile of the pnmary ions. Figure

2 clearly demonstrates that the energy-spectral patterns or

the product O阜+ and N5+ ions are quite s呈milaT not Only

to each other but also to that of the C5+ ion in the

c6+ + He collision reported preyjous]y3 and is shown in

Fig･ 2(c) as a reference･ In Fig･ 2 are indicated the calcu-
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lated energy !.evels which correspond to some pnnclpal

quantum numbers tl Of the product A5+ ions for the one-

electrorl-Capture PrOCeSSl

^6++He.A5+(l]t)+He+ (ls).

Asseen in Fig･ 2, the electron js captured into neither
the a-2 she111 nor ･the n=4 shellt ln each energy spec-

1rum'o叫y a sI喝】e peak is observed at-the energy gain of
around 30 eV ar!d it corresponds to the one-electron cap-
ture into the 71-3 shdJ of the charge-state-changed projec-
tilesorO5+ and N5+ as
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FIG･ 4. (a) Typical energy spectrum of N4+.ions in the for･

ward di,:action from the N5+ + He collL.Ion 3t 0.33 keV/amu.

o))Typical energy spectnlm Of C4+ ions in the forward direction

from the C5+ + He col)ision at 0.38 keV/amu.

'o6+( ls2)+He( 1s2).o5+( 1s23t)+He+( 1s)+Q

(8)

and

N6+(1s)+He(1s2).N5+(1s3Z)+He+(1s)+Q ,

(9)

where Q is distributed from 29.89 to 34.18 eV
forthe

o6+ +He collision and from 29.51 to 32.66 eV for the

N6+ + He collision. The energy resolution in the present

experiment is not highenoughto separate the sublevels of
the TZ=3 shell.

ln consideration of the polari2:ation for the initialchan-

nel and the Coulomb repulsion for the final channel, the

diabatic potcntialcurves are presented in Fig. 3 for the

collision systems of 06+ + He and N6+ + He, along with

the system of 06+ + He･ This figure illustlateS good

similarity among the potentlalcurves 'Jf these collision

systemsand such similarity is considered to glVe the simi･

20
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･80

-loo
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FIG. 5. D呈abatic potentlal curves for the onc-

e)ectron-capture process, N5+( ls 2) + He- N4+( 1s 2nL)

+ He+( 1s), and energy diagrams fbr channels of one･electron

capture into Nl+(ls2nl) and Cl+(lsnt) )evels.

Iarity in the energy spectra obtained for the one･

electron-capture process by the 0, N, and C ions hawing

the same charge q-6 from He. The calculated reaction

energies Q and the crossing distances R, inthe related
channels are listed in Table I.

It is noted here that the values of the R. are slightlydif･
ferent from those of crosslng distances Rn evaluated in

Ref. I;in tlJePTeSent Paper, the R, is calculated by the use

of the ionic Charge q, whereas the Rh is done bythe use of

the effective charge Z'(see Ref. I for details).

J). N5+, c5+ + He collisions

Good similarity isalso observed between the ener苫y

spectra obtained inthe N5+ + He and C5+ + lie collisions

as show?. in Figs. 4(a)and 4(b). This is expected from the

similarity of the diabatic potentialcurves presented in Fig.

5.

For the N5+ + He collision, as shown in Fig. 4(a),only
a single peak is observed at the energy gain of 16 eV,and

it correspcnds to the one･electron capture into the n=3

shell of the product N4+ ion as

N5+( ls2)+He(ls2)_N4+(1s23t)+He+(1s)+Q ,

(10)

where Q is distributed from 13.2i to 16.75 eV as listed in
Table I. Inthis case the energy resolution is too poor to

allow separation of the sublevels.
Typicalenergy spectrum obtained inthe C5+ + He col-

●

lision is sI10Wn in Fig. 4(b). Only a single peak is obseⅣed

at the energy galn Of 13.6 eV and i.iCOrreSPOnds to the

つne-electron-capture process

I

C5+(1s)+He(ls2)-c4+(ls3t)+He+(1s)+Q.

s (ll)

The Q values are distributed from 12.98 to 15.44 eV for

the ls3Z states as listed in Table I. The obsel･vedpeak re･
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FIG･ 61 (a)Typical energy spectrum of C3'ions in the
foト

ward direction from the C4+ + He collision at 0.31 key/amu.

(b) Typical energy spectrum of C2'ions in the forward direction

from the C4+ + He collision at 0.31 keV′amu.

sults from these states, thoughthe preferentially capturing

sub)evels cannot be definitely assigned.

c. cl+ + He collision

ln the energy gain spectra of the charge-state-changed

c31+ ion in thee+ + He collision, two peaks aJre observed

at around
12
and 31 eV as shown in Fig. 6(a). The former

peak at
12 eV is considered to be due to collisionswith

background gases because it is s乞illobservedwithout the

lie target gas.

The latter peak at 3l eV increases with an increase of

the target pressure of Hc gas and is odginated
From the

charge･state･changed C3+ ion in the one･electron-capture

pr∝ess by C4+ from He･ The energy spectrum of the

product C3+ ion reveals clearly that an electron is not cap-

tured into the C3+(1s22s2s) but into the C3+(1s22p2t')

level in the reaction such as

c4十(王s2)+He( 1s2)ーC3+( 1.722p 2p)+He'( ls)

+31.91 eV. (12)

In Fig･ 7 are shown the diabatic potential curves for

:;et-haen.dbts::eeiecctrr.osnsて:t%unr8e.Pfr:ea6cSt;oJlh23
smmaa,II

;aI,ue?

82-
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FIG. 7. Diabatic potential curveifor the
C4'+ He collision

and energy diagrams. Solid and dashed lines are fわrone･ and

two-electron-capture channels
into C3'(ls2llI) and

C2+( 1s 22t2L') levels, respectively･

1ated to the yery short crossing distance (i.57 A). There

are some potential curve crossings at around 2 A for the
two-electron-captpre process･ The C2+ product peak is

observed in the C4+ + He collision as shown in Fig. 6(b)

and it corresponds to the ground state of the C2+ ion in

･the two-electrol-Captllre process

c4+(1s2)+He(ls2)→c2+(1s22s2 1s)+He2+

+33.37 eV. (13)

The two-electron-capture process takes place more effi-

ciently than the one･electron capture at the low･energy red

g10n aS reported by Crandall･9 From the compadson be-

tween the peak heightsof the C3+ and C2+ product ions
we estimated 'Lhat the total cross section t)f two-electron

capture bシCヰ+ from He is about thirty times larger than

that of one･electron capture at 0.31 key/amu. This ratio

agrees roughlywith that calculated by Shipsey et a].m
Finally, we add mention of the 07++He and
N7+ + He collisions which have been reported in connec-

tion with the transfer ionization process･4 pat(erns of the

energy spectra obtained in both the collisions are very

similar to each other (see Figs. 3 and 4 in Ref. 4) as ex･

pected from the similarity ln the diabatic potentiill curves

concerned･ Dominant peaks in the energy spec(ra are ob･

served at the energy gains Of about 17-18 eV and they

correspond to the one･elcctron cap(ure into the n-4 shell

of the product 06+ and Nb+ ions･ The reac(ion energleS

Q and the crossing distances A, in the related cl･.ilnnelsare

listed in Table I.

王V. CONCLUDING REMARKS

Tn this pilPer､ We Classified the experime‡ltal results ac-･

cor°ing to the ionic charge state q rather than the isoelect-

TOnic sequence of the iTICident projectiles.There is good
similarity among the eTlergy Spectra for ions having the

same chdrge state q. This is qultC natural because the dia一

batic potentialcurves are not very dependent on the nun-
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bet of core electrons of incident ions and, as a result, are

very similar for ions with the same charge stateq･
'

tt is clearly demonstrated that all the observedpeaks in

the energy spectra obtained in the forward direction are

onglnated from the exothermic channels ill the electron･

capture processeswithout the excitation of the He+ ion,

and no slgna)s due to the endothermic processes are found

over noise levels in any energy spectra. In the one･

electron-capture processes by fully stripped, hydrogenlike

and heliumlike ions, Oq+, Nq+, and Cq+, from the neu･

tralHe atom, it is confirmed experimentally thar an elect
Iron is captured selectively into only a single shell of

charge-state-changed pro)ectiles.Assummarized in Table

ll, the principalquantum numbers TZ Of the capturing lev･

els of charge-state･changed ions are determined as a-4
for 08+, o7十, and N7+ +He collisions, n=3 for 06+,

N6+, c6+, N5+, and C5+ + He collisions, and 〝=2 for

the C4+ + He collision.

tt isinteresting tO COmPare these resultswith the predic-

tion by the classicalone･electron theory･2 T.ne theory

characterizes an intemuclear distance R. at which the at･

tractive force by the multiply charged ion becomes to

exceed the binding force for the electron in the target

atom. Irk Other words, the Rxgives the outer limit of the
intemuclear distance where the one-electron_transfer re-

action is possible. The R, is glVen by

Rよ-【Z;+2(z丁z;)I/2]/IRE, (14)

where Zてand Z; are the effective charges of He+-ion
core and of q-charge･state ion core of the projecti)e,and
IHe is the ionization energy of He atom in atomic units.
The values ofRよglVen by Eq. (14) are listed in Table I. It

is noted that most of the levels determined experimentally
have the crossing distaLICe Rc which is smaller than the Rよ

but is the largest inside the R,. In some cases including

07+ and N7十, however, the R, is slightlylarger than the
Rx･11 This discrepancy may be due to the crudeness of the

classical theory and the inaccuracy of the potentialcurves.
For other cases the classicaltheory correctly predicts the

princIPalquantum number n of the level into which the

electron is captured. The theory could be a criterion for

prediction of the electron･capturing levels. It should be

133

TABLE II. Princlpal quantum numbers n of selectively

captudng Levels of charge-state-changed projectiles ^'1-J'+ in

the^†+ + He collision.

A
q-8 q=7 q-6 q-5 q-4

0

N

C

3

3

3

3

3 2

IThe classica) mode) (Ref. i) predicts tl -3.

most interesting to see what relation exists between the

cross sectionsand the R, of the reaction channels deter･

mined. Unfortunately, the present data are not enough for

a discussion of this subjectand an effect to accumu)ate

sufficient data for discussion of this subjectis now under
Way･

Transfer 10nization process prod ucing a

(q - I)-charge･state ioTIOf the projectile
vJ'a two･electroTI

capture into autoionlZlng levels was observed in some

cases; for example, the 07+ +He and N7+ +He col-

lisions.4 The two-electron-capture process was found to

be much more dominant than one･electron-capture pro-

cess in the C4+ + He collision. In the cases of one- and

two･electron-capture processes by C4+ not only the pnn･

cipal quantum number a butalso the orbitalquantum

number I could be determined because the energy separa-

tion of the sublevels becomes larger in low-n shells.
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n

of the capturing leyelswith the sole exception in N7+ + He

collis ions.
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Pulse height distributions are measured when multiply charged
ions
of S. Ne, F, 0. N and C are incident on a microchannel plate

of chevron '･ype (MCP) and a channel electron multiplier (CEM) in lhc velocity range of 3-4.5× 105 m/s･
The
pulse height

distribution obtained with the CEM shows no significant dependence of the gain On the energy. mass and charge state of incident ions.

On the other hand. for the case of the MCP, an increase of the galn is observed with an increase or the charge slate of incident ;ons

irrespectively of ionic species･ Such behavior is discussed in connection with secondary electron emission yield at the input and

electron multiplication mechanisms in the chaTtnels.

1. IntTOduction

A channel-electron multiplier (CEM) ba£ been used
widely as a detector for electrons, ions and energetic

photons･ Because of its simple structure, small size and

ruggedness, the CEM was first applied to space re-

search. The detectoralso has inherent advantages such

as highgaln, and low background noise. Therefore, the
CEM is now a common instrument for the detection or

charged particles in atomic collision experiments as well

as space experiments. In parallel with the development

of the CEM, microchannel plates (MCPs) are commer-

cially available [1].Since the MCP is array of 104-107

miniature cbanneトelectron mullipliers parallel to one

another, it ba£ good spacial resolution and rapid lime

response in addition to similar advantages as the CEM.

Both the detectors were operated in a pulse counting

mode. In such a counli喝Operalion, l九e detection ef-

ficiency and the galれ are the most important characteト
istics. The detection efficiency, which is defined as the

number of output pulses per number of incident par-
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ticles･has been investigated by many authors for charged

particles and photons and a review of existing knowl-

edge up to 1976 has beengiven by Macau et al. [2].
Recently) collision processes involving multiply

charged ions have been of great importance in connec･

lion with thermonuclear fusion research. The character･
istics of tlle CEM and MCP for multiply charged ions.

however, has received littlestudy to date. Fricke et al.

reported the detection efficiency and gain characteris-

tics of the CEM for multiply charged Aq+(q _< 6)
ions or

rare gases in the incident energy range of 4 -15
ヒev 【3]･

Meanwhile no investigation has been reported on the

characteristics of the MCP.

In the present paper, we describe the gain character-

isticsor the MCP and CEM for multiply cha唱ed S. Ne,

F, 0, N and C ions at the incident energies from a few

ヒev to a few tens of keV.

●

2･ Expenmentalprocedure

Fig･ I shows a schematic of the experimental

arrangement used in the present sludy･ Multiply charged

ions are produced by an electron beam ion source

(EBis), called NICEII [4].Ion_s extracted from the
source are accelerated to a desired eTIergy and mass･

analyzed by a 60o sector magnel･ The ion beam is then

collimaled by a series or apertures, AI(1 mm in I.D.).

A2(I mmin t･D･),A3(0･8 mminI･D.)and ^4(I mm in

I･D･), and il then enters a parallel plate electFOStatic

analyzer. By applying an appropriate voltage to the

analyzer, the ion beam was received with an MCP. while

the ion beam was received directly with a CEM without

_85-



208 S･ Ta^･dgL'e( a/･ / Gain (･)1L)ru(I(･山/i(･･y

the applied voltage. In order to avoid any acceleration

and deceleration of the incident ions. the input of the

CEM was grounded, and also the input of tlhe MCP

and the exit aperture plate or the analyzer were

grounded.

The CEM used in the present experiment (MURATA

EMS-1081甲)has a cone-shaped input of 10 mm aper-
ture and a splraled amplificati& section with I mm in

I･D･ and loo mm in total 1ength･, the operation voltage

was 3 kV. The MCP used is of tandem type (HAMA-
MATSU TV F_1 158-I I) having an effective aperture of
20 mm diameter･ The diameter of each pore is 12 lLm

and the ratio of the length to the diameter is 45. The

front and rear plates of MCPs have the same bias angle

of 8o to the input surface normal and the plate separa-

tion is O･03 mm. The operation vol一喝e Was 0.9 kV per

plate･ For the present experimental arrangement, the

ion beam passing throughthe exit aperture (5 x 8 mm2)
of the analyzer was incident on the MCP at an angle of

60o to the plate normal.

The
･VCP and

CEM were operated in a singlepulse
countl喝mOde･ The charge output of lhese mullipliers
For eacトinput event was red through a charge-sensitive

preamplifier Lo a main amplifieトdiscriminator system.

The discriminalor threshold, however. was kept al zero

throughout experiments. The oulpul pulse was red to a

scaler and a multichannel analyzer. The galれ Cbaracter･
istics of both the detectors were investigated by record-
;･･1gthe output pulse hei&hl distribution (PHD)with the

multichannel analyzeてfor a number of mu)liply charged
S, Ne† F, 0, N and C ions in the incident veloclty range

o【 3-4･5× 105 m/s. The back島round pressure was

m･･1inlained below 1 x 10-8 Torr throughout the present
sludy･

3. Rcsutts

3･ I. Pulse height dL'st,ibutio17a17d Ike relatL'vegat'17

In fig･ 2 is shown a typICa] pulse heightdislribulion

(PHD) observed for the Ne9+ ion incident on the MCP;
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Fig･ 2･ Pulse height distribution For the Ne9+ ion incident on

the MCP. The incident velocity is 3.4× 105 m/s and l也e count

rate is 1354 eps.

the incident velocity was 3.4 × 105 m/s and the count

rate was 1354 cps･. the channel number illustrated in the

figure is proportiona) to the output pulse height.The
PHD observed contains pulses from thermal. back-

ground noises as well as true slg7Pl pulses･ Signals

below a valley. which appears at around 20 of relative

pulse height in fig. 2. are mainly due to pulses of the
background noise. In fact. a negative exponential shape

was
obse㌣edat

a low pulse hei8bt side in the PHD

when no Ion Was incident on the MCP. This fact ena･

ble.q one to discriminate easilyand surely between true

pulses and backgroIJnd noise pulses.

Exccpt for the background noise. the main feature Of

the obseⅣed PHD was a quasi-Gaussian shape for all

the ions studied, as expected from the space･charge

s.aturation effect 【5].Such a quasi-Gaussian shape in !.he
PHD was also observed with the CEM.

The gain is usually defined as the ratio of the num-

ber or output electrons to the number or incident par

Iicles. Due lo statistical nuctualions or the secondary

e]cctron emission, the galn also varies statistically.When

the PHD is a quasi-Gaussian shape as observed in the

present case, it is convenient to define the average gain
1

of the MCP to be the modal (nJOSt Probable) number o[

output eleclrons per pulse. Therefore. we define the

relative galn tO be the pulse heightvalue at thepeak in

the observed PHD (see fig. 2).

1u･
Gai17 Charac(eristi(･s o/

MCP

The measured relative galn Of the MCP is illuslralcd

in fig. 3 as a function o( thecount rate. tn order to get a

general feeling. the data for almost all the ions studied

are shown･ in this Figure. It is qulle renlarkable that the

gain decreases when the count rate exceeds about 1000

cps･ Such gaLn reduction may be due to the dcnsc

injectionor lhc incident beam (6.71(beilm dianleter
- 1

mmll/2500 pores). 1r the incident parlic)es are in)'ectcd

widely over the surface or the MCP. 1hal is, lbe currenl
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Fig. 3. The measured relative gain of the MCP as a function of

l九e coロnl rate.

density Of the incident beam is decreased, a gain reduc-

tion does not occur when the count rate is in excess of

1000 cps･ From this gain reduction. the recovery time is

roughly estimated at about 250 ms. if a singleburst of
multiplied electrons from the front MCP is supposed to

spread into about ten pores at the rear MCP. In the

tandem MCP it is considered that the recovery time

becomes lo咽er l九an the estimation by Wiza 【7】when
many pores are used at the rear MCP for single ion

input [8].In the present work, detailed investigations

were carried out under conditions of.the count rate

being王ess than 500 cps･

The re)alive galnS measured for Ne9~5+, F7', o8-5',

N5+ and C4+ ions are shown in fig･ 4 as a function of

the incident veloclty; each data polnl is an average or

several measuremenls and the statistical error is esli･
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mated roughly
to be士6qh. The measured pulse heigh(

distributions show no significant dependence of the

relative galn On the incident veloclty, thoughthe present
velocity range is rather narrow (3-4.5 × 105 m/s). Then.

l九e relative galas reasonably lnte叩Olated at a veloclty

of 3.5 × 105 m/s are ･Jispiayed in fig. 5 as a function of

the ionic charge state q forall the Aq'ions observed. As

seen in fig. 5. the rp.iative8alnS increase with the charge

state q and seem to line up oTl a SLraightline irrespec-

tively of ionic species.

3.3. Gat'n charactert'stL'cso/ CEM

As mentioned in sect. 3.1. the pulse height distribu-

tion (PHD) obtained with the CEM was quite similar to

that obtained with the MCP for all the ions investi-

gated. In the space･charge saturation mode, the me且-

JO3 104 [o3 JO4

Counl rote (l/see)

′■ヽ

=:
l=

コ

>ヽ
[∃

○
こ∃

芸200
■■■

○

亡

○
ロヽ

聖JOO

i
4J

α

Fi8･ 6･ The meilSured rL･1alive galれ Or lhc GEM as a (unclion or

the count mte.

-87-



S. Tal･agt'et a[. / GL7in churacterisEics

■■ー

.-_
⊂

=l

>ヽ
L_

⊂】
[1■

p-_

e
一っ
I:こ_∫

【=

16
⊂p

q)
>

冒
O
■.■l▲

4)

∝

00

0
2 4 6 8 10 I2 J4

Ionic charge

Fig. 7. The relative galn Of the CEM as a function of the ionic

charge. The gains are measured
in the incideJlt Velocity rarlge Of

3-4.5X 105 m/s.

sured PHD shows no significant dependence of the

relative gain On the incident velocity. In fig. 6 is shown

the relative gala aS a function of the count rate for all

the ions studied. Similarly to the case of the MCP, the

relative gain decreases slowly with the count rate.

Then, by uslng the data obtained at a count rate less

than 1500 eps, the relative gains are Plotted as a func･

lion of the ionic chatge state in fig. 7. Here the stalisti･

cat error of each data point Was approximately a: 11%.

In contrast to the case of the MCP, the relative gain is

nearly independent or the ionic charge state for the

CEM.

4. DI'scusst'on

The p(eserlt result of the gain characteristics ob-

tained with the CEM is in agreement with lbat reported

by Fricke et al. (3];the gain depressionwith the QOunt
rate and no significant dependence of the gain On ionic

species, velocities or charge states.

According to the study of the electron multiplication

mechanism of the CEM, the ･Dutput Pulse height distri･

bution changes from a negative exponenliaI lo a quasi-

Gaussian shapewith increaslng gain levels and such a

peaked distribution is the result of space･charge satura-

tionヲearthe channel output 【5】･Therefore･ the modal
gain IS expected to be independent of the charge state.

veloclly and mass or incident ions, as far as the CEM is

operAted in the space･charge saturation mode. This is

verified by the present and Fricke etal. experiments.

The next problem, then, is why the galn Or the MCP

does depend on the charge slate, allhoughils pulse
height distribution is quasi-Gaussian. In order to re-
move ion feedback and lo get stable operat;orlS al high

galれ levels, the MCP used was a chevron type which

consists of front and rear plates. Secondary etectrons

emilled From each channel of the front plate ri一esseveral

channels of the rear p)ate owlng tO the space charge

-･88-

effect. Wiza observed that the PHD from a MCP (not a

chevron)
is nearly a'negative exponen'.ial [7).His result

suggests that the space charges do not saturate a( (he

output of the front section. but the saturation is at･

tained in the rear section. Therefore. even in a satura-

tion mode as a whole. an increase of the space charge

density lS Stiltpossible at the output of the front section･

This increase results in an increase in the nulnber or the

ri一ed channels in the rear section and finally ln an

increase of the galれ.

In a non-saturation mode as expected in the front

section or the MCP, the space charge denslty Should be

closely related to the secondary electron emission yield

by impact of ions.Asis well known, the secondary

electron ejection is explained by two mechanisms,

potentialejectionand
kinetic
ejection【9】.

We observed

no s唱nifieant dependence of the各aln On the impact

ve!oclty. This fact suggests that the contribution or

potentialejectiondominates that of kinetic e)ection
in

the velocity range studied.
Now consider the dependence or the electron emis･

sion yield at the front surface on the charge state of theヽ

incident ion, based upon the poten(ial eJ'ection mecha-

nism. The secondary electron is elected by Auger neu･

tralization or Auger deexcitation.As the mu)tiply

charged ion comes close to the surface, the A咽er pro-

cess is expected to occur severaltimes at one impact.As

a result, l也e secondary electron emission yield at the

Input Surface of the front section may lnCreaSewith the

charge state of the incident ion. which in turn causes an

increase of the galnwith the charge state.

On the other band, such an increase or the galれ

could not be expected for the CEM, because it consists

of a single channel and its gazn is limited by the

space-charge saturation in one continuous channel･

5. ConclusJ'on

Relative gain Characteristics of a CEM and a MCP

hare been measured for various kinds of incident ions

in the velocity range of 3-4.5 x 105 m/s. The relative

ga)ns for both detectors are independent of the impact

velocities of the incident ions investigated here.As for

the dependence on the charge state q of the incident

ions, the relative gains Of the CEM are almost similar

for lbe various kinds of lbe incident ions, but those or

the MCP increasewith q. This q･dependence of the

relative gain for the MCP is inte叩reled in connection

with (he q-dependence of secondary electron emission

yield al the input and the electron multiplication mech-

anism in channels of the MCP.

The authors are grateful to Mr. Y. Kawasumi･ror

helpful discussions and Mr. T. Hino for bi島 technical

support and assistance.
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One-electron capture pro∝sses into B2
+

(2s)and B2
+

(2p)have been investigated
in B3+-He collis)eon at low velocities (i.3⊥2.3× lC7 cm/see) using a trariSlation
energy spec(roscopy. Energy dependence of the rela(ive population between

B2+(2s) and B2+(2p) is obtained and comparedwith the theoretical result of

Shipsey et oZ.

Recent!y collision spectroscopy血as become

a useful means, as well as optical spectros-

copy, to obtain a better understanding or

electron capture processes by multiply血arged

ions from neutral atoms. We report here a

measurement or relative population between

B2'(2s) and B2+(2p) states in electron capture

collision of B3+ with He at low collision
● ●

energies using the technique of translation

energy spectroscopy. Total cross sections Tor

the･one-electron capture by B3+I ion from He

atom have been measured by several au-

tbors･トヰ) Their data are roughly in agree-

ment w)'th each other, and the measured

cross section has a broad maximum at the

collision energy or around 20 keV (see Fig. 1).
Shipsey et al･5) calculated the electron capture

cross sections for the present collision system

by means or a molecular state close-coupling

method;their result is 主il agreement with

the experimental data as seen in Fig. 1. They

also evaluated the col-tribution of electron
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Fig. 1. Cross sections for one-dectron capture by

B3' from He. Closed circ一es-Zwally and Cable

(ref. I), open circles･Crandall (ref.2), squaresI
Gardner et at. (ref.3),triangles･Iwai e( a[. (ref.4).
Solid curve ]'s the result for total cross section of

Shipsey e( a[. (ref.5) and dashed curyes are the

partial cross sections for B2'(2s) and B2'(2p)
states calcuTatcd by Sh)'psey et a[. (ref.5). Arrows

indicate the energy points at which the present ob･

sevation )'s made.

capture into the Bヱ+(2s)and B2+(2p) states.

Therefore, it is worthwhile to compare the

present energy-spectroscopIC data with the
●

calculation of Shipsey et a[.

Tbe apparatus used and the experimental

procedure have been described prevI'ously･6･7)

The energy spectra or the charge-changed
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B3'Hs2)'He
-

B2'((s2rlt)十H+6((s)

product

B2◆

3s 2p2s

l I l

E:0.9 keV

E;I.5keV

PnmCry

㌔◆

I 13.OkeV

LmERS

O tO 20 3040

Energy Coin (eV)

Fig. 2. Observed energy gain spectra of forwardly

scattercd B2+ ions in B3++He collisions at col･

lision energleS Of 0.9, 1.5 and 3 keV.

boron ions were observed at the collision

energleS Or 0.9-3keV, and the observed
●

spectra are shown in Fig. 2, together with the

energy profile of the primary B3+ ion･ Two
●.

peaks are observed at the energy gala Or 13.4

and 7.4 eV. By referring to the book ofBashkin

and Stoner,8) the two peaks are found to
●

correspond to tile fbllowlng reactions :

B3'(1s2)+He

-B之+(1s22s)+He'(ls)+
13.4eV, (A)

and

B3'(1s2)+He

･-+B2+(1s22p)+He+(1s)+7.4eV.
(B)

No other peaks are observed in the collision

energy range studied. This fact indicates that

the metastable B3+(1s2s l･3s).ion possibly
● ●

contained in the primary Ion beam does not

contribute to these peaks. The present restiit

reveals that an electron is captured selectively

into the a-2 state, and this evidence is in

accordwith the prediction of●the classical

model discussed in the previous paper.4)

-92-

The relative peak intensity fわr the 2s and

2p states is quite Sensitive. to the collision

energy as seen in Fig. 2. The relative intensity

for the two states were determi71ed from the

best fit to the observed spectra by decon-

volution with the energy pro丘1e or prlmary

B3+ ions. The ratio I(2s)/I(2p) obtained in

this way lS Plotted as a function of the col一

王ision erLergy in Fig. 3, where the ratio or the

respective cross section q(2s)/q(2p) calculated
by Shipsey et al. is also presented for com-

parison. The tendency that the ratio increases

with an increase or the collision energy lS

seen in both the present experiment and the

calculation. The measured ratio, however,

in.creases more rapidly with the collision

energy than the calculated result.

According to Shipsey et al., the B2'(2s)

state is populated via the radial coupling at

the crossing distance Rcct:4.7ao (a.: the Bohr

radius),meanwhile the B2+(2p) state is popu-
lated throughtwo rotational couplings be-
tween the I states and the L7 state;the rota-

tional coupling at the inner crosslng Rc=2a.
●

contributes at low energies and the coupling

at the outer crossing Rc巴7a. does at high
●

energies.Asa result, the population illthe 2p

state exhibits a weak energy dependence.

Since the R. values responsible for the reac-

tions (A) and (B) are fairly small at low

energies Studied in the present experiment,

the prodt)ct ions may not be always scattered

intd the extremely forward direction. There･

◎

′′一一′′

′
■■

′一一

◎ノ′
′

O 1 2 3 4

B汁Energy (keV)

Fig. 3. Ratio I(2s)/I(2p)as a functioT) Of the col･
1ision energy. Circles are the present data and the

dashed curve is the theoretical result or Shipsey

eL a[. (ref.5).
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fore, a part or the discrepancy between the

observation and the theory mentioned above

may arise from the incomplete collection or

the product ions.辛 Optical measurements or

the energy dependence or light emission什om

B2+(2p) wquld be complementary to the

present work.

To our knowledge, this is the丘rst observa-

tion wbicb shows stro喝energy depelldence

or one-electron capture into the same 〟 but

diFerent I states for multiply charged ions by

the translation energy spectroscopy.
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A report is given of recent actiyities at NtCE
Nagoya in atomic collision

research. The measurements of the total and partial cross･sections for

one<1ectron capture in couision of highly stripped lightions with helium

arch presented.

1. Introduction

Charge transfer rccombination of highlystripped iorLic species in

co且isionswith atomic hydrogen and helium is an important

atomic process in (D･T)burning plasmas where it may innuence
the particle and energy ballLnCeS by lowering the ionization

states and by leading to production of hjgheJlergy Photons. A

detailed understanding of these processes is surely needed fbr

the development of the fusion research.

On the other hand, the knowledge of state･selected, partial

cross･sections fわrelectron capture serves ETorplasma diagnostics.

Theintensity enhancement of a particular line emitted from

impudty ions duringthe injection of neutral hydrogen or

heuum bcamgives us inEbrmation onthe spatialdistribution

of such ions in a hot plasma.

h the course of experimentalinvestigation on atomic

processes at Institute of Plasma Physics (IP!.J),Nagoya Uni･

versity, a research program was started at the erldor the summer

1977, for studies of couisionalprocesses involving higldy

stripped ions, as a )'oint research program by Guest Staffs and

couaborators in the IPP. The group consists of lG physicists:

T. Iwai(KansaiMediLalUmiv., Guest Prof. or lPP)
Y. Kaneko (Tokyo Metropolitan Univ., Guest Prof. of IPP)
M. Ximura (OsakaUniv.)
N. Kobayashi (Tokyo Metropolitan Univ.)
K. Okuno (Tokyo MetropolitanUniv.)
H. Tawara (Kyushu Uniy.)
S. Tsurubuchi (Tokyo Univ. of Agriculture and Technology)
A. Matsumoto (I戸P)
S. Takagi(IPP)
S. Ohtani (I戸P)

The research program done by this group IS Called the NICE

project.
NICE means Naked Ion Collision Experiments.

rn the present paper, wcwill report on some recent activities

of NICE; the measurements of total and partialcross･sections

fbr one･electron capture proccsscs or highly stripped, 一ightions

in couisionswith helium atoms.

2. ton source.

The ion source we have constructed is of Eats type [11.In the

early stage or the NICE pro3cct,
we built a prototype EBIS

having conycntional so]enoids or about
50cm in length, and.

using this proto･NJCE, we accumulated various experiences

fylySicq Son.ptq T:3

on EBIS operation and got information on some characteristics

of the ion source 12】.
Based on (hcse experiences, wc have built a new ion source,

called NICE･l ,
in 1979. A schematic view ofNtCE-1 is shown in

Fig. I. The NtCE･) has a superconducting magnet (SCM), which
is I m in lengthand lOcm in i-nside diameter･ The magnetic

field can be varied up to about 2T. A surface of the hquid

helium can of the magnet works as
a
cryogenic pump

to reduce

the background gas pressure in the ionization r噛on. The

background pressure measured at the outerside of the vacuum

vessel of the NICE･1 is usually around 1 xlO-mtorrand
is

expected to be less than也is pressure in the ionization reglOn

inside the helium can. A very srnal1 amount of sample gas is

continuously injected throughthe gap between the
first
and

second drift tubes. A typicalpotentialdistdbution appued to

each element of the ion source fわrcollision experiments isalso

shown in Pis. 1.All the potentials applied to the drift tubes

(DT) are constant during the operation time･ We ca山this
operation a "continuous mode". Further details of the ion

source are described in [3,4].

ーーーJ■

他s Ardyz■

Fl'g.). Schematic yicw or NICE-I and potent)'a)
distTibulion applied 10

each elcmcnt o( the
ioTI Source.
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LTL'g･2. Typical spectrum of L!Nq◆ ionsextractcd at Vi = 2･5 kV rrom the

NLCE･l under the condition that electron beam intensity
is 10.5 mA at

the Vc= 2.5 kV and beam diameter is less than O･5 mm.

A typicalcharge state spectrum of
15N
extracted from the

NICE･l at the acceleration voltage of 2.5kV is shown in Fig. 2.

Asmentioned above, the NICE･1 is operated in a continuous

mode, where sample gas atoms and the electron beam are con･

tinuously suppliedand,also, ions produced in the ion source

are extracted continuously. Therefわre,the charge state of ions

extracted iswidely distributed from 1+ to 7+. Their distri･

bution is
stron由y dependent on the gas pressure in the ion

source and on the energy and current of the electron beam.

The intensity of thefuuy stripped N7'ions is usually about
10 000 eps.

3. Couision experiments

3.1. Totq[ cross-sectt'ons for one･eZectTOn Cap(are

Using the ion source caued NICE･1, we have recently measured

cross･sections fbr one･eiectron capture by highly ionized atoms

of B, C, N, 0, F, Ne and S ETrom He,at lowenerBes [4,5].The

1

⊂r

bU
=:i ∫

NE
くJ

tD

7b
tO

■;===

(=

.望■l･-■J
U

3;
リー

2召

く⊃
ヽ...

U

) 2 3 4 5 6 7 8 9 IO Il )2 )314

FL'g･3･ Measured cross･seclions oq.
q･. at O･8keVamu'1 as a function or

lhc ionic charsc q of projectiJca. C. N. 0, F, Ne and S ions. ●: fully

stripped ions, o: II･like ions. A: llc･]ikc ions. -: Li一)ikeions. ×: 8･1ikc
ion. The dotted line is obtained (ton the cmpilical formuh of M刑Jcr and
SaJヱboTn E15 1.
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measured cioss･sections ate dearly i由dependent bf the col山sion

energies investigated with only a few exceptions:When the

cross･sections at 0.8keVamu-I are plotted as afunctionof(he
ionic charge q of isoelectronic projectileions. strong oscillations
inthe cross･sections a.re observed for au ions (Fig･3)･This

oscillatory behaviour lS interpreted uslng the classicalone･

electron model [6)and the outline is as (ollows･ In the on?･
electron capture processes at low energleS, an electron lS

captured selectively into a levelwith a particular quantum

number n･ Such a level drasticany changes打om a to a + I

with an increase of q. This leyel{hange results in an increase

or the cr()ssing distance or the potential curves: it causes a

significant increase in the q･dependence of the cross･sections.

Similar osculations in cross･sections have been reported in other

couision systems [7-9l.
h order to see whether the electron is really captured into

a single level and whether the oscil一ation is caused bl･ the charlge

of such a level, we have measured translationalenergy spectra

of charge-changing projectile
ions scattered in the forward

direction for the couision systems mentioned above [10).These

measurements give uS information on the level into which the

electron is transfTerredin the collision system.

3.2. 71qns7ationaZ eneJ訂J SPeCtrOSCOPy

The experimental set･up for the translational energy spec･

troscopy is shown in Fig.4. The ion beam extracted from

NICE･l is focused, mass･analysed by a sector magnet (MS), and

weu collimated by a pair o[apertures of I mm in front of the

target gas cell. Af(er passing throughthe gas cell, ions are

decelerated by electrostatic lenses befわre entering a 127o

cyundricalanalyser. The mearL radius of theanalyser is r;≡

125mm and the slit widths are Sl- 1.Omm and S2= 1.5mm.

The deceleration yoltage VR is so adjusted that the energy of
the ions passing the analyser is between 30-60(x q)eV. The

energy spectra of ions are obtained by scanning an additional,

variable voltage superimposed uponthe dece)eration yoltaBe

VR, W山1e the denectiQ,n VOltagc VD Of the analyser is
kept

constant.

In Fig. 5 is shown a typicalencrgy profile of O6'projectile
ions extracted from NtCE･l at the continuous mode. The

energy spread of the incident ioTIS is usually O･8×qcV,

dependil唱a little on the current density or the electron

beam and other parameters of the ion source. Further
details

of the experimental procedure for the translational eneL'gy

spectroscopy are described elsewhere 【11 1.

GAS

l

Fl'g. 4. Schematic view or the apparatus used ror translational energy

SPCCITOSCO?y.

Phystco Scrtptq 7:3
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F)'g.5. Typical energy Profile of O6'pEOjecli)e ions extracted fEOm

NICE･l.

In Fig･ 6 is shown the energy spectrum ofscattcred C5'ions

from C6'+ He couisions. Calculated energy levels are also

indicated, correspondins to some pnncipal quantum numbers a

of the product C5'ions forthe process: C6'+He(1s2)→
CS'(a) + He'(1s). hthis figure, only a singlepeak is observed

which corresponds tothe energy of the n - 3 leyel in C5', and

this is in good agreement with the prediction of the classical

consideration in [4].
For the case of O8'+ He collisions, as seen in Fig.7, the

electron is selectively captured into the n=4 level of the

product ion O7'. This change of the level from rz=3 to 4

shoul'd give dse to a significant difference in the cross･sections
for
one.electron cユpture by C6'and O8'ions. Actually, as seen

in Fig･ 3, the cross･sectionわr O8◆ is about three times as large

dS that far C6+.

Anenergy spectrum obtained in C5'+ He coIHsion is shown
in Fig. 8. It is clear that the electron is captured into the n

- 3

level of C4'･ In this case, some population distribution among

the sublevels in the n = 3 leyel is obseryed. The population

product

c5･

n=4 n=3

1 l

ju- 0 tor√

nI=2

-20 0 20 40 60 80 100

Energy Gqin (eV )

Fl'g. 6. Typica一 encrさy Spectrum Or SCattCred CI◆ ions at fo-ward direc･

lion From C●◆+ He collisions at a couision energy of6
kcV. No peak was

obserycd without target Hc gas (Pt
- 0 lolr)I

L%ys1'cq scn'ptq T了

produ⊂t

♂･

∩=6 ∩=5∩こ占 n=3
L 暮 I I

40 80 120 160

Energy GQin (eV)

FL'g.7. Energy spectrum or product O7◆
ions from O8'+ He collisiorlS at

a collision energy o( 8
key.

distribution [12]is more clearly seen in C3'+ He couisiorlS, aS
is shown in Fig. 9.Asfbr the pnncipal quantum number, even

in this case,the electron is captured only
into the 77 a 2 level

ofC2+.
Simuar obseryations have beeLl made for otherfully stripped,
H･1ike, He･1ike aTldLi.like ions of C, N aJld 0 incident orl He, at

collision ener由esof
I x q and 2 ×qkeV. hall cases observed,

it was clearly demonstrated that the electron is captttred selec-

tively into a single levelwith a particular quantum nllmber a

of the product ions [131,andthat no signals due to erLdothermic
processes and excitation of target

He'iorLS are found･ In Table I

is listed the level t7 into which the electron is captured for au

ions investigated and the energy gain AE measured in the eがTgy

spectra.Asseen in Table I, it is fourLd that, for the加ident ions

with the same charge state q, the electron is captured into the

same n･level, and the measured energy gains AE are similar to

each other. This similarity among the same q projectilesis
due

to the fact that the potentialenergy curves for Aq'+He

product

c小

n暮3

1pls

JD)p3s

リ/

n=2

,;s,,s
lf !

｣へ｣ ～

0 20 4P 60 80

Energy Coin (eV)

FL'g. 8. EneTBy SpCCtrtJm Or PTOduct C'● ions at a collision encTBy Or

5kcV.

CS◆(1s)+ lle -I C.◆(1s2L) + 11c◆
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Fl'g. 9. Energy spectrum of product Cl◆ ions at a collision energy of

3keV.

C3◆(1s22s) + FIB -+ Cl◆(ls)2L2t') + He◆

collision systems are very similar [or larger values of principal

quantum numbers
in the finalstate t14].

The results summadzed in Table I are in rather good agree･

ment with the prediction of the classical consideration. How･

ever, there are some discrepancies bctweenthe prediction and

the measured data. For example, according tothe classicaltreat-

ment, the change of the level from tl -3,for C6', toll-4 f♭r

N7'should cause a significant increase
in the q･dcpendence in

the cross･sections. But, in point of fact, as seen in Fi套.3, the

measured cross-section for Nl'is very similar to that for C6'.

Accordingly, it is imaginable th早t there should be another rule
in the determination of the q･dependence of cross･sections ETor

one･electron capture, in addition to the selection and yariation

of the capturing leyel. tn order to search far this additl'onal

rule, we arranged the measured totalcross･sections oq.q-I aS a

rune+.ion of the crossing distances Rc at which an electron is

trams(erred in the potential energy curves (Fig.10).Asseen in

Fig. 10, where Rc of each collision system is derived from the

observed energy gain, the Rc･dependence in the crossISeCtions

seems to have a peak structure. This fact implies that the

electron capture process prefbrs states of the product ions

which correspond to crossing points at some suitable inter･

nuclear dJ'stances. 1t is very interesting to End out the relation

Table L PrL'ncL'po( quantum number a and meqsured energy ga(ll

AE(e V)/or (he co]tL'sl'onsys(ems:

Aq+ +He. A(q-J)'+He'+AE(eV)

^ q=3 q=4 q=5 q=6 q=7'
.q=8

ぐl(Z^E)
(21り

N ?
(Ag)

o ?
(Aの

2

(31)

2

(24)

98

3 3

(14) (29)

3 3 4

(16) (30) (t7)

3 3 4 4

(18) (30) (1 8) (30)
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Rccen( Ac(L'vL.(t'esot NICE Na90yO I I 3

o;q.q-I VS Rc

0 I 2 3 4 5 6 7
0

Rc(A)

FL'g･)0･ Measu-ed cross･section qq.
q- I
aS a function of crossingdistances

Rc in potential curves for various couision systems, Aq'+ He･

between the tota) oT partialcross･sections aJld the crosslng

distances, but, unfbrtunately, the present data studied here

are not enoughto
derive the selectidnru1e for one<1ectron

capture processes at low energies,such as the preference of

certain crosslng distances, and to disc-1SS this subject.
It is

urgently needed that a suffTICient amotult O[ data is accumulated

for the various couision systems.
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LETrER TO THE EDITOR

The dependence on Rc of cross sections for ome･electron

capture by Sll', S13'and Erq'(q L=7-25) ions from He

atoms

T Iwail, Y Kanekoi, M KimuraS, N Kobayashii, A Matsumoto, S Ohtani,

K Okunoi, S Takagi, H Tawara and S Tsurubuchi"
Iqstitute of Plasma PI!ysics, Nagoya University, Nagoya 464, Japan'

Received 1 December 1983

Abstract･ To(al cross section measurements and translational energy spectroscopy haye
been performed at collision energies Of lq keV for one-electron capture processes by Sl

l
'
,

S13'and Krq+ (7≦q弓25) ions from tie atoms. When the measured cross sections are

plotted as a function of the crossing radius Rc deduced from the observed energy gain, it

is Eourld that the cross sections in general increasewi(h Rc and almost aZJ oE them lie

between the圭qRc2and qRc2 curves. nis dependence on Rc isvery diRerent from previous

results for ions with relatively low q (q < 10).

We have systematically studied one-electron capture processes by highlyst'ripped ions

such as Cq', Nq+, Oq+, Fq'and Neq'ions (q≦9) from He atoms畠t low collision

energleS. One of the important conclusions obtained from a series of our experiments

(Kaneko etat 1982, IwaietaE 1982, Ohtani etaE 1982,Tsurubuchi eta1 1982, Kimura

et at 1982, Okuno et aE 1983, Tawara et aE 1983) is that when the measured cross

sections qq.q-1 are plotted as a function of the internuclear distance whel･e electron

transfer takes place predominantly, I.e., the crossing radius Rc of the diabatic potential

curves deduced from the observed energy gain spectra, the cross sections do not.follow

the圭J7TRc2rule expected
from the classical one-electron model, but seem to have a

maximum around a particular crossing radius Rc- 3.5 A (Tawara eE a1 1983).
A similar dependence of the cross section on Rc has been reported by several

investigators for various collision systems an.d various collision energies(Winter et aE
1977, Smith eE aE 1980, Huber 1983, Winter 1983), and it has often been called the

reacEL'on window･ However: as pointed out by Tawara et al (1983), it is questionable
to assert that thiswindow IS universal for all the collision systems.

Concernlng the dependence on Rc, all the measurements reported so far are
●

restricted to projectile
ions h色ving the charge Of q < 10; no experimental work has

been done for
projectile

ions of q> 10 at low ehergleS. When the charge state q of
●

1 Permanent address: Departrnent of Liberal Arts, Kansas Medical University, Hirakata, Osaka 573.Japan.

+ Permanent address: Department of Physics, Tokyo Metropolitan University, Setagaya-ku Tokyo 158,

Japan.

昏Permanent address: Department of Physics, OsakL'1 University, Toyonaka, Osaka 560, Japan.

1[permanentaddress: Department of Applied Physics, Tokyo University of Agriculture and Technology,
Koganei, Tokyo 184, Japan･
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the projectiles
is increased, the corresponding Rc is expected to become large･ nere-

fore, we extend a series of experiments to further high-q Ions in order to see what
●

happens in such cases of high-q 10nS･ It will contribute to better understanding of the

physics of the one･electron capture process
by･ highly charged ions･

The present paper is a report on one-eⅠectron capture processes by Sll+, s13+ and

Krq'(q-7-25) ions from He atoms. Measurements of total cross sections and

translational energy spectra of the fast product ions were carried out using the same

apparatus as the previous experiments (Ohtani et aE 1982, Okuno et aL 1983) with
little change. A movable MCP detector with a retardation grids system was inserted

between the collision cell and the energy analyser for the total cross section measure-

ments. The movable detector is similar to that reported by Mann eE aE (1982) and its

details will be reported elsewhere･ The cross section of the O7'+ He collision measured

in this system agreed well withthe previous result by lwai eEat (1982). All the present
measurements wereperformed at collision energies Of lq keV.

ne measured cross sections qq.q-I for Krq'ions are shown in丘gure 1 as a function

of the charge state q of the projectile
ions; in this丘gure, other experimental results

obtairled by Cocks et aL (i981) and Kusakabe eE at (1983) are also shown for

comparison. Though the er!ergy ranges studied are different in these papers, and

thoughthe range of q concerned is quite di鮎rent,all the resuits can be connected

smoothly with each other. We note･infigure lthat strong oscillation of the cross

section with q lS Observed for low-q Ions aS Was Seen
in our previous measurements

●
●

(Kaneko eE at 1982, Iwai ei at 1982), andthat for high-q ionsthe oscillation tends to
diminish andthe q dependence of qq.q-1 becomes very slmi1ar to that derived from

an empirical formula of M屯1ler and Salzborn (1977) which is shown as a broken curve

in tbe丘gure.

5 10 15 20 25

q

Figure 1･ Total cross sections for one-electron capture qq.q-1 aS a function of the charge

state q of projectile
Krq+ ions. 0: Cocke et at (1981) at 0.78qkeV, E?.IKusakabe eE at

(1983) at 0.286keVamllqI, ○: presen( resuI(s al lqkeV.

Figure 2 illustrates typlCal examples of translational energy galれ Spectra Of the
●

product Kr(q-1h ions･ :n all the cases studied here the energy spectrum has a strong

peak with rather a -1arrOW Width, and
in some cases the spectrum seems to have a

●

weak peak in addition to the mainpeak･ Unfortunately, we can not ass)gn the electron
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Figure 2･ Energy gain spectra of product Kr(q-り+ ions at lq keV for q= 12, 14, 15, 16

and18.

capturing level corresponding.to the observed peak because of lack of information on

the energy level of the Kr(q-り+
ion･ However, as seen in点gure 2, the quantity

AE/(q-1), where AE is the observed energy gain at the mainpeak, becomes small

with the increase of q ln general. This means that the crosslng radius Rc becomes

largewith the increase of q. The Rc is obtained from the observed energy gain AE

through the equation: Rc(A) - 14.4(q- 1)/AE(eV), where only Coulomb repulsion

is assumed for the diabatic poteliミIial･

In尽gure 3 we summarise all the measured cross Sections qq.q-I aS a function of

Rc for SI)+ and S13+ ions as well as Kr(q-1)+ ions, together with the result obtained

previously (Tawara et at 1983). In contrast to the previous results for relatively low-q

ions, the cross sections obtained here do not have any maximum around a particular

crossing radius; almost all the present data pointslie between the圭qRc2and qRc2 curves.
For high-q Ions. an electron should be captured into the high Rydberg state of the

●

product ion in wbicb the ∫sublevels are nearly degenerate and around which the
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～e6
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0

Figure 3･ Dependence on Rc of tota一cross sections qq.q-1･ ○: present results for Krq+

ions･,q isindicated by the number in the点gure･ ●: present results for Sll+ and S13+ ions.

I: previous results of Tawara et aL (1983); in the figure, C4 means C4+ projectileion, N5
means Nち+ projectileion, and so on. Lower broken curve is圭'rRc2,and upper broken
curve is ∬Rc2･ uncertainties in the determination of qq.q-1 and Rc are denoted by bars

for some cases for Krq+.

neighbouring n States are Closely located. Therefore, the electron capture reaction

must be shared among a large number of levels within a narrow energy separation. In

the present experiment, however, the energy resolution isnot good enough to separate

such closely located levels, and the AE and the Rc deduced from thepeak position of

the observed energy spectrum should be considered as some sort of average values.

Besides, the measured cross section is the sum ･of contributions
from those many

reaction channels. This being the case, it is expected that the cross sections tend to

qRc2with the increase in the number of crossings as pointed out by Kaneko (1983).
01son and Salop proposed the absorbing:sphere model

for these cases (1976)･
In conclusion, the multi-level crosslng lS responsible for the Rc dependence of cross

sections observed in the present work. Detailed discussion will be glVen in a full paper.
●
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Energy･spectroscopic studies of electron-capture processes of low･energy, highly stripped F and Ne
ions in collisionswith He 8tOnS
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Thc electron･caplure processes o【highly stripped lolls Or F4
+
(q -6.7,8) and

Neq+ (q -7.8.9) in col･
lisionswith He atom were irLVeStigaScd using the energy･gain spectroscopy technique. A single dominant

peak is observed h most of the ener8y一旦aln Spectra except for the Ne7+ and Ne9+ spectra, ln Which two

peaks are observed corresponding lo the one･electron capture process into leye(s with different principal

quantum number tL

I. tNTRODUCTtON

In our recent measurement of total cross sections for

one･electron capture processes by highly stripped heavy tons
from He atoms at low energies, it was found that the cross

sections show signiTICant OSCillations when plotted as a func･

tior1 0f the ionic charge of. (he projectile
ions.1.2 This can be

explained quantitatively by the classical ozle-electron mode12

where it is assumed that in such a collision the electron is

selectively captured into a particular single level of the ion.

To confirm this assumption. we already made a series of

measurernents of the energy galn Or Various projectileions

suchasCq+ (q-3-6). Nq+ (q-4-7),andOq+ (q-5-8)

in collisions with He atoms uslng the lranslational energy･

spectroscopy technique.3J In fact, most or the energy-gain

spectra observed show only a single peak which is found to

be due to exothermic processes, indicating that the classical

one･electron model J's valid for these collisions at low ener-

gies. flowever, in some cases such as in the C3+ +He col.～

1ision, four peaks are observed.5 It was found that they cor･

respond to electron capture into levelswith the same princi-

'pal quantum number tz but different orbital angular quan･

tum number A Similarly, the energy-gain spectra in N4+

and 05+ ions become broad indicating the･contribution of a

number of peaks corresponding to leveJswith dif(erent A

It has also been Ebund that there is good similarity among

the energy･gaJn Spectral patterns obtained for different pro･

jectileionswith the same ionic charge q, Irrespective of the
ion species: such similarity is considered to result from the

similarity among the diabatic potential curves For Aq+ +He

collision systems.6

In the present paper, we present new results or our con･
ヽ

tinuin8 investigation on the e(ectron･caplure processes of

highly stripped Fq+ (q･Er6.7.8) and Neq+ (q-7.8.9) ions

OZI He atoms. The present experimeTltal princjpJe and lech-

nlque Were already described in detail.6

In the following, rlrSt,SOme rCatureS in the collision sys･

tens investigated are described. All the following experi･

menls have been done al the energy Of qズ1 keV, where q

is the ionic charge or the ion. The energy levels of each ion

are taken From the book or Bashkin and Sloner.7

It. EXPERIMENTAL RESULTS

(i) Ne7++He (see Fz'g. I(a)7: Three peaks are clearly
sccn. The strongest peak at the energy gain AEヒ20 eV is

29

found to be due to the following one･electron･capture pro･

cess into the a -4
level:

Ne7+(ls22s) +He-Ne6+(1s22s4)) +He++AE. (1)

It is not possible to assign any particular single level because

there are a number of closely spaced levels in Ne6+ ions.

Tbe second peak at AE.空38 eV is due to the following

one･electron capture into the 〟 -3 std(e.･

Ne7+(1s22s) +He-Ne6+(1s22p3f) +He++AE. (2)

It should be noted that this process (2) involves two elec･
Irons; that is, one 2s electron in the projectile

ion is excited
into the 2pstate and the other is captured into the excited 3L

state of the projectile
ion from the target atom. A similar

two･electrorA Process has also been observed in the
N4+ +He collision which results in N3+(1s22p21s).5 n呈s

observatior. is the first clear evidence that the electron is

captured into love(swith different t2, in contrast to the clas･

sical one-electron mode; which assumes the involvement of

only a sirlgJe level in the one･electron-capture process at low

energies.

The very weak peak at AEと68 eV is thought to be due

to the transfer ionization, as discussed previously,4 as fol･

lows:

Ne7+(1s22s) +He
- (Ne5+)''(1s22s3h/I) +He2+ +AE

-Nee++He2++e. (3)

though it is not possible to assure this because no inrorma･

lion on the energy levels of such doubly exc:.ted states or
many･electron systems is available presently. By comparlnS

the integrated areas under peaks with total. cross sections

previously measured, it is estimated that the cross sections

for processes (I), ｢2), and (3) are 26.1. 4.9, and
1.0 ×10~J6 cm2, respectilJely.

(ii) Nee++He 【Fig.I(b)7: The dominant peak at

AE--31 eV js found to correspond to the (ollowing one･

electron capture into the 〟 -4 state:

Ne8+(lsZ) +He1-Ne7+(1s24L) +He+ +AE. (4)

The weak peak at AE≧63 eV may be due to the trazISLTer

iozliza(ion

Ne8+(1s2) +He
- (Ne6+)''(1s24Inl′)+He2+ +AE

-Ne7++He2++e (5)

I529 ㊨1984 The American Physical Society
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FIG. 1. Erter8y･8ain spectra in (8) Ne7++恥(b) Nc8++He,

and (c) Ne†+ +He collisions.

The intensity for process (5) is roughly lO% or that
for pro･

cess (4).

(iii)Ne苧++He 【Fig･1(c)1: At lea'st two peaks are seヲn･
The stronger peak at AE～-20 eV is due to the following

one･electron capture into the n -5 state of Nee+ ions:

Ne9+(ls) +He-･Nc8+(ls5L) +Hc+ +AE. (6)

The second peak al AE ≡44 eV is due lo the one･electron･

capture process into the n ･z+4 state:

Ne9+(ls) +HeL-Nee+(1s4L) +由++AE. (7)

The partial cross scclions for processes (6) and (7) are

ー108-

29

roughly 14･5 and 5･5x10~16cm2, respeclively･. The very

weak peak at AE=70 eV may be due to the transfer ioniza-

tion as discussed previously.4

(iv)F6'+He (Fig.2(a)): me observed peak at AEと29

eV is thought to correspond to the roIlowlng Simple one-

electron capture:

F6+(ls22s)+He- F5+(ls22s.1I)+He'+AE . (8)

It should be noted that this peak is broader because or the

contribution of the levelswith different I.with the highest
intensity rot the ls22s3d lD level. The weak shoulder at

AE==18 eV is thought to be due to the following lwo･

electron process. similar to process (2) in Ne7'+He col-

lisions:

F6+(ls22s)+He-F5+(1s22p3L)+He'+AE. (9)

(v) F7++He 【Fig.2(ti')):The stronger peak at AE-18

F8.+ HeーF7'+ lゼ

(c)

F7++ He
-

F6(+n)+He+(1S)

(ら)

F8++ He-F5+(仙+ He+

(a)

F6'

_.1i:i･-:I.

pro du cf

FT◆

nt4

n暮5 n73
I ( [

九
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0 ヰ0 80 1之O 160
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FIG. 2. Energy･8ain spectra in (a) F6++He. (b) F7++He, and
`

(c)F8+十He collisions.
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eV is due to the following process:

F7+(1s2) +He-F6+(1s24L) +He++AE. (10)

The weaker peak at AE=66 eV is probably due to the

transfer ionization

F7+(ls2) +He- (F5+)●●(1s23L3l')+He2++AE

-F6++He2J-+e . (ll)

By comparing spectra in Figs. 1(a) and 2(b)with previous
spectra for N7+ and 07+ ions,6 the observed spectra are

Found to be very similar for all the ionswith q-7 except

for Ne7
+

where two different tl levels contribute. This siml･
Iarity of the spectra among different ionswith the same ion-

ic charge has been already discussed in detail･` However- it

should be noted that the transfer-ionization process is much

stronger for F7+ ions and its intensity amounts to about

20% or that for the main one-electron-capture process (10).

(vi)F3+十He (Fig.2(c)】:Only a single peak at AE--28

eV is observed which corresponds to the following one-

electron capture into the tz -4 state of the
F7+ ion:

F8+(ls) +He-F7+(1s4L) +He++AE . (12)

As discussed above [see (v)I,the very good similarity in the

energy･galn Spectra is observed in all ionswith the ionic

charge of q-8 and is understood to be due to the similar

energy･level diagrams among them.

ⅠⅠⅠ.DISCUSSION

Comparlng the observed energy･gain spectrawith the en･

er8y levels tabulated by Bashkin and Stoner,7 the principal

qLtanfum number tz of the electron･capturing levels can be

deduced for collision processes and are summarized in Table

I which includes our previous data. Data for Ne10++He

collisions are taken from the work of Mann eEO[.,8 where

their collision energy was lcweT than ours. As can be seen

in Table I, the electron･capturing leve一s are the same for

projectile
ionswith the same ionic charge, irrespective of

the ion species. From the observed energy gain AE. the

curve crossing radius Re for the one-electron･capture pro-

cess in the quasimolecule can be determined as shown in

:,ab:.eollelcttiTer怒AREE:4eL4;4R(cq:-A;.'8/AE
(q: the ionic charge

TABLE I. Principal quantum numbers 17 Of the electron･capturing
leyels in ^<+ +He collisions.

Ne 51 5(4)b 4 4(3)b
F 4 ヰ ユ

0 4 4 3 3

N 4 3 3 2

C 3 3 2 2

&Data orMann eLaL (Ref. 8).

brhe
number in the parentheses is the principal quantum number h

corresponding 1o the weak peak n lhc energy･gain specllum.

153l

cesTsAiBJ^E:i･.cure?ScS:I?sir.and:;AR)c.

for the one'electron'cap"re p-o-

q 10 9 8 7 6 5

Ne 4.6a 5 7 ユ3 4.3

F 3.6 4.8 2.5

0 3.ヰ 4.8 2.ヰ 3.I

N 5.1 2 4 3.6 l.8

C 2.5 4.ユ l.4 2.6

&Data orMann e(oJ'. (Ref i)

ln Fig. 3 are shown total
tone-electron･capture

cross sec-

tions for various ions investigated in our previous experi-

ment as a function of the crossing radius R.. For the split
distribution of the capturing levels the cross sections are di-

vided according to the observed peak intensity in the

energy･gain spectra. Jn the rlgure, Only data for stronger

peaks are shown. The solid line is drawn throughdata

points just to guide the eye, wherc･as the dotted and dashed

curves represent the classical cross sections, that is,汀Rc2

and ‡7rR.2,respectively. Classically, it is assumed that the
electron capture effectively takes place at the outermost

crossing distance R. inside a critical distance R.: where the

attractive force of the projectileion exceeds the binding
force for the electron ion target atom.6

From Fig. 3, it is seen that the observed cross Sections do

not follow the c王assical cross section ,JTRE2rulrl. It should

also be noted that they do not exceed ℡R.2 foi.all the range

or R, but are smaller thm 7l-7rR,2for A. <2.5
A and de-

crease for Rc>4 Å･ The
ex'i･"eTCeO2･

a maximurn in the

cross sections at a particular crosslng radius has been report･

J~~:I

NE

U

盟
10_

こ~:コ

≒
btT

O 1 2 3 4 5 6 7
0

Rc(A)

FIG. 3. Total one･elecfrOn･CaPtUreぐ10.<S SeCti(1nS l･ごthc crossing

radius R, jn ^4++He co一lisions dl arO1川d O･･'keV/さmu･ Experl･

mental data ro√Cq+, N甘+, and Oq+ aT=akcn Jrom Refs. 5 and 6.

The dotted and d粥hcd lines correspon(≡ lO the classicaIぐrOSS Sect

Lions. The solid line lS drawn lhrou8h e叩erirrlentai d&Ia lO gulde

theeye.
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ed by some investigators fTor yarious collision systems at dir･

Ferent energy ranges9 and is often calモed the '1reaction win･

dow}'This window shape seems to be similar ror the vari1
ous cases reported and it tends to be believed to be

'Luniversal-I for all the collision systems. h is､ however.

necessary to took at and analyze more carefuuy the ob･

served data berore comir.g to sllCh a conclusion.
Only in the single crosslng System Can We theoretically

analyze the data relatively easily. In such a slngle crossing,

a Landau･.?ener model calculation predicts that the depen-

dence or the cross sections for the charge transtTer on the

crossing radius R-. is壬ndeed similar in shape lo the observed

curve (solidtine) shown in Fig. 3.10 1t is noted, however,

that the R. dependence or the cross section is strongly
dependent on the shape or diabalic potential curves at RE aS

well as the collision velocity and, then, could not be univer･

sal. Furthermore, even though the observed energy･gain

spectrum consists of a single peak, this does not always

guarantee a Single crossll柑in the diabatic energy diagram.

In fact, we have no accura(eidea of how many crossings do

contribute to the observed "apparent" single peak in the

29

energy-gain spectrum 'uccause
or the timited energy fesOlu･

tion used in the experirnen(s. For example. the sublevels
having the same n but dirFerer･l I should result in many

crossings closely Iocated in the diabatic energy diagram.

On the other hand, ir a number or crossings exist at larger

crossing radii, many or them may contribute to the total

charge･trans[eI'･i)rOCeSS. Therefore the total cross section
could increaseぬh the number of crosslngS and rlnally

reach the maximum cross section甘R,2･ Ir there are only a

limited number or crossings available in the collision system

under investigation, the cross section may not 一each the

maxitnum value. as in the present case.

Syslcmatic sludiei Or the I distribution of the electron-

capturin8 levels of higher charge stale ions would make it

possible to discuss the R< dependence of the cross section
for electron capture ･in more detail.

Ås we have shown in Figs. 1 and 2, we observed weak

peaks in the energy-gain spectra which we attribute to

transfer ionization involving highly stripped ions. Unfoト

tunately. at present there is no accurate data on the energy

levels or such doubly exci.Led states of heavy ions.

●permanent
address: Deparlmen1 0f Liberal ^rlS. Kansai Medical

Uniyersity, Hirakata. Dsaka 573, Japan.

†permanenl address: Department or Phyゝics, Tokyo Metropolitan

Universily, Sela8a.Ya･ku'. Tokyo 158. Japan.

中ermanent address: Deparlmen1 0r Physics. Osaka University.

Toyonaka. Osaka S60, Japan.

申ermanent
address: Department or Applied Physics. Tokyo

University of Agriculture and Technology. Koganei, Tokyo 184.

Japan.

1y. Kaneko, T. Iwai, M. Kimura, N. Kobayashi, S. Ohtani,

K. Okuno. S. Takagi. H. Taw&ra, and S. Tsurubuchi. in坤sks o/
E[eclyOnic a〝d ^LOmL'e Co[[L'sions.edited by S. Datz

(North･Holland,

Ams(erdam. 1982), p. 697.
2T. Iwai. Y. Kaneko. M. Kimura. N. Kobayashi. S. Ohtani,

K. OkllnO. S. Takagi, H. Tawara, and S. Tsurubuchi, Phys. Rev.

A払105 (1982).
3s1 0htani. YI Kaneko. M. K･;mura. N. Kobayashi. T. 1wai,

A. MalsumO10. K, Okuno, S. Takagi､ H. Tawara. and S. Tsurubu･

-ilo-

chi. I. Phys. 8 ii,L533 (1982).
4s･ Tsurubuchi. T･ Iwai, Y･ Kancko. M･ Kimtlra, N. Kobayashi,

A･ Matsumoto. S. Ohtani. K. Okuno. S. Takagi, and H. Tawara.

I. Phys. 8 ii.L733 (1982).
5M･ KimuTa. T･ lwai. Y･ Kaロeko. N･ Kobayashi, A. Matsumoto,

S･ Ohtani, K･ Okuno, S. Takagi. H. Tawara, and S. Tsurubuchi, I.

Phys. a ii.L851 (1982).
6K･ Okuno, H･ Tawara, T･ !wai, Y. Kaneko, M. Kimura,

N. Kobayashi, A. Matsumoto, S. Oh(ani, S. Takagi, and S. Tsuru-

buchi. Phys. Rey. A 2!, 127 (1983).
7s･ Bashkin and ∫.R. S10ner. Atomic Etle(W Leye血atld Grotrian Dial

groms I (North･Holland. Amsterdam, 1975).
8R･ Mann, C. L. Cockc. A. S. Sch18Chter, M. Prior. and R. Marrus,

Phys. Rev. Lett. 2旦,1329 (19S2).
9ff･ Winter, E. Bloemen, and F. I. de Hee一, I. Phys. B迎, L599

(1977); D. Smith, h7. G. Adams, E: Alge, H. Villinger, and
W. Lindinger, l'bL'd.ii,2787 (19iO).
10B. A. Huber. Phys. Scr. T1, 96 (19$3).



Journal or the Physical Society orJapan
VoI. 53. No. 7. )uJy. 1984. pp. 2224-2232

Landau_Zener Model Calculations

of One-Electron Capture from He Atoms

by Highly Stripped Ions at I.ow Energies
●

Masah;ro K王MUR^,辛 TsurujilwÅl,** Yozabul･O K^NEKO,***
Nobuo KoBAYASHT,*** Atsushi M^TSUMOTO, Shunsuke OHT^Nl,

Kazuhiko OKUNO,*** ShojiTAK^GT, Hiroyuki TAW^R^

and SejjiTsuRUBUCHZ****

InstL'tute
o/ P[tLSma

PhysL'cs, NagoyJ i,'nL'yersl'ty, Nagoya 464

(Received March 13, 1984)

Cross sections for single electron capture from He atom by highly stripped, C4',

Nq', Oq', Fl+, Neq'(q-4-9) and Kr4+ I.q-王0-25)
ions have been calculated

using the multichannel Landau-Zener m･:del. The i;OiiisioLlenergy is 600 eV/amu

except for Kr4', whose energy lS qX 1 ヒev. The selective electron capture into a

single or at most two 〃･shellsisp一ed)'cted ibr the cases ofq≦9. The a-distributions

obtained by the present calculation are quite consistent with our earlier observユー

lion and the total cross sections agree reasonably well with the measured data in

spite orthe simple model. In the case of Kr4', where q is larger than 10, more and

more shells can be populated and the total cross sections increJSe mOnOtOnically

with the increase ofq.

$l. Introduction

Recently we have measured total cross sec-

tions for one-electron capture processes by

highly stripped ions Aq'(q≦9) from He atoms
●

at low energleS;

Aq'+He-すA(q~l)+(r21)+He†+AE, (I.1)

where Aq'is fully stripped ions ofC, N and 0,

and H-like, He-like and Li-like ions or C, N,

0, F and Ne.1-2) we have also measured the

energy-gain AE spectra from which the dis-

tributions over the触al state quantum number

n and, in some cases, the distributions over I

were also determined.3~7) In almost all the

cases except for Ne7+ and Neや+ it was found

that the electron is transferred into a particular

slngle a-State and the capturing levels 12 are

the same for proJeCtileswith the same ionic

+
PermaneJlt address: Department of PhysJ-cs,
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++ permanent address: Department of Liberal
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charge irrespective or the ion species.

If we assume that the interaction of the sys-

terLl is oniy the pure Coulomb repulsion be-

tween the product ions, the crossing radius Rc

of the potential curves between the initial and

final states can be estimated throug:1

Rc(A)-14.4(q-1)/AE (AEin eV). (I.2)

When one-electron capture cross sections are

plotted as a function or Rc there seems to be a

maximum at around 3.5 A.7) similar results
have been reported fわrvarious collision systems

and the reg10nwith maximum cross sections is

sometimes called =reaction window=.8) when

higher charged ions, such as Krq+ ions with
7≦q≦25, were employed as projectiles, the

cross sections have shown no peak structure as

a function or Rc, but both the cross sections

and crossJng distances whichgivc
dominant

contributions increase almost monotonica王Iy

with q･9J In genera), severa( product channels

can contribute to the reaction and the number

or possible channels increases with the increase

o[ q. Accurate mL･thods to calculate the cross

sections, e.g., large basis molecular-orbital-

close-couph'ng method, need enormous com-

putation. When the number orchannels is very

large, a simpJc approximation called the

-111-
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absorbing-sphere model was proposed by Otson

and Sa)op to predict total cross sections･10)

They assumed the unit probability for reaction

ins;.de some critical distance R. and that the
●

charge-trams(er cross section is simply given

by Q-花Rg. Such an R. is determined th(･ough
the condition that the probability p of electron

remalntng On the diabatic curve at the crossing
● ●

Ro becomes O･86･ This model is applicable only

when the denslty O[ the curve crosslngS is high

at internuclear distances in the vicinity of R..

The number 0.86 was empirically deduced

irrespective or the触al state distribution.

In the present work we calculate both total

and partial cross sections or one-electron

capture processes uslng the multichannel

Landau-Zener model and compare the results

with our previous measurements.

$2. StJrYey Of the Landau-Zener Model

2.1 Method ofca[culatL'ons
According to the Landau-Zener model, the

probability orthe diabatic transition at a single

potential crosslng lS glVen by the fbllowlng

formula :

p -exp (- 27TH子2/vbAF), (2.I)

where ub- V(トb2/Rc2)i/2 is the radial velocity

of projectilesat the crosslng,
V being the rela-

tive velocity, b the impact parameter. H12 the

one ha汀or the diabatic splitting at the curve

crosslng and AF the diWerence in slopes or the

dlabatic potential energy curves at Rc.

Analytical expressions of the coupling matrix

elements H1 2 for one-electron capture processes

by multicbarged ions were proposed by several

P.･-pIP2･
-Pi(1 -p.I)[l+(p汁IPf+2.

2.225

authors. OIson and SaZop obtained an･analytト

cat nt to the coupling matrix elements for ionic

charge q-4-54 by calculating the potential

curves fわr a large number oF stripped-ion-

atomic-hydrogen systems and extending to

systems or the targets other than atomic

hydrogen･10) The expression obtained by

Butler and Dalgarno does not depend on

q,ll) and is a factor or4 smaller at q-4 than

that or OIson and Salop. Another expression

was also obtained For q_<4 by OIson, Smith

and Bauer･.12) Their formula also gwes values
●

or H12 muCh smaller than those evaluated

from OIson and Salop. After several trials, it

is fbund that H12, reduced by 40o/. froln the

matrix elements of OIson and Salop's H12,

shows a good agreement with a series or our

measuren-crltS. Therefore, we adopt the follow-

ing expression throughout our present calcula-
tlOnS:

II12-5.48q.-1/2 exp (- l.324c(q ll/2Rc), (2.2)

where H12 and Rc are in a.u., α-(2It)I/2
and II is the ionization potential or the target

a【om in a.u. When there is only olle CrOSSlng,
●

the total probability of the electron transfer
●

at a glVen impact parameter is glVen by

P=2p(I
-p).

(2.3)

This expression can be generalized to the case

or multicbannel crossings. The general ex-

pression or the probability P.･ for a particular

product ionic level ∫when there are 〟 crosslngS
●

is glVen by Salop and OIson assumlng that

there are no couplings between the adjacent
exit channels as tTollows:13)

･pN)2+(p.I.1Pl.2･
I

･PN_1)2(1-pN)2

+(p"lPI.2-PN_2)2(1 -pN_I)2+
-

+pf.1(トpE.2)2+(l-pl.I)2]. (2.4)

The partial cross section Ql is Obtained by

integrat∫ng over the impact parameter and

then the total cross section Q is obtained by

summing up over QE aS follows;

Q.･-2花∫
Q=EQ.･.

P.･b db, (2.5)

(2.6)

In the present Landau-Zener calculation we

use the linear trajectory model and the crossing

-112-

radius Rc for each product channel is estimated

using eq. (I.2).The energy gain AE.･ o[ the

reaction is determined by
■

AEE-I,(Aq-1)-I.(He)-EE, (2･7)

where I,(Aq~1)is the ionization potential or

the charge-changed ion A(q~l)', E.･ the excita-

tion energy or the L･-thlevel or the ion A(q-1)'

and Jt(He) the ionization potential or He atom.
The values or lp and El are taken from the
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table oF Basllkin and Sto°er.14)

Masah('ro KIMUR^ e( a[.

2.2 Ge/teI･a/ c/ta/･aC(ert's(E'csof I/te Landat(-

Zel"'''チrosssectt'on jTora sL'ng[e crosst'ng
Befbre golng into the detailed calculation, we

consider tlle general characteristics inllerent in

the present Landau-Zener model for the simple

case or a slngle crosslng.

Asseen in eq. (2.2),the coupling matrix

elernent HI2 is dependent on q as well as on Rc.

In order to see the features or the cross sec-

tions calculated by uslng Landau-Zener for-

mula eq. (2.I) for a single crossingwith H12

given by eq. (2.2),some examples are shown

in Fig. 1. In Fig. 1(a)are shown the cross sec-

tions for various projectile charges q at a触ed

collision energy of 600 eV/amu.
Ⅰn Fig. 1(b)

are shown the crc･ss sections for q-8 at

diHerent energleS. The Rc･dependence of cross

sections has more or less similar shape orcurve,

e.g., there is an optimum region Of Rc for the
●

cross section have to an apprecJ'able magnl-

tude. The reason is that when Rc is too small

H12 is so large thatp IS Very Small and then P

is small, whereas when the Rc is too large H12

is so small thatp is close to unityand then Pis

agaln Small. In the region Where p-0.5, P

has a maximum. These features are common

for au cases and, therefore, such a shape of the

(Vol. 53.

Rc･dependence is often called =reaction win-
dow"I It is noted From the present ana]ysIS.

however, tha( such a reaction window has a

de伝nite meanlng Tor COllision systemswith the

same q and the same collision velocity.

For low-q Ions, the cross section has rather a

narrow peak; this means that the cross section

is large only when the crosslng radius in an

actual collision system ha?pens to fall into such

a narrow region Of Rc. Because or the narrow

Rc region, and also because or large separation

of the adjacent rz-states, the electron is trans-
ferred selectively into a particular single f7-

state whose crosslng is located on the reaction

window. On the other hand, for high-q

ions, the shape becomes wide, and also the

maximum or the cross section increases. This

fact suggests that several n-states can be

populated and the total cross section increases

with q.

2.3 me Landau-Zener model jTormu[tz'-cl/rye

CrOSStngS

Rougbly speaking, the above-mentioned

model for a single crossing explains qualita-

tively the results obtained from a series or our

experiments. Actually, however, there are

many crosslngS between the diabatic potential

curves or the initial and丘nal states. The next

FJ'g. I. The calcu)atcd singlcぺrOSSing Landau-Zencr cross sections For one-electron capture by multicharged

)'ons ^q'rrom Hc as a runctJ'on orthe crossing distance Rc or potential curves. (a) The collisz'on energy

)'s 8xed at 600eV/amu and q isvaried from 4 to 22. (b) PTOjcctilecharge q is fTfXCd at 8 and the coIJJ'sJ'orl

encrgy is varied from 50 to 3200 eV/amu.
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2 4 6 8

b(A)

Fig. 2. Probabilities PL Of one-electron capture into

various projectile levels (t7,I)as a function of the
impact parameterL b at a collision energy of 600 eV/
amu. (a)06++He, (b) N7'+He and (c)Ne9++

He.

●

step is to extend the single crosslI唱mOdel to

the multi･curve crossings and to see how the

model does work.

Three typical examples or actual collision

systems are shown in FJ'g. 2(a),(b) and (c).
In these figures, the transition probability Pl

for the i-state of product ion is calculated by

using eq. (2.4) for multi-curve crossings at a

丘xed collision energy of 600 eV/amu.
(a) o6'+He collision system (Fig.2(a))
The dominant one-electron capture process

has three Anal channels leading to the ls23s,

ls23p and ls23d states of product O5'ion.6)

The crosslng radii corresponding to these 〟-3
●

states are, respectively, 2.10, 2.33 and 2.41 A,

all of which are fairly smaller +than the optimum

radius (3.2A) shown in Fig. 1(a).The coupling
matrI'x elements for ls23[ states are so large

that the diabatic transition probabilities p are

very small. In that case, eq. (2.4)tells tJS that
the two transitions at inner crossings are

●

suppressed by the transition at the outeトmOSt

crossJng, Which has a dominant in触ence on

total cross section. Other crossings COrreSPOnd-
●

Ing tO the )s24[ and ls22[ states are located
●

-114-
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outside the reaction window and their co【ト

tribu!ions are neglI'gibty small.

(b) N7+ +He collision system (Fig.2(b))
The dominant process is the electron transfer

into the ls4] (I-s, p, d andf) states o[product
Nb'ion, and the corresponding crosslngS are

located at fairly large distances L･･rJLrnd 5 A in

contrast to the case (a) above･ As tile Coupling

matrix element H12 between the initial and

鮎al states is very weak for such large Rc, the

radial velocity vb Should be small at the crossJng

(see eq. f2.1))togive a favorable value ofp.
Tberefbre, the transition at larger impact

parameter is more favored. Since p IS Close to

unity except for theglanclng COllision, itcarl be

seen from eq. (2.4) that the inner crossings

contribute to the reaction without being

inAuenced strongly by the outer crosslnSS･

This fact leads us to the conclusions that each

channel contributes to the total cross section

almost independently of other channels and

that the total cross section is nearly propor-

tional to the number of the crossings.
●

(c) Ne9+ +He collision system (Fig.2(c))
This is a case of awide reaction window (see
Fig. 1(a)).Tw･o groups or the crossings cor-

responding to the n-4 states and n-5 states

or product Nee+ ion fall into the reaction

window. As seen in Fig. 2(c),the transition to

the n-4 states is similar to the case (a) and
the outer transition to the n=5 states is similar

to the case (b). Both transitions contribute to

the electron transfer reaction. Indeed" the

corresponding double peak structure was ob-

served in our energy-galn SpeCtrum･7) It is

clear that the inner transitions (〟-4) are not

aRTected signiAcantly by the
'outer transitions

(〟-5).This fゝctcan be understood in a similar

way to the case (b).Contributions from other

channels leading to the n-3 and n-6 states

are negligibly small, because their crosslng

radii are too small or too large.

It should be noted that these three cases

provide us very good examples for understand-

ing the properties or charge transfer process
●

from the point of view orthe potential crossing

radius Rc. In the following Sections, we calcu-
●

late individual cross sections and compare

themwith the experimental results.
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S3. Latldau･ZeT]er Cross Sections for Highly

Stripped C, N, 0, F and Ne Projectile
lons

As mentioned above, eq. (2.2),a revised Form

or the OIson･Salop's expression, is adopted as

the coupII'ng matrix element H12 and the

excitation energleS Or product ions are referred

to the book or Bashkin and Stoner.1ヰ) some

excitation levels such as O6'(ls4s), F6'(ls24f),

Ne7'(ls24f) and Ne8'(ls5s, ls5g and ls4s)
are not listed up ln the book; these excitation

=

●

energies are determined by extrapolation from

the known sublevels.

Calculations or the cross sections have been

carried out for almost all of the fully-stripped,

H-like and He-like projectileions of C, N, 0,

F and Ne. We d]'d not calculate cross sections

for two cases of F6'and Ne7'proJeCtiles,

because the dominant electron transfer is not

one-electron process, but two-electron process

leading to doubly excited states 2p3l of product

F5+ and Ne6+ ions.7) In the case or A7+

projectiles(A-N,
0 and F), we observed

transfer ionization process where two electrons
● ●

are captured into autoionIZlng levels of product

A5+ ions･4,7) we neglect this process in the

present calculation, because or its minor con-

tribution to the electron transfer process.

In Tab一e ∫ are listed the calculated cross

sections and the capturing levels a at the

collision?nergyof
600
eV/amu togetherwith

the experimental data. Contributions from the

levels wbicb are not listed in the table are

found to be negligiblysmall. The most
impor-

tant capturing levels deduced from the present

model are qulte COnSistent with our experi-

ments. The agreement of the cross sections is

almost satisfactory except for C4', c6', N6'

and O6', all or which have the crosslng

distances smaller than 2.5Å. In such small
distances our simple assumptions on the

potenthl curves are invalid and the coupling

matrix element H12 becomes inaccurate. The

calculated partJ'al cross sectl'ons for the two

〟-states in Ne9十+He collision are also in

reasonable agreement with the experiment.

ln Fig. 3 are compared the calculated total

+
(t川IIrlbLlli川lゝ Or lrilnヽtlL･rionizilli川1 ilrL･ ヽulolmCt亡d

From the measured total cross scctJ'ons ror q-7.

(Vo(. 53.

Tablet. One<Iectron capture cross sections for

A4'+He collisions calculated uslng the multi･

channet Landau-Zener model (MLZ) arc compared

with the experimental data (Exp) or refs. I and 7.

The capturing levels 〟 are also listed. In parentheses
are part]'al cross sectionsI The collision energy t's

600 eV/amu. Itshould be noted that all the couision

energies where experJ'men(aZ data are taken are

not exactly the same, but vary缶･om 430 to 780

eV/amu.I

Cross sections (A2)
A q a M LZ Exp

C 4 2 0 0.3

5 3 14.9 15.2

6 3 5.5 9.0

5

6

7

6

7

8

3 12.8

3 6.I

4 8.1

3

4

4

4

3

4

5.5 9.0

14.5 10.9

25.5 27.3

10.3 14.4

(10.2)

(0.I)

26.7 26.7

(I4､4)

(0)

Ne 8

9
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■■ヽ
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FJ'g.3. The total one<Icctron caputre cross sections

vcrsus the ciosslng radius Rc in Aq+ + He collisions

ca]culatcd using multJ'channcI Landau-Zener mode一

(black symbols) are compared wI'th the expcrJ'mental

data )'n ref. 7 (open symbofs). Projcctilescharge q

is wn'tten beside the symbo一s. The coth'sion energy

is around 600 eV/amu.
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one-electron capture cross sections with the

data measured for various projectile ions as a

function or the crosslng radius Rc. For the

cases where severa一 peaks were observed, the

measured cross sections are shared among the

respective'states according to the observed
●

peak intensities in the energy-gain SPeCtra;

Only data for stronger peaks are shown in the

抗gure. When several sublevels
were not re-

solved in the observed spectra, Rc is estimated

from the peak position or from the weighted

average of AE which contribute to the peak.

An observed maximum in the cross section at

Rc around 3.5 A is reproduced fairly wellwith

the present model.

0 2

2229

奪4･ Landau-Zener Cross Sections fo'rHighty
Sfn'pped J(rq'prq'ecliZe Ions (q - 10, 15,

20 and 25)

ln the case of Krq+ ions the accurate levels

of Kr(q-I)+ are unknown. We assume then

that Kr(q~ 1けions have the H-like energy levels･

This seems to be a reasonably good assumption

for large q where an electron is captured

predominantly Into highRydberg states. We

further assume that each n･state has n sublevels

corresponding to possible I.

In Fig. 4 are sbowl1也e calculated partial

(Pl) and total (P) transition probabilities for

the possible channels as a function of the

b(A)
6 8 10

Fig. 4. The calculated probabililics P- of one-electron capIL_Ire into Various states i or Kr(4~ 1)'ETor Kr4'+ He

collision system as a Function of the impact parameter b. The colh's]'on energy JS qX 1 keV. Total proba-

biZJ'tJ.CSP arc shown by the broken Zincs and J'(SScale isshown on the righトhand ordinate. Crossing pJJ'TltS

betwcen the product A(4~II+ + Hc'systcm and the initial system are shown by the vertica一 arrows. The

dotted arrows indicate the absorbing-sphere radii R. proposed by OIson and Salop (ref.10). Projectilc

chargesq are (a) IO. (b) 15, (c)20 and (a) 25.
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impact parameter at the collision energy or

qx 1 keV. As seen in Fig. 4, the most interesting

Features in these cases are that the number o[

the states contributing to the charge transfer

processes increaseswith increaslng q and that
●

the collisions at large impact parameters have

appreciably highreaction probabilities. These

are due to the increased width or the reaction

window with increasing q (Fig. 1(a))and also
due to the small energy separation between

the adjacent
levels of the product Kr(q~l)'

ions. When only a limited number of the

stateswith large crosslng radius are aぬilable

as in thecases orN7+ and 07+ +He(Fig. 2(b)),

only the near-grazlng Incidence to the crosslng
●

sphere can lead to the charge transfer reaction

with considerable probabilit)'es. This fact makes

the total cross sectJ'on relatively small in spite

of large Rc. Contrary to those cases, it isshown

when q≧15 that all collisions at the impact

parameters smaller than a certain radius

have appreciable probabilities of the reactions,

i.e., not only the crosslngS located at large

distances inside this sp王Iere but also the cross-

ings at Smaller distances participate in the

reactions. Especially for ions or q≧20, the

collisions with the impact parameters smaller

than a certain distance make the charge

transfer lノrObability nearly constant. In fact,

the probabilities are generally larger than 80 o/o,

which may be comparedwithLIhe absorl)ing-

･spbere model proposed
by OIson and Salop･10)

●

They de点ned the radius R. from the condition

that the dJ'abatic transition probability p (b-0)
becomes 0.86 at R. and assumed that the

probabilities inside this sphere are unity. Thf.I

radius of the absorbing sphere was calculated

by using eq. (2.2)and indicated in the figures

by the dotted arrows.

Partial cross sections are shown in Fig. 5,

meanwhJ.le tota) cross sect)tons are shown J'n

Fig. 6 with other experimental data and an

empJrJCaZ scah'ng law proposed by M臼l】er and

Salzborn･15) No experimental data on partial

cross sectI'ons are available. Since the sepa(a-

tion or the energy-ga)npeaks corresponding to

diErerent n-states for these systems becomes so

small in our energy-galn Spectra, even the J卜

distributions could not be determined experi-

mentally･9) Therefore, the effective crosslng

dI'stance Rc was deduced from the observed

40

20

0

40

20

蛋 0
ー■

1

6;･
40

20

0

60

40

20

0

(Vol. 53.

4 6 8 tO 12 14

n

Fig. 5. Calculated distributions of one-electron

capture cross sections over the prlnCIPaZ quant7Jm

number tl for Kr" (q-10, 15, 20 and 25)+He'

co)h'sions. The co)lJ'sion energy lS qX I keV.

0

5
J-I

NE
U
也

●o

X
l===

l

可

tF

5 10 (5 20 25

q

FJ'g･6･ Total cross sections for one-electron capture

qq.4-1 aS a functI'on of the charge state q of pro-

jectileKrq+ I'ons. ●: Cocke e( a/. (ref.16) at qx
O.78 keV, I: Kusakabe i.(at.(ref.17) at 0.286 keV/

amu, 0.'lwaj et a/. (ref.9) at qxl key, メ.･ the

present calculated results at qx 1 keV/amu. The

dashed curve represent.s the empirical scaling law of

M凸Iler and Salzborn (ref.15).

peak position oE- the energy-gain Spectra uSJrlg
● ●

eq. (I.2).On the other hand, the theoret;caJ

eqective Rc was evaluated from the weighted
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Krq'. He

I5
＼一一一･･X一ー

･

,.i･;.2-逮雛･;-
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9_･_
K)/1/

..′

8.･J/,Ilo
′
■■

25

20 ＼
___一一

2 3 4 5 6
●

RcくA)

Fig. 7. Total one･electron capture cross section

versus the cRTective crosslng radius R. in Kr4+ + He

collisions. ×･. present results at qxl keV. ●:

experimental resul(s by lwai et a[･ (ref.9) at qx

l keV. Two dashed curves represent如Rき and

汀R喜,respectively.

average of the calculated energy gain AE･ The

results are compared in Fig. 7. It is clearly

seen that both the'calculated cross sections

and eHective crosslng distances increasewith
●

q ln agreementwith the observed results and

that bothcross sections are between 1/27ERc2

and 7[Rc2. Thoughmore and more channels

belong to higher n-states, our calculations are

based on the assumption that there are no

couplings between the adjacent channels. Thz's

assumption may somewhat overestimate the

cross sections especially for the charge states

q larger than 20.

The present calculation is based upon several

assumptions and simpl抗catJ'ons. we assumed,

as the coupling matrix element H12, an OIson-

Salop's expression multiplied by a factor of

0.6 (eq. (2.2)).We neglected the interference

between the neighboring channels. For high-q

ions where no levels areknown, the number or

the channels was assumed to be proportional
●

to the prlnC)Pal quantum number n. The

Landau-Zen?rprobabil;typ (eq･(2･l))becomes
inaccurate ln near-glancing COIlisions. No

●

correction, however, was made for this

case. We also neglected the orbiting eWect

in the present calculation. In spite of these

assumptions and simpIJ'Lications, the agreement

between the present calculations and experi-

ments is systematically good. Therefore, the

present model helps us to get an insight or

physics or one-electron capture processes by

hJ'ghlystrJ'pped J'ons (ron He atoms.
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ELEC77Z ONIC A ND A TOMIC COLLISIONS

J. El'ch[er. I. V. I(erte[. N. S(pt(erfoh((eds.)
㊨ Etsev.'erSct'e(zee hLb[ishers B. V. , ) 984

ONE-ELECTRON CAPTURE BY HIGHLY STRIPPED TONS

FROM HELIUM ATOMS
- F川AL-STATE ANALYS‥S

-

S. Ohtani

lnstitute of Plasma Physics

Nagoya University

Nagoya 464,
･Japan

One-electron capture pr:ocesses in collisions between highly

stripped ions and He atoms at low energleS are discussed.

For'1ower charged ion collisions, the cross sections oscillate

strongly with increase of charge state, whi一e for higher

chdrged ion the cross sections tend to increase monotonically.
Through a series of experimental investigation of the final

states of collision products, it reveals that the cross sections
are sensitive to the details of the potential curves of the

collision systems.

INTRODUCTION

During the last decade, a great deal of information

in slow collisions between highly stripped ions and
At XI ICPEAC in Kyoto and XII ICPEAC in Gatlinburg,

processes involving, highly stm'pped ions and there

menta一 situation of e一ectron capture collisions was

number of excellent review articles and proceedings
devoted to the collision processes involving highly

Gilbody [3], Dalgarno [4], Janev and Presnyakov [5], de Heer [6, 7], the IAEA

353

on e一ectron capture processes

atoms has been accumu一ated.
we hard symposia of collisinal
both theoretica一 and experi-

reviewed [1,2]. There are a
of the symposia which have been

stripped ions: see, for example,

Technical Committee Meeting Qn Atomic and Molecular Data for Fusion

sium on Production and FlySics of Highly Charged ‥ons in Stockholnl

Summer School of Atomic Physics of High一y Ionized Atoms at Cargese

[
[9
[1

8], the Sympo-
コ,
0]
and the NATO

J

As for the electron capture processes by highly stripped ions from multielectron

targets, Salzborn and Maller [ll] reviewed at the XI ICPEAC in Kyoto in 1979.

There they discussed the general feature of cross sections dependent on the velocity

and the charge state of projectile in slow collisions(v
<

la.u.). In this paper
we shall follow the scheme of their review but cannot cover all the new data of
interest in connection with the fast increaslng interest of this fie一d. Therefore,

we wi一l focus on a part of this field and discuss t;'Je Progress in the recent

experimenta一 studies of final-state-selected one-til色CtrOn Capture by highly

stripped, slow ions from He atoms as the most simple multielectron targets as

follows,

Aq十. He → A(q-り+(nl). He†
These collisions may take place very effectively ln reactions of moder･ate exother-

micity through the favored crossings in the diabatic potential curves. Final-state-

selective studies are essential for unambiguous interpretation of the electron

capture processes.

‥ON SOURCES

As one of the reasons of a rapid growth in this field, we would like to mention

successfull progress in the development of
1'new
generation‖ (Framed by Crandall

[12]) ion sources for slow ions.

l
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冒:c,oi!王;oi;s;t.foXr:.wgワenxef8itahte言'Ty5昆reod:cmtui三ejN…X誌;ctt:d;gefrt写T;nreacv…e;:e;子吉:rand
highly stripped. These s一ow ions (2

- 20 eV) extracted
from the ta†'get cel一 can be

used for collision experiments･ Such experinlentS are being performed by Cocke et al

[13], Ma叩et al. [14コ, Kusakabe et al.い5], Aarhus group [16] and
by some other

groups･ The property of providing localized) suddenly-charged in a short time'

slow ions is unlquely suited to ion trap experiments of very slow collisions such

as done by Sellin et al･ [17] and Prior et al･ [18]･
.The

most powerfu一 sources

are consider･cd tc.be an electron cyclotron resonance 10n S?urCe (ECRIS)[19] and
an
electroロbeam

つon Source (EBIS)[20] for collision号XPerlmentS in the low energy
key reg10n. There are a number of new experiments uslng these ion sources･ The

present situation of these
(Inew
generationlJ i'on sources and other lmPOrtant OneS

are.summarized by Crandall [12], and the recent progress of the ion sources is

reviewed by H. Winter [21].

TOTAL CROSS SECTIONS FOR Oトは-ELECTRON CAPTURE

During the last years, systematic investigation of charge transfer co一lisions has

been performed by Salzborn et al. [11] and subsequently done by Huber et al. [22]

and Bliman et al･ [23]･ According to their measurements'the gener号1 feature of
the total cross sections for one-electron capture oq)q-1 in the var10uS COllision

systems with the same target atoms at low energleS are aS follows:

I) The cross sections are a一most independent of impact energy, excepting 一ow q

projectile systems.

2) The cross sections generally increase with the primary ion
As an example'･Fig･ l shows tota一 cross sections oq,q-I 1n COl 詫;;.?ness.T岩舟i.ns
with He atoms as a function of the r.ollision energy, measured by Schrey and Huber

[24】
for

B¥きi:
A?mqo･nqgT
1
a

g a miniature EBIS of Redhead type. In this figure, the cross sections

re very small and show a marked energy dependence in comparison with other
jn the energy range studied.
large number of one-electron capture cross sections investigated, such a

behavior always occurs with high atomic number- projectile with low charge states
and He target systems. This behavior is considered to be due to the fact that, in

these collision systems, the energy defect of the reaction is very small or negative
(endotherm'c) in almost cases.

dF…pTe宍三e?宍…eT.q芋呂:･…i岩三言a?ぷt写冒s;ndf2e;s;.T:昌sb;eCtE三o冒snv.o.q忠n…h:wf三h芋.Te詰…T…cr呈ぎ.n_
capturing excited states of the product ion. The partial cross section for each

specific transition of an electron terminating in a final state may have an individual

energy dependence･ The total cross section, however, should be made up by a sum

over the invo一ved partial cross sections with maxima at different collision energleS

and hence shows a faded energy dependence･ Further) for highly but partially stripped
ion collisions■ the number of these states increases more and more with increaslng q･
The number of open channe一s in the reaction becomes so 一arge that the electron
capture process can be considered as decay of the initial input-channel, and then,
due to its interaction with the quasicontinuum of fina一 states, this process becomes

quasistationary ln Character. UndeT･ these conditions, a scaling law of the cross

section with q becomes possible since the decay concept remains valid in a wide q
reglOn.

In the above circumstance

sion for the charge state

scaling in terms of power

S,

q
la

many attempts have been made to find a general expres-
dependence of the one-electron capture cross section by

･According
to the scaling laws derived from systematicWS

●

o:anf:亨…;t…望at;6?Tp;≡鰐bf:q?昌;q:m?;n";賢三輪:2完芋hC…:…喜喜………:.E…5:亨･:q:3:.?:;u?=:手芸nb….Tsf;…三三ng
sca一ing laws was discussed by Janev and Hvelplund [28]. They showed the reduced
representation of the cross sections in a wide Peg-on of the collision energy based
on the theoretical consideration･ In Fig･ 2} are shown the experimental reduced
cross sections as a function of the reduced energy for the cross sections for one-

-Ⅰ22-
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Fig･ 1･ Cross sections for one-e一ectron capture oq事q-- by Biq+ ions
incident on He. From Ref. [22].

0.01 0.1 1 10 100

E (key/qmu)/､灯

1000

Fig. 2. Reduced cross sections for electron capture o/q vs. reduced
energy E/J市 Solid 一ines are fits to the experimenta一 data

(q_,5). Refebfences to the ori.ginal data can be found in Ref

From Ref.[28].
R占febfences to the ori.ginal data can be found in Ref.[27].
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electron capture by high一y stripped ions (q15) from H and He targe与stogether with
their fitted curve. In low energy Peg-on9 linear dependence of q lS also seen･ They

●

also mentioned that the decay process of theうnitial channe一 plays an -mportant role

to discuss the scaling 一aw for the col一ision systems involving many electrons at 一ow

energleS and investigation of electron transfer in a quasimolecular system"t the

various crossings is necessary_for further understandings･ Meanwhile･ in order to

understand a detailed meachanism in the electy･on capture processes between highly

stripped ions and multielectron atoms at 一ow energies, the collision system between

a highly stiripped● simple ion having no more than a few electrons and
He atom may

be suitable because its e一ectronic structure is simple enough to treat theoretically･

As a typIC_al example} hereafter･ we would like to show the experimental work recently

done by NICE group [29
-

37] in order to紬vestigate the e-tectron capture processeヲ
by high一y stripped ions from He atoms･ NICE group was organized by Kaneko and lwa-

at Nagoya 1977 [34]. NICE means Naked Ion Collision Experiment･

ヨe;粁粁Nq･,
8q十{Fq+ ah-dN占1√at岩ollisio占energies

below l.5 key/amu. In Fig. 3, the total

cross sections for one-electron capture at 0.8 keV/amu are shown, including highly

ue have measured cross sections for one-electron transfer from a

_funlly:sn主rippe9,,.聖ydrog?ワ:l.i鞍?,
9eli_uTTl_i.F?.チ_n_d.l

l:t㌣iy,ワニユ_i_ke三竺ns,

stripped Sq+ collisions･ The

same iso-electronic sequences

lines are drawn to connect data for ions having the

strongl

q, around a dotted lin占whic,tl Shows an empirica一 q-deTpe-ndence qI･I/ [25]

oi:c,i主ょ…tioJ,≡oi.fm,??.･cqaT壬

三.T.≡≡RrO三三hきe:亨三三?n三JO^qヱAq:3｡三三≡iユ1ミキラ y wi
Simi

in the q-dependence have been observed by many investigators

ed collision systems. This oscillatory behavior is inter-
■

I r
_--l

■
●

●
.I

I
.t

●

preted in terms of the classical one-electron model [38コ, t･Jhich becomes familiar

at present.

According to t.he classica一 model, in the cr.e-electron capture processes at low

energleS, an e一ectron is captured into a selective leve一 h'ith a princIPal quantum

number n. Such a level drastically changes from n to n
+ l at a pay.ticular value

of q when the q lS increased. This level-change results in an increase of the

crossing distance of diabatic potential curves: it causes a slgnificant increase

in the q-dependence of the cross sections. When the quantum number n is the same,

the larger q glVeS the smaller interaction distance, causlng gradual decrease in

the cross section. After all, the q-dependent cross sections show a saw-tooth type

osci一lation. Though the classical mode一 may be crude, the model has been found to

be adequate for the case of He target [29, 30].

F川AL STATE ANALYS‥S

In order to see whether an e一ectron is captured selectively into a favored 一evel

and whether the oscillation is caused by the change of such a level, we have measured
translational erJergy SPeCtra Of charge-changed incident ions. The final excited

state of the ion after electr.on capture can be identified by the translational

energy gain of the ion scattered in the forward direction. For the favored channel,

capture occurs at a crosslng ill the potential curves durlng COllisions, and the

translational energy general一y lS increased, i.e. , the potentia一 energy difference

between initial and final states is converted to translational energy. We have made
a series of measurements of the ene r9
in Fig.3 at low energies (l and 2 key

y gal

/q),

nS of almost all the incident ions shown
to analyse the final states after electron

capture･ The measured energy gainsA E are compared to the reaction energleS Calcu-
一ated from the bワok of Bashkin and Stonef[36], and the final states of the charge-
changed primary 10nS are determined.

Figure 4 shows th

stripped ions of

levels are also i

product C5+ and 0

are observed which correspond to the n=3 for the product C5+ and the
Se一ective e一ectron capture into these leve一s is in good agreement
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slngle

n=4 for pSaj.k…
with the prediction
final state, n=3 for
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fomula of MBller and Salzborn [25].

c●●◆H4'一一C9+(n). H++=J)

q･

p(cdJ( t

c5･

n+4 nt3 nJ2

1 1 (

O tdW

一20 0 20 ▲0 60 8O loo

Enrgy GQin (+V )

o●●●H●一一0-●州●H√仙
I(Im4ry I(OdLIC I

♂●

iiliiLi幽叫･
l I

eO 120 収

E叫Ⅳ 04Jn (～)

0 ▲○

Fig･ 4･

HT:p三cna;oS2e.rg苗eg…こTl言sp;:ntsraaof.fge7/aqT?
scattered C5'and O7'ions

in C6'+

-125-



358 S. Oh(a77L'

…さ蓋:重芸三;a:喜………af…!yre:h……呈…e;nthcei2軍3;rOt岩………喜き…o;…cf号oTnonf:;eaS%t;;na呂…Ettu;岩ie?芸c6'

I

t

W

i

∩ a S

hat,

ith a

eri
in

P

es of systematic observation of energy spectroscopIC Work, we have found

alrnost cases studied here, the electron is captured into a selective level

articular quantum numb'er n of the product ion, and also found that there
● ■

ヽ ■ ■ ● ■

s good simう1arity among the energy spec_t√afor ions having the same charge state
q･
yAs
an exampleT･ energy spectra"for'A6''He (A = C,

･1,
6, F) co一lision;号√e Shown

in Fig.5. In each spectr.Jm Only a sing一e peak is observed at the energy galn Of

around 30 eV and it cor'responds to the one-electron capture into the n=3 of the
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cur･ves of these collision systems, that is, for

ls): n之3, these curves are dependent little

on the number. of core electrons of incident ions and, as a r.esult they are very
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similar. Therefore, such similarity ihould give the simi一arity in the eneI､gy SPeCtra
for'the one-e一ectron capture pr6cesses by various projecti一es havlng the same charge
state q=6 from He. For other co一lision systems, simi一arities in the energy spectra

for different ions with the same q are seen in a一most cases.

Fi g
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c5+(nL) and F5+(ls22snL) levels.
P

Therefore, we will classify and sumarize the measured spectra according as the

charge state q rather than the iso-electronic sequence of the incident pr.ojectiles･
In Table l, are summarized the princIPal quantum number n into which the electron

is captured, the energy gain AE(eV) measured in the spectra and the calculated
crossing radius Rc(A) in the diabatic potential curves･ In a few cases studied,

there are weak peaks observed in the energy-galn SPeCtra around the dominant peak.
In this tablel are Shown the values of n} AE and Rc corresponding to such the

守:m呈E号;tta?b?;e?
f.冒o;hdes三ご三3:ur!牌.ofH:,s,AsEte?ニ望.RcF:TotESr烹2…e:awm冒t2言nr…r…ま;号n昌h呂Tnihe

n increases stepwisely, while the Rc shows non-rTIOnOtOnic increase･ This behavior

is shown in Fig.7. The dashed line is drawn in order to visua一ize the strong

oscillation with q. As described earlier, the oscillation of the one-electron

capture cross sections is thought to be caused by the capturlng-level change and
●

resultant drastic change of the crossing radius Rc. This prediction is seemed to

be confirmed here qualitatively by obser･vlng Rc-oscillation with q･

However, there are some discrepancies between the pr雪中iction and the measurements.
of the level from･n=3 for'cC+ to n=4 for N7+, and from n-4

should cause a slgnificant increase in the q-dependent cross

For instance, the

for F8+ to n:5 for

c

hNa#e
sections･ But the cross sections, as seen in Fig.3, change litt一e a-nd/or decrease

toward higher charge state･ Therefore, it is expected that there should be an another

rule in determination of the q-dependence of the cross sections for one-electron

capturel in addition to the selection and its variation of the final capturing state･
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Tab一e l
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Aq++ HeうA(q-り+(∩) + He+ +ムE.

q

A
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∩ JE Rc ∩ AE Rc ∩ LE Rc E] LE Rc ∩ JE

(dJ)

RC ∩ ^E Rc ∩ ^E

(eV) (A) (eⅥ (A) (eV7 (A) 糾) (A) (A) (如) 血 (eV)

C 2 H 2.6 2 3ー L4 3 LEI4.2 3 29 2.5
●

N 2 24 IB 3 6 3β 3 30 2.4 4 I7 5J

0 3 旧 3.I 3 30 24 4 ー8 48 4 30 3.4

F 3 29 2.5 4 I8 4.8 4 28 a6

Ne 4 20 4.3 4 3f 苛 5 20

O
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Fig. 7. Crossing radius Rc(A) of one-electron capture processes in Aq+ +

He collisions as a function of the ionic charge q of projectile
ions, (A : C, N, F and Ne). principa一 quantum number n into
which an electron.is captured is also shown.
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In order to search for the additional rule, we arranged the measured cross sections

at 0.5 keV/amu as a function of the derived crossing radius Rc. According to this

arrangement (see in [36]), the Rc-dependence of the one-electron capture cross sections
does not increase monotonically but seems to have a peak structure. This fact implies

that the electron capture process prefer-s the final states of the product ions which

corr-espond to crosslngS at SOme Suitable internuclear distances.

The existence of a maximum in the cross sections at a par'ticular crosslng radius
has been reported by some investigators for various collision systems at different

energy ranges [40, 41, 42,

window shape seems tr be si

43]
mila

and is often called the l暮reaction window‖. This

㍗ for the various cases reported. Accordingly, it

tends to be believed 亡O be universal for al一 the collision systems. This behavior

is qualitatively understood by considering the exponential decrease of quasi-

molecular-coupling with the crosslng radius. It is, however, necessary.to analyze
more carefully the observed data before coming tO Such a conclusion, because there

should always exist multicrosslngS in the diabatic potential curves for the collision

systems. Even though I;he observed energy-galn SPeCtrum COnSists of a slngle peak,
this does not always guarantee the slngle crosslng in the diabatic potential curve.

In fact, the ener'gy-gain spectr･a in the collision system, for example, between Li-like
ions and He become broad indicating the contribution of a number of peaks corresponding
to the levels with different orbital quantum number且. ue have no accurate idea on

which and how many crosslngS do contribute to the observed apparent single peak in

the energy-gain spectrum because of a limited energy resolution used in the experiments
For such a collision system where the sublevels havlng the same n but different見

result in many crosslng Closely located in the potential curve, an optical TneaSure-

ment can be a powerful complemental work, as described later.
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projectile co一lisions. The measured energy spectra are shown in Fig.8 for some

cases in the Krq+
for highly charged +KHrqF･S号喜nt;m;r…tn三o{k完:三nrヲl冒…三己.ukeV/q). Though the energy levels

ld be noted that the energy
spectrum in all cases studied here consists of the dominant Llapparentll slngle peak
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,I

the derived crossing radius Rc where an e一ectron is transferred in the potential
curves becomes consequently 一arger with q･ We arranged once again the measured
total one-electron capture cross sections as a function of Rc, as seen in Fig.9.

In contrast to the resu一t of the former arrangement for the co一lision systems
invoMng relativ?ly lower charge (q

< 10) projectiles, the measured cross sections
do not have a maxlmum a+ a particular Rc but seem to follow the classical cross

section Rc rule･

ue cannot clearly understand this phenomenon but may rough一y consider as fo一lows:
At a glVen q and energy ln Slow collisions} there should be a favored reg10n Of Rc

in the diabatic potential curves where the cross sections have large values, and when
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In the cases of lower q (q ilo) project･;les
having no more than a few electrons,

an opportunity that the proper final states fit into the favored Rc(q) may strongly
depend on the electronic structure of the product (q-1) ion and is accidentally
afforded for particular projectiles, since the final states of such product ions
shou一d be located di.scretely for the srnaller princ巾I quantum number (nエ5) into

I:2三cたucthhes三三号音eTnthまns;;2Ptnu;e,Q･ma,have n.t su†tab.e ,ina. states f., e.ect,.n

ln Fig.9, the projectiles whose cross sections
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capture with their q and col

ation of Landau-Zener ty
is much smaller than r択~cーZ,because■ even if there are severa- crros-ngs available,
only a slngle outer-most crossing becomes effective･ This shou-d be reason why

e, for small Rc the cross section for electron transferP2
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Fig･ 9･ Total cross sections for one-

electron capture as a function

of cross-ng radius Rc in s一ow
●

Aq+ + He collisions. Dotted

lines correspond to the classical

cross sections.

the existence of maximum in the q-dependent c印ss Sections was observed for the
●

一ower q projecti一es at 一ow energleS.

On the other hand, higher charged (q三10), but partially stripped projecti一es may
have abundant opportunities to capture an e一ectron from He during co一lisions. For

these projecti一es, the e一ectron shou一d be transferred in the 一arger Rc region and
●

into a 一arger princIPal quantum number around which a number of levels inc一uding

sublevels are densely located. And the numbert of crosslngS increases with Rc and
●

q･ Under this situation, there are a fair chanceうn higher q collision for severa一
fうnal states to fit into the favored Rc with a broad width. In addition, the multi-

crossing Landau-Zener consideration shows that when several crossings exist at
larger Rc, all of them may contribute to the total electron transfer processes. Then

even if the diabatic transitjonprobabilityis smal一 for a sing一e crosslng, the total

cross sections should be 一arger with the number of the crosslngS. Therefore, for
●

the observed col-isうon systems between Sq+, Krq+ and He where there should be a

number of crossings avajlable, the tota一 cr

to come up to the maximum cross section nR
§sssection may

increase with Rc and tend

For the higher q colljsion systems where the e一ectron is transferred into the densely
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narrow. From a sうmple deconvolution, the ha一f-width of
than 1 A at Rc=?.7 A for the collision system: Kr14+･

363.

一ocated levels of large ∩
-

simu一ated to quasicontinuum, it is expected that the
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of the p耶mary Charge state q in s一ow col一isions, together with a emprical scaling
一aw of Muller and Salzborn. As seen in this figure, strong osci一lation in thel Cross

section is observed for lower q, butうt tends to dimi･nish toward higher q and the

q-dependence of the measured cross sections becomes in gooc! agreement with the emplrlCal

sca一ing of the cross sections.

In discussion of the electron capture process into quasi-continum states, we want

三a?c岩eef≡eT,吉;:h,…c苫三三志h.ofKrfa{･o:eHder;=;ot:m三ttユ…r3b?se?rcvefofe宍三軍;;rs3re?a?ユー三…三呂snsi.E:r

Hef℃r那阜謂l:Su試:
es言his

width seems t6 be much narrower than that expected from 'Landau-Zener calculation
This shows that the cr.osslngS ill the narrow reglOn at a

curves of the co一lision system shou一d be very effective 芝こ芸eニaEec三nn語呂.き主;E呈t三.?ntri_
bution to the total cross sections. Such a conc一usion is very simi一ar to that of
"absorbing-sphere model1'of the multicrossing systems [46].

Above consideration弓s one of the possib一e discussiorsto pursue knowledge of elec-
tron capture process in the complicated colljsion systems such as high一y stripped
ion-multielectron atom collisions, through a series of our r.ecent investigation.
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Fig.10 Total cross sections for one-elctron capture as a function of the

ionic charge q of projectileうons. Dotted
一ine is obtained from

a empirical formula of Muller and Salzborn [25], ●: Kusakabe et al･
[15】,◆: Cocke et al. 【44コ,I: present resu一ts.

Very recently, many laboratories have engaged in intense investigation of finaレ

state-se一ected electron capture processes by h'ighly stripped ions from atoms in
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figuration of ･the primary
ion,

●

at higher energleS. For the N

S. Oh(atlt'

selective electron capture by Ne9+ and Ne10+from rare-gas targets at energleS
below

500 eV uslng recoil ions. They continue doing a systematic work of electy.on transfer
●

collisions･ McCullough et al･ [48] and Huber et al･ [49] have ob守erVedthe state-
selective electron capture processes for 一ow q collision systems ln good energy

resolution.

● ●

One of the advantages of this method is the small necessity of the prlmar'y 10n

intensity. Intensity of 103 counts/see is sufficient to d-etermine the energy spectral

Another is that the electron transfer into the grLOund state of the product ion can

be observed. However, in order to observe the closely located fina一 states such as

見states, 3't is hard to separate them in the energy spectrum at the present energy

reso一ution as yet. As described before, spectroscopIC Studies of the radiative decay

of the excited product ions may be used to obtain information on R-state-selective

capture processes.

Of course, if R-states in the same n are discretely located in energy, it is possi-

b一e to observe these states separately. Kimura et al. [33] observed見-distributions
of captured electrons in the reaction at i key/q,

c3+(1s22s) + He → C2+(1s2nRn暮A･)十He+(1s)

It is found that an electron is captured selectively into particular states of C2+

(1s22え2Ll). The measured partidl cross sections were compared with the Landau-Zener

cross sections. Recently, Lennon et al. [50] measured these partial cross sections

昌….ate;冒:;t3oJt.o…h…0鞘;研r望‡a皇e?s-.ユ冨.粍aT2岩芸n呂2s言nrvei己et聖子喜ceil.?nc_tcr:nrec….?nt_ure
●

■■
●

■ ●
●
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involving a change of core configuration is

one-e一ectron transfer in slow col一isions [3
predomi

3].
nant compar-ed with simple

The measurement of the Rrdistributions in e一ectron capture processes should be

important to understand electron translational mechanisms such as the momentum

transfer process to captured electron. There are several theories considering the

R'･distributions in the cross sections. However, the measurements of the R･dependent

cross sections have been scarecely performed for highly stripped ion co一lisions at
low energleS, because we could not have an intense slow ion beam with higher charge

昌ef…訟､訂芸事e;.;言m:〇i…聖三吉.
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sb;CEto･n;ndfo.T8t･he;,.mcharacteristic X-ray radiation accompanylng the electron capture

H2at 一ow energies, using EBIS source, "KRION-2''at Dubna. Bliman et al. [52] a一so
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SPeCtrOSCOPIC meaSurmentS.

Very r-ecently, detailed spectroscopIC meaSurmentS have been performed by Gordeev et

al. [53]. These experiments have been made as a collaboration between FOM (de Heer,
Dijkkamp et al.) and Technical University Vienna (Winter et al.) and carried out at
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●

energleS have been measured. They measured the abso一ute intensities of the various
emitted lines corresponding to the transitions between different n見1evels of the- . こ=二｣

product A5+ ionsl and deduced emission cross sectionsoem. From the o

obtained the cross sections for e一ectron transfer into n且states, oho,l ヽ■l

!,%.F.i萎三了ユ■ia;r圭一喜至芸昏S..fv^hn:A:n且,
for N6'a岩d 06+ + He systems

eg;aL:…言n;hey
ded

aS ua?ed;unocnt?.,.nof
deduced cross sections otare in good

into account all possible cascadl'ng effects
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both in the absolute value and in the velocity dependence of the cross sections.
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These simi一arities among the same q are a一so in good agreement with the resu一ts

bi…!f冒.Ten;iEa::t:h皇…皇軍n:蕊三言n:.!喜喜:;…号…三≡まo;:rミe:己………琵冨::r岩音言…;.?昌;ai;ho:雪na;e写torsntS:;e:og…snstt苦言Ttheoretical calculations which can be compared directly with the observed data do not

exist, the only available calculations dea一ing exc一usively with ful一y stripped ion-

atomic hydrogen co一lisions. Jlowever, the observed strong redistribution is rather

unexpected･ The theories predict more or 一ess fixed且- distributions over a wide

velocity range. At a point of experimental view, since it is not easy to measure

separately radiation 一ines from different丸states of the H-like product ions of the

fully stripped ions-He collisions systems, we expect the theoretical calculation of

the且-dependent cross sections for electron capture by a slmPle, high一y stripped ion

from a He atom.
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Fig･11･ Partia一 onヱ, on and tota一

as a functi叩Of ve一ocity

ref･ [52]･ A: ot lwai et

(丁■

丘
ら

Ion

16t7

;nt完言2s;n昌
al. [30].,

0･1 02 Q3 0･4- 0･5v(Qu)

ections for one-electron capture
o6+ + He collisions. From

o: otCrandall et all [54]･

FURTHER REMARKS

One-electron Capture Processes in collisions between high一y stripped ions and He

atoms at low energleS are discussed. The cross sections are very sensitive to the

details of the potentia一 curves of the quasimolecular collision system. E一ectron

capture may take place effectively through the favored reglOn Of crossing radius Rc･

For the lower q ion and He system, the crosslng POints are discretely located in

the potential curves. Therefore, the value of the cross sections are deter.mined by

吉h,;sctマ三n…己望eL岩cee.oft吉2eq≡pi…cp:三三…nctr…sr喜;:gs:!tt?.nt聖ヲf昌:o;岩喜.?弘e,I
htaご昌てcf…ごs描…rq collisions the system may have a large opportunity of overlapplng each other

because of the quasicontinuun state of the f･inal channles. Therefore, the cross

sections for electron capture by higher q ions become quasトstationary in character

and tend to agree with the cross sections derived from a sca一ing 一aw.

Final一y, we would 一ike to refer bliefly to the transfer ionization process eS

are intensive一y investigated by several groups, and are reviewed
by Niehaus

, which

[55],
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Kishinevskii and Par=s 【56]and by Puller [64】. Transfer ionization

processes are essentially lmPOrtant for the multielectron tar.get systems and may

make a 一arge contribution to other e一ectron transfer processes. Fina一 states in
●

these processes have been analyzed mainly by measumng the energy spectrum of

emitted e一ectron during or after collision [57
- 61].耶nter et al. [57] have

determin{ed the tota一 cross sections for e一ectron production,

冒ne'Ta7宇こeand rare gas targets systems. Their resu一ts showed that

for rare gas ions

s become 一arger

for high q Ton COllisions, when the re一evant transfer ioniz-ation processes become
■

exotherni?･ Recently, Justinia占o et al･ [62] and Groh et al･ [63] have measured the
transfer lOnうzation processes applying coincidence ln Charge state selection of
both the-projectile-and target-ion. In their measurements of charge state distrト

bution of target ions from two-e一ectron capture, target ions with high charge state
●

are forTned in the transfer ionization process, with increaslng q Of projectile
ions.

●
■

AutoionlZlng States Of the projecti一e formed after two-electron transfer or capture

of inner-shel一 electrons from the target with subsequent Auger decay can become

quite important when q is so high that these processes are exothermic. This

experiment is powerful for understanding the transfer ionization mechanisms because

the process can be distinguish from the direct ionization but the experiment can

not give us information on the role of the final states in this co一lision system.

In Fig.12, the translatjonal energy spectra are shown for the col一ision system:

A7'. He → A6'(nl). (product).

It is also seen in this figure that there is good similarity among the spectra一

patt号rnS for the same charge state of projectiles (q:7), l:rrespectivelyof
ionic

specleS. Th'e dominant peaks at around 20 eV of energy galれ Observed in all the

energy gain spectra are corresponding to the one-electron transfer into tlie n--4

of the product final state. This simi一arity resu一ts from the simi一arity among
diabatic potentia一 curves for the collision systems of A7+

+ He} as described

before. Besides the dominant peaks, there are weak peaks at aroung 70 eV in all
the energy gain spectra observed for the A7+ collisions. In N7+ and 07+

+ He

…甘言t…wm喜ニe怒….npe…き昌t≡rr…芋喜…三g呈岩e?…sut.?冒3nn?z字諾;……a壬e?;.fo/hogw･1:ngdt.T
●

●
●

N7''He(ls2) 1 N5'''(3L3えー)+ He2'. △E

-
N6++He2++e

o7''He(1s2)
-
o5'''(ls3且3A･) 'He2'. △E

- o6++He2++e.

fer ionization

32〕,

Fr'om the simalarities of the diabatic potential curves and of the measured energy

spectra with the same q for different ions, which are observed for the various

cりargestate (q=5,6,7,8), the weak peaks at亨rOundムE=70 eV for F7'and Ne7'co川-
slOnS are thought to be due to the transfer lOnization processes via two-electron

capture into F5叫sb23且3Ll) and Ne5+(1s22s3見3え'), respectively, though it is not

possib一e to assure this -Because nO information on the energy levels of such doubly

excited states is available presently.
■

Thus the tl-anSlational energy spectroscopy may glVe uS useful information regarding
the final states of the transfer ionization processesl though we can not distinguish

per･fectly between tram.sfer ionization and direct ionization. Further experiment
such as a coincidence experim占nt between an energy-ana一yzed projectile-ion and a

charge-separated target-ion would supply more detailed information.
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transfer ionization processes.
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Translational energy spectra of He+ ions produced by one･electroTI Capture

processes in collisions ofO.8 and 2keV He2+with H2 and 0.8 keV He2+ with

N2 have been measurcdwith an electrostal王c energy analyzer. The spectra show

only a slngle broad peak with the energy gaLn Of about ll eV for all the cases.

The peak in each spectrum becomes broader with the increase or the collision

energy. It is found that the product He'is in the ground state atld the capture

process is assocz'ated with the dissocz'ation and/or )'onJ'zatJ'on of the product

molecular ion.

Electron capt叩PrOCeSSeS Of He2+ ions in

collisions with atoms and molecules are oi.

great importance in the fields of thermo-

nuclear fusion research and astrophysics. The

cross sections for such processes have been

widely measured by many workers, and a

number or data have been compiled･1) For

better understanding or the electron capture

processes, translational energy spectroscopy or

product ions provides useful
I

infbrmation.

Panov2) studied the electronic states or the He+

ions fわrmed in collisions or He2+ with noble
I

gas atoms, He, Ne, Kr and Xe, usJng a tranS-

lational energy spectrometer.As far as we

know, however, such a study has not been

madewith molecular targets.

We have systematically studied electron

capture processes by highly charged ions,

including Fully stripped ions orB, C, N and 0,

in collisions with He･3) Especially, the Anal

state analysts Or the product ions by a trams-

+ Pcrmanent address: Department or PhysJ'cs,

Tokyo MelroPOII'lan University, Setagaya･ku, Tokyo

J58.
++ Permanent address: Department or Liberal

Arts, Kansai Medical Univcrsily, HJ'rakata, Osaka 573.
+++ Pcrmanent address: Department or Physics,

Osaka Unjversily, Toyonaka, Osaka 560.

++++ Pcrmanent address: Dcpartmcnt or Applied

Physics, Tokyo Univcrsily Or Agricu!lurc. and Tech･

noJogy. KoganeJ', Tokyo 184.
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lational energy spectroscopy has provided

valuable information for understanding elec-

tron capture processes by highly charged ions.

In the present work, as one or the serial studies

of such electron capture processes, we have

measured the translational energy spectra or

He'ions in collisions of He2'with H2 and

Nュat the collision energies Or 0.8 and 2 key.

He2+ ions are produced in an ion source of

EBIS type (NICE-I)3) by introducing 4He gas.
The ion beam of

4He2+
extracted from the

so71rCe is contaminatedwith H2+ ions, and

therefわre, cross section皿eaSurement has not

been made. However, translational energy

analysis ortbe product He+ ions can be made

with an electrostatic analyzer, because the

energy or the product He+ ions is roughly

2Vacc(eV) while that or H2' is 1 Vacc(eV),

where Vacc is the acceleration potential or the

ions in the ion source.

In Fig. 1(a)and (b) are sl10Wn the transla･
tional energy spectra or the product He+ ions

in the He2'-HヱSyStem at the collision encrgleS
●

orO.8 and 2 keV, respectively. The Full width at

half-maxJ'mum (F.W.H.M.) or the energy

spread or the prlmary beam is about I.5eV.
●

The spectra orthc product lie+ ions show only

a slng7c peak and have a maxJ'mum at the

energy galれ Or abotlt ll eV. The tai一sor tlle

spectra at low energy gain S;de seem to be ex･

-】39-
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FJ'g. 1. Translat'ional energy spectra of He･ in the He2･-H2 System at the collision energies of 0.8 key (a)
and 2 key (b),and the potential energy curves or Hz and H2+ (c).The potentia: energy of 54.4 cV, cor-

responding to the ionJ'zatI'onpotentI'al of He+, isjol'nedto the orJ'gin o[the lower energy gaJn Spectra.

tended down to the negative energy gala

(energy loss).In (b) or this丘gure, weak but
●

appreciable signals are seen at the energy galn

of several eV. However, this structure is at-

tributable to the electron capture from residual

gas or metal surfaces in the vacuum chamber,

because such signals are observed even without

tlle introduction or the target gas.

Irthe product He'and H2'arein theground

electronic and vibrational states, the exotbermi-

city or the reaction will be 39.0 eV. However,

no peak has been fわund at sucl一a large energy

gain. On the other hand,
ir the electron is

captured into the excited state or Hc', for

example 〟-2, tlle process must be endotheト
′

mic and the excess energy lS
- I.8l eV Tor the

140-

production of the ground electronic and

vibrational state of H2'･ In the spectra, no

appreciable peak has been observed at the

energy loss side.

Nutt et a[.4) measured the total cross sec-

tions for the one-electron capture processes in

the energy range from 0.6 to 15keV and

reported that the cross section is 2･7x 10-16

cm2 at 15 keV and gradually decreases down to

0.8×10~16clh2 at o.8keV. On the other

hand, Shah et a[.5) and Khayralla and Bay一

穴eld6) measured the cross sections for the for-

mation or He'(2s) in He2'-H2 COllisions in

the energy range from 10 to 80keV. Their

results show that the cross section has a maxi-
mum or about 9× 10~17cm2 around 60keV
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and sharply decreaseswith the decrease of the

collision energy. From these results, the cross

section or the formation of He+(a-2)王s ex-

pected to be negligibly small compared to the

total cross section for one･electron capture. The

present result is consistent with their results,

and therefore, the product He+ isconsidered to

be in the ground stale. This means that most of
●

the excess energy lS COnVerted to the internal

energy of H2'･

The ;nternal energy converted to H2+ is

estimated by subtracting the translational

energy gain ortbe product He+ (about ll eV)
from the excess energy of the reaction (39 eV).
This energy lS SO much that the product H2'*

●

cannot be stable and is dissociated to H+ +H串.

Besides, the energ)･ 39 eV is much larger than

the sum or the ionization energy or H atom

(13.6 eV) and the dissoLliation energy or H2'

(2.6eV).
Therefore, one-electron capture proc-

ess in the He2++HヱSyStem Can be associated

with ionization in addition to dissociation of

H2'; namely,

He2'+H2→Hし++H2'*+AE, (1)

しH+ +H*, (2)
′

He2++H2-He++H:'+e+AE, (3)

1-◆H++班+. (4)

As a reference, the potential energy curves o[
H2'are shown in Fig. 1(c).In this丘gure, the

●
■

orlgln Or tlle potential energy is taken to be at

the ground state of H2. If all of the excess en-

ergy were converted to the internal energy or

H2', that is to say AE=0, the energyjust equal
to the ionization potential or He+(54.4eV)

should be transferred to the target H2. The

potential energy or 54.4 eV is, then, joined to
● ●

the orlgln Or the energy gala Spectra. There･

fore, the potential energy corresponding to the

peak of the translationalenergy spectra means

the energy transferred to the target.

In Fig. I(c),the Frank-Condon regionof H2

molecule is shown with two dashed lines. Ir

the Frank-Condom vertical transition is im-

portant in the present case, the product mole･

cular ions should be dissociated and li++

H(〃≧2) are expected to be produced through

the repulsive state of H2'* (eq.3).On the other
band, ir the Frank-Condom principle is not

held, l九e one-electron capture process in the

0 10 20 30

Energy Gain (eV)

Fig. 2. Translユtional energy spectrum of He+ in

the He2'-Nz at the coflisionenergy ofO.8 keV.

He2十-HヱSyStem Can be associated with the

ionization (eq.4).
When the potential curve of the left hand

side or the reaction (3)is represented simply by

a nat line, and that orthe righthand side by a

curve or the Coulomb repulsion force, the

potential curves cross each other at 1.3 A. It is

well known that only a reaction channel which

has a potential crossingwithin 3-5 A cangive
large cross section or the order or lO~15 cmヱ

and the channels whose crosslng points are
●

outs言de or this reglOn Cannot have appreciable
=

cross section.7) This is considered to be the

reason that Nutt et a[. reported a small cross

section, 0･8 x 10-16 cm2 at the collision energy

ofO.8 key, for this reaction.

In Fig. 2 is shown the translational energy

spectrum or the product He+ by O･8 keV He2+

incident on N2. The shape and the peak posi･

tion arealmost the same as those for H2

target. From the energy consideration, the

product He+ is considered to be in the ground

state･ Since the ionization potential or He+ is

54.4 eV and the translational energy released

to the products is about ll eV, the energy or

about 43 eV is considered to be transferred to

the J'nternal energy Of the target molecule. The

appearance energy or N…+ is about 43eV.
Therefore, the one-electron capture process in

the He2'-N2 System may also be associated

with iom'zation as well as dissociation o[ N2'･

Search for the iom'zed electrons or analysis

tor the charged products from target molecules

is needed for further studies.
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One eleclrOn CilPlure pro亡eSSeゝ in T〝◆(q
- 10-41)+【Ⅰe L･OHisions a1

low energies have been invest18ated･ lt is round that total

L･rO.<S Sections For one-ckL'trOJl t'aPLure Prtk･eSSe.q inL･reilSe rOughl..f linearly with im:rcastng I:hargc q o( the
incident …ons and also

inぐreilSeWith the square or the c.ro･qsln8 ritdius RL. Or the diabatic potential cnergyじurVeS Where the e]es:Iron lranSrer lakes ptace･ These

smooth increilSeS ;Ire illC(111traSt lo those observed ror ions with lovt･charge q < 10.

I. In(roduc(t'on

Recently the electron capture processes of highly

ionized ions al 一ow energleS have been recognized to be

important in many rie]ds. A number or experimental [1]
and theoretical 【2】studies have been published. How-

ever, most of the experiTTlental works have been limited

lO Charge q< 10. Oniv feLW e):Per;menla) results have

been treated ror ions w;.'.hq≧.10. Justiniano et al. 【3】
have recently reported their resu一tsor measurements or

local cross sections for electron capture pro(:esses for

Krq'and Xeq'ions with the charge q up I.) 14. We

have also presented our recent resILIllsor (otal cross

sections ro√one･eleclrOn CaplurC for
･T(rq+
iorLS With q

up to 25 (4).A significant difference h.1S beer. found in

electron capttlre Processes belwcen ions of q < 10 and

those o( q≧ 10. Tn the former, Iota] crrJSS Sections for

~
■■●

one-electron capture oscillate slgMICantly as a function

o[ the charge q and have a maximum at a particular

crossing radius (RL.- 3.5 A) (5).On the other hand.

lola) cross seclions for the latter increase smoothlywith

increasing the charge and also with increasin各Rc 【4)･

The present work is concerned with measuremenls or

101al cross sections For one-e]ec(ron capture processes O[

ltI'(q- 10-41) ions in collisionswilh He atoms at low

CnergZeS･

'Permanenl address.･ Depar(men( o( LiberiIJ ^rl.I. Kansai

McdicaI Univers[ly. Hirakala. Osaka 573. Japiln.
=
Pcrmanen( addreゝs.'Deparlmerl( Or Phy.sills.Tokyo Melro-

politim Universtty. Sclagaya･ku. Tokyo 158. Japan.
◆

perTnanenl address: Departmen( o( PRY.dc･t. 0ゝilk･1 U--ivcr-

stty. To_vonaka. Osaka 560. Japiln.
'+

pt:rmaT[ent address: Dep･･Irlmenl or ^pp)ied Physic･s. Tokyo

Univcrilly or Agricu]lure and Tcぐhnotugy. Koganci. Tokyo

l糾. Japan.

0168･583X/85/SO3.30 ◎ EJsevier Science Publishers a.V.

(North･Holland Physics Publishing Division)

2. ExperlmentS

The experimental apparatus is pracLicaffy the same

as that described previously (6).HI gas is introduced
into an electron beam ion source. NICE･l. up lo I ×

10-? Torr. Using an electron beam of 9.1 mA/3.6
Rev.

Iq'ionswith q up to 42 are observed with a very weak

trace of l43+･ ln the present work. two types of mea-

surements have been done. Firstly, total cross sections

for one･e7eclron Cap(ure Processes are measured by ob･

serving the intensity of charge-changed ions (I(q- ]h) as

a (unclion or the target gas pressure. Secondly. by

measunng the energy galn in collisions. 1be crosslng

radii or the diabatic energy levels where electron trans･

fer takes place are determined. IL is found that the

observed results are nearly independent 0r the collision

energy lnVeSIJgated over 0.75 x q to 2.25
x q key.

3. Results

3.). Dependence o/ toto/ cross sectL'on
on incL'de17tL'on

charge

The total cross sections or one-electron capture

processes in lq
I'+ He collisions measured al the energy

or l･25 ×q keV are shown in fig･ I as a function of the

incident ion Charge q･ (ogelher with resu)ts for Krq'by

twai e( aI. t4l.Cockc et al. m. Kusakabe et aI･ (81and
Jusliniano et a(.【3).fl isclcarly sccn that州Ihese data

Tor dirrerent ions with the same charge lend 10 tie on a

slngle curve･ The oゝci=alion or the cross sections
iゝ

noliccd For ions or q< 10 as discussed before and can

be explained in terms o( a similar mechanism round in

relatively )ighl ions such as C. N and Ne ions. where a

parlicu)ar sln81e or very few levels are round 10 play a

key role jn electron L･aplure proCeSSeS1 0n the other
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10

ton Charge q

Fig･ 1･ Cross sections of one･eleclron capture pr∝esses in

lq'+He and Krq'+He collisions al around lXq keV as a

function oE the ion 'chaTge q.

hand. the cross sections for ionswith q>_ 10 increase

relative一y smoothlywith increasing the incident ion

charge q. Also in fig. 1 is shown a curve based upon a

semi-empiricalscaling law by M'BIler and Salzbom which

was derived using data of ionswith q < 10 (9].

10

Fi各･ 2･ Energy gain SPeL･tra in Tq'+He cotlisions･ Stronger

peaks correspond to one･eleclron capture processes arLd weilker

peaks posゝibly 10 l√ans(er ionization.
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Fig･ 3･ Cross sections or one-electron Capture pr∝esses in

lq+ +=e and K(甚+ + =e col)isions as a ftznclion of (hecrosslng

radius RL..

3.2. Depe〝de17Ce
0/toto/ cross

see(L'0〝 0〝 CrVSSL'ng radI'w

The energy galn Spectra have been observed for lq'

ionswi(h q up (o 38 and il is found that the observed

peaks shift toward smaller values of AE/q (AE.. the

energy gain)with increasing q. Using the observed

energy gain AE. the crosslng radius Rc in diabatic

energy levels of quasi･molecules can be determined by
●

Rc(A)- 14.4(q
-

1)/AE(eV). It should be noted that

all the observed energy gain Peak looks like a slngle

peak but, because or the limited energy resolution or lbe

present experimental apparatus, corresponds to that

averaged over a number of the possible levels contrib･

uting to the electron Capture Processes (See fig.2).

tn fig.3 are shown the measured lotalcross sections

for one-electron capture in lq++ He co]JisioJIS aS a

function of the observed crossing radius Rc, toge(her

with our previous results for Krq+ + He coIIisior･s･From

this figure il is clear that most of (he observed cross

I,eclions increase rOugh1ywith the square of Rc and lie
between the classICalcross section (与℡Rc2)and the
geomelrica] cross section (qRc2). indjcaling that the

classical picture is valid for one･electron capture or ions

with very highcharge. This smooth increase of the cross

section with increasing q lS in sJgnificant contraslwilh

those previously observed in ionswith q < 10 (5).

4. Rernarks

IJl the present work we have extended the previous

measuremcnts of one-electron capture processes for ions

with q up lo 41 and found lhal lolal cross sections are

nearly conslan1 Over the energy range invesIJgaled and

increase smoolhlywilh increas川g Incident ion charge q

and also with increaslng lhc crosslng radius Rc. This

smooth variation is quite in叫rasl lo that ro√ions

l. COLLISION PROCESSES
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with q < 10 and can be understood qualitatively. assum-

1ng that a number of the excited states･are available in

one･eleetron transfer processes in heavy. highly ionized

Ions.

Unrorlunalely. littleis known on the energy levels or

ions in such a highly ionized slate and it is not possible

to get accurate information or the electron-capLurlng

levels which are located most一y ln the Rydberg stal°s.

However. the energy levels in which the electron is

captured in such bigbly ionized ions can be assumed to

be hydrogenic and, then. some estimation on the elec-

tron･caplurlng levels can be皿ade. Typically, the elec-

tron is captured into 〟
- 5 for I10+ ions and into 〟

- 15

for l38'ions which are in fair)y good agreementwith

the classical model 【10】.
Based upon the hydrogenic energy levels. we have

also tried to calculate totalcross sections uslng the

multi-channel Landau-Zene.r model [11]which islfound

to be able to reproduce qulle well the present experi-

mental results.
We
should also note that lheorelical as

well as experimental works are still limited for ions or

q > 10. The fully detailed descrlPtlOnwill be given in a

rortbcomlng publication.

This work was made as a part of the Guest Research

Program al the lnstitute or Plasma Physics, Nagoya

U niversl ly.
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Electron capture processes of Iq'ionswith yery highcharge

states (41> q> 10) in collisionswith He atoms

H Tawara, T Iwaii', Y Kanekoi, M KimuraS, N Kobayashii,

A Matsumoto, S Ohtani, K Okuno‡, S Takagi and S一丁surubuc叫I
Institute or Plasma Physics, Nagoya University, Nagoya 464, Japan

Received 29 June 1984, in final rbrm 14 August 1984

Abstract. One-electron capture processes or iodine (Iq+) ionswith very highcharge q up

to 41 in collisionswith He atoms at low energies have been investigated using energy galn

spectroscopy. It is found that total cross sections increasewith increasing Charge o[ ions

q, and also increase roushlywith the square or the crosslng radius Rc of the diabatic

potential curves in the quasi･molecules where the electron transfer talこeSplace. This smooth

variation, in contrast to that in ionswith low charge where only (ew crossings Play a role,

can be understood from the rac暮that a numberorthe crosslngS Closely located in a relatively

narrow reg10n Of Rc contribute to one･electron transfer processes in ionswith highcharge.

l. Imtroduction

Presentl), much attention is being paid to the investigation or electron capture processes

of highly ionised ions at low energies, Particularly because these processes are found

to play a key role in high temperature plasmas. A number or experimental (Winter

1982, Mann eL at 1982, Phaneuf 1983, Bliman et at 1983, Yam eE at 1983, Lennon et

aL 1983, Nielsen et at 1984) and theoretical (Greenland 1982,Lin 1982, Janev et at
1983, Gallagher et al 1983, Janev 1983) works have been reported. Because of the

limited availability or ion sources capable or producing high charge state ions, most

of the experiments made so far are concerned mainly with ions with charge q< 10 and

very few experimental results have been reported for ions with q> 10 (Bliman eE at
198l, Justiniano et at !98l, Groh e( at 1983, Phaneur 1983). Recently Justiniano et at

(1984) have measured total cross sections for one-electron capture processes o[ Krq'

and Xeq'ionswith q up to 14, which are produced in high energy heavy-Ion impact,

in collisions with He, Ne and Ar target atoms. It should also be noted that in most

or these experimental works only total cr(,ss sections have been measured and agaln

only a few results on the final-state distribution measurements have been reported so

far (Ohtani 1984).
In order to understand the mechanism or electron transfer processes iIIVOIving

highly lOnised ions, we are concentrating our e仔ort on investigating the rollowlng
●

千Permanent address: Department or Liberal Arts, Kansai Medical Univers]ty. Hirakala, Osaka 573, Japan.

辛Permanent address: Department or Physics, Tokyo Metropolitan University, Setagaya-ku, Tokyo 158,

Japan.
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IIPermanent address: DeparLmenl o( ^pp]ied Physics, Tokyo University or Agriculture and Techno)ogy.

Koganei, Tokyo i84, Japar'.
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one-electron capture process by highly ionised ions ALt'(ron He atoms at low 6nergleS

ALl'+He+A(q-Ih+He++AE (I)

through measurements or total cross sections by observation or the charge-changed-

iorfs A(q-1汁and orthe触a.I-state distribution and crosslng radius Re by observing the
● ●

energy gain AE. R｡ is determined throughthe rollowlng equation:

Rc(A)- 14.4(q- I)/AE (eV) (2)

whe-re only the Coulomb repulsion is assumed to be impor(ant in the diabatic potential･

A series orour recent works have been published fわr relatively light but highly ionised

ions including the fully stripped ions such as C6+, N7'and O8'ions (Ohtani e( a[
1982, Tsurubuchi et at 1982, Kimura et at 1982, Okuno e( at 1983, Matsumoto eE a[

combinations (Huber 1983) and believed to be universal until recently. However, it

was made clear that this is not true because this should be dependent on the charge

o[the ions as well as on the collision velocity (Tawara eE at 1984, Kimura e( at 1984).

Throughthese works it has been round that there are some distinct differences

between electron capture processes of high-q Ions and those of low-q Ions in collisions

with He atoms. For low-q Ions, total cross sections show strong oscillation when

plotted as a function of the charge of the ions, q (Iwai et at 1982). These results

clearly indicate that the one-electron capture into few levels is a dominant mechanism

which is supportedwith a single peak observed in the energy gain SPeCtrum in most

or the l'ons investigated. Also the cross sections, plotted as a function or the crosslng

radius determined from the energy gain AE, have a maximum at Rc=3.5 A (Tawara

e( at 1984). This latter behaviour had previously been observed in various ion-atom

combinations (Huber 1983) and believed to be universal unti王recently. However, it

was made clear that this is not true because this should be dependent on the charge

orthe ions as well as on the collision velocity (Tawara e.t at i984, Kimura eE at 1984).
On the other hand, it was found that, for high･q ions, a number ofcrosslngS closely

●●

located in a relatively narrow regIOn Of Rc contribute to the electron transfer processes

and, then, the total cross sections increase smoothlywith increaslng q and roughly
with the square or Rc (Iwaietat 1984).
In the present work, following the previous work on Krq'ions (Iwai et at 1984),

we report results or measurements on total one-electron capture cross sections and on

crossing radii in collisions of Iq'ionswith very high charge states (up to q-41)with
He atoms･ To our knowledge, this is the highest charge state ever to be investigated

at low energleS.

2･ Experimental apparatus

The experimental set-up used in the present work is shown schematically in抗gure 1

and is practically the same as that described in detail in a previous publication (Okuno
et at 1983). Hydrogen iodide (HI) gas up to about 1 xlO19Torr measuredwith an

I'onisation gauge is introduced into an eiectron beam ion source, NICE･], Whose base

pressure is typICally 2x 10-mTorr･ A typical charge spectrum or lq'ions produced in
●

the impact or9･l mA, 3･6keV electron beams at a pressure or8× 10~10Torr
is shown

in丘gure 2･ In addition to impurity ions such as Cq', Nq'and OLJ', very higMy ionised

lq'ions up to q=42 are clearly seen･ A weak trace oH43'ions is also observed on

thetail orabigpeak orm/q-3
ions in an expanded scale. Tn Tact since the ionisation

potential or t42'(i.e., Ⅰ42'.+Ⅰ43'+e)is 3.2keV (Carlson et at 1971), l43'ions is the
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Figure l･ Schematic drawlng Or the present experimental apparatus.

highest charge state of iodine ions which can be produced by 3.6 keV electron beams.

It is noticed in this ion charge spectrum that the charge distribution changes slgni6cantly

at q-25 because o[ the drastic change in･the ionisation potential or ions at q-25.

I25'(z - 53) ions have the electron configuration oral1 0- and N-shell electrons ionised

and only K-, L- and M-shell electrons left un-ionised. From this result, it is found

that one or the keys relevant to producing such high charge ions is vacuum itself in

the ion source which should be as low as 1 x 10-9Torr. The ion beam intensities used

are typically a few to ten thousands or counts per second, except for those in highest

charge states which are about one thousand counts per second.

In the present work a new system rbr measurlng total electron capture cross sections
●

is introduced which is retractable when the energy galn Spectrum needs to be measured.

This retractable system, shown in an insert offigure 1, consists or four meshed

2 3 ん 6 8

爪仲

12 1ん 16

Figure 2. A typical charge dislribulion or tq'ions produced in an F.FITS (eteclron energy

3.6keV, intensity 9.1 m^. source pressure 8× lO-MTorr).
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electrodes, each having 90% transparency, and an ion detection system. The缶rst mesh
is grounded and on the second and third meshes, connected together, is applied the

retarding positive voltage Y,. The ions retarded between the first and second meshes

are accelerated through the fourth mesh at -2kV and
detected with a multichaムnel

phte (MCP). The fourth mesh also serves as a re兄ector of secondary electrons produced
at the stlrraCe Or MCP. 1t should be noted that, in prlnCiple, no electron originatlng ln

these meshe's can reach the MCPin the present configuration. By applying the retarding

voltage on the retarding meshes, the variation of the number of ions arrl.VIng at the

MC_P is observed as shown in丘gure 3(a). The first 且at part (on the left)orthe intensity

variation corresponds to the intensity of primary Aq'ions and the second Rat part to

that orthe product (charge changed)
A(q~l)+ and A(q~2) ions.Also seen in伝gure 3(a)

is the third weak nat part corresponding to the double charge changed A(q~2)'ions

which is confirmed to be produced throughtwo-step processes. It is found that the

third 丘at part due to double charge changed ions is negligibly small, comparedwith

that due toslngle charge changed ions, at the pressure range investigated in the present
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Figure 3･ (a) ton intensity variation as a runclion orlhe retarding voltage V, in 125++Hc

coHisions･ The acce)erallng VOIlage is 2･25 kV･ The nat part on the lert corresponds to

intenslly orprimary t25+ ions white the nat part in the middlc ･･o that orthe charge chilnged

z24'and Iヱユ◆ions and lhe nat part on the right lo that orthe doub-e charge changed l三l●

ions which are produced through a two･step process･ The arrow indicates the retarding

voltage V, where the growth curve (b) is obtained. (b) Growth curve or J2J'ions as a

runclion or He target denslly.
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work. To determine the growth rate or the product ions, the retarding voltage is点xed

at themiddle orthe se(.･orld 丘at part (shown by arrow). Then the growth curve orthe

product ions is obtained as a function o[the target gas pressure shown in figure 3(b).
From this growth cuⅣe, total one-electron capture cross sections are determined in

the usual ways. It is con6rmed that the cross sections determined in the present set

up are in good agreementwith our previous results (Iwai e(aZ 1982) for O7', o6'+He

and N6'+ He collision..;. Most orthe experimental errors in the cross section measure-

ments come from instabilities or the prlmary Ions, 1etermination o[the slope or the

growth rate curve and the target thick!..css determination. Total errors for the absolute

values or the cross sections
are estimated to be土30%.

P｢im｢y

Il】･

-5
0 5 10 △E/(q-1HeV7

a)℃5 2

FI'gure 4. Energy gain spectra
Tor Tq'+He collisions (q = 13, 19, 27 and 34). Strong peaks

correspond to the onc･electron capture process whereas weak peaks on the rightprobably
to the transfer ionisation process (see the text).

The energy gain spectra or IE''ions (q- 13, 19, 27 and 34) at rorvJard directions

in collisionswith He atoms at the energy orl.25q keVare shown in fTlgure 4. A detai一ed

description orthis energy gain spectrometer was given previously (Okuno et at 1983).
The strong peaks in these energy galn SPeClra, which are only slightly broader than

those or prlmary tons, are due to the one-electron capture processes or the incident

lE''ions and the second weak peaks (shoulders) at higher energy gain, though not well

separated From the main peaks because orthe limited energy resolution orthe pesent
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system, are believed to be due to indirect processes such as the transfer ionis;lion(see
discussion later

on).
ln this Rgure, the crossing radii determined are also shown.

Uncertainties i･L一theenergy gain AE are estimated to be土15% (Iwai e( at 1984).

r

3. Experimental results
t

The measured total cross sections and the crossing radii for one-electron capture in

Iq'_+He collisions are summarised in table I(a) and also those in KrEl'+He are in

tablet(b).

3. I. Total oT7e-electron capture cross sectz'on

3.I.I. Energy dependence. The energy dependence of total cross sections for one-

electron capture processes in lq'+He collisions is shown in抗gure 5 for ions with

q
- 10, 15, 20, 25 and 30. As expected, the variation orcross sect:10nSwith the collision

energy lS Small and it can be assumed that the cross sections are constant over the

energy range investlgated in the present work, namely, 0.75q-2.25q keV. In the rollow-
=

Ing, all the cross sections and crosslng radius Rc are referred to at I.25q keV.

3.I.2. Charge dependence. The present results on total cross sections of one-electron

capture･ processes for Iq++He collisions are shown in figure 6 as a runct)ron or the

charge of the incident ion q.Also for Krq'ions our experimental results (q<25)

(Iwai et at 1984) and those by Cocke e( a! (1981) (q<10), Kusakabe et at (1983)

(q弓9) and Justiniano eE aL (1984) (q≦ 14) are shown together. All these results for

different ions seem to lie on a single curve, although they are scattered. Below q
- 10,

the oscillation of the cross sections is clearly seen. In particular, the dips at q
= 2 and

4 are significant. These dips can be understood in a way similar to those observed for

light ions such as C, N, 0 and Ne, which bad been discussed in detail previously (Iwai

et a1 1982,.Tawara et at ･1984,
Kimura e( at 1984). On the other hand, data for ions

with q ≧ 10 increase relatively smoothly with increaslng Charge 9rions q･ Some structure
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FI'gure 5･ Energy dependence or cross sections For the one･electron capture process in

I'lt+Hc co=sions (q= 10, t5, 20, 25 an'd 30). Tolal energy is represcn(ed by qEi.｡ぐ
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Figure 6. Cross sections for the one-electron capture process as a function or the charge

q orions: ○, in lq'+He collisions atthe energy I.25qkeV; ○, Krq+ (Twai eLat 1984); □,

K∫q+ (Kusakabe eL at 1983); △, Krq+ (Cocke eL aL I98I); ▽, Krq+ (Justiniano et at 1984);
+, the MCL2: model calculation:

-

-, empiricalrormu]a of Muller and Salzbom (1977)･

around q -25-35 is seen in these data. Althoughwe have no clear understanding of
)

these structures at present, we suppose these are caused by different mechanisms from

those observed in low q Ions.

Infigure 6 calculated cross sections (broken curve)
based on an empirical formula

proposed by M益11er and Salzborn (1977) are also shown. Except for thosewith low

q, this empirical formula (qq.q_I=2.07 × 10-16ql･-7 (cm2) for He) carl reproduce these

experimental results. This is somewhat surpnslng because this formula was derived

from a number or experimental data for ions with q< 10.

Though a number o[ calculations of cross sections for electron capture processes

in collisions between highly 10nised ions and atomic hydrogen were Trade based on

different approximations (Greenland 1982, Janev eL at 1983),they are concerned mainly
with those for ionswith q i lot Very few theoretical calculations of these cross sections

rorions with q> 10 in collisionswith He atoms
have been reported (Suzuki e(aL 1984)･

3.2. Energy gatn measurements

3･2･]･ Crosslng radius R(･･ The observed spectra o[the energy galn, aS Shown
in 6gure

4, seem not to differvery much for dはerent lq'ions over the charge states 41芦q≧ 101

However, the shirt orthese peak positions toward smaller AE/qwith increaslng Charge

orthe prlmary tons, q, 1S Clearly observed･ It should be noted that the energy resolution
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ら

crcssJng rQd'us R｡ (ÅI

10

Figure 7. Cross sections For one･electron capture processes as a function or the crossing

radius Rc
;.n lq++ He collisions. 0, Iq': e, Krq'. The Full curve represents the geometrical

Cross section (℡Rc･:),whereas the broken curve represents the classical cross section (圭打Rf).

or the present energy gain SPeCtrOmeter is not good enough to separate possible peaks

contributing to the obseⅣed peaks which co汀eSpOnd to the average energy gala Spectra

over a number of the capturing levels･ofions. From the observed energy gain AE, the

crossing radius Rc in quasi-molecules where the electron capture takes place is deter-

mined by equよtion(2). Forhigh q
ions the polarisation eaect should become important.

However, this effect is neglected in the present analysIS. However, as seen in the

present results the crosslng radii for high-q tons are generally large･ Thus the polarisa･

tion e仔ect can be assumed to beminor. Therefore this polarisation
is neglected in the

present analysts.

The crosslng radius Rc has been round to increase with the charge o[pnmary Ions

q･ The cross sections for lq'ions a.re shown in抗gure 7 as a Function orthe crosslng

radius Rc thus determined, togetherwith the previous data o[ Krq'ions･ Though data

are scattered, the cross sections increase rough一y with the square orthe crosslng radius

Rc, that is o･q.q-I∝ Rc2･ Tt should be noted that almost all the observed cross sections

lie between the geometrical cross section打Rc2 and the classical cross sections -!打R….
This behaviour ind;.cates that the classical p]cture or one-electron capture processes

prevails for the ionswith very h]'ghchar畠eState I'nvestigated in the present woI･k.As
discussed previously, this smooth behaviour or the cross sections rbr ions with b;gh

charge as
a Function or Rc is q･ulte in contrastwith that for ionswith charge lessく!iJn

lO･ This difference can be understood From the (act that the cross sections Tor high･q

ions increasewith increasing Rc because there is not a single crossing but a number
● ●

or densely popuZa【ed crosslngS at large crosslng distances which contribute to one-

electron capture processes, though they are not separable in the present work, whereas

those For low-q ions are dominated by Few crossings (Kimura et at I984).
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3.2.2. ElectroT7-Capturing teve[.Asmentioned before, no accurate information is avail-

able on the energy levels oHq'ionswith such very highcharge. Therefore, it is not

possible to accurately determine the levels where the electron orthe He atom is captured

in col!isions･ However, ln Such highly ionised heavy tons their energy level structure

can be assumed to be hydrogenic and the energy or their excited states is glVen by

13.6q2/n*2, n* being the eRective principal quantum number of the excited level. Thus,

using the observed energy gain AE and the known ionisation potential of target atom

Vi, n* orthe electron capturing level can be determined throughthe fouowlng relation:

AE -

13.6q2/n*2- vi (3)

where AE and ViaregIVen in units ofeV. Tnthepresentcase, Vi=24.59 eVforHeatoms.

Typical correlations between the energy levels and observed energy galn Spectra

are shown in丘gure 8(a) and (b) for lt3十+He→I12'and I35'+He→Ⅰ34'processes,

respectively. These energy levels are calculated by assumlng Only the Coulomb interac-

tion between the product ions, namely I(q-I)'and He'･ Clearly, the electron is

captured mainly into the T7*-6 state for q- 13 ions, whereas that for q-35 ions is

captured into the n*
= 14 state･ Note that the electron is captured into the fairly narrow

region Of n* orthe ions･ This fact is a互so noted in the energy galn Spectra Shown in

丘gure 4 where the widths or the product ions are only slightly broader than those or

the pnmary lobs, indicating that a limited number or the levels contribute to the

one-electron capture process. Also the energy diagrams corresponding to double

electron capture processes are shown (by dotted curves) in figure 8. Stronger Coulomb

interaction between I(q-2)+ and He2'ions results in sharp variation or the potential

enel-gy Curves Which often cross those corresponding to single electron capture proces-

sesI As seen in丘gure 8, the shoulders at higher energy galn may COrreSPOnd to two

electron capttlre Processes into the autoionising states (transfer ionisation) which,
followed by one-electron emission, result in the same charge state as that in slngle

electron capture (Tsurubuchi et aZ 1982). Unfortunately no information is available

>
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Figure 8･ Energy diagrams compared with energy galn SPeClra in Tu++He and T14++fie

collisions at an energy o[ 1.25q key.
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presently on the autoionlSlng States Or StlCh highly lOnised I ions. As discussed by

several investigators (for example,
_Kamber

and Hasted 1983), it is known that the

energy galn Spectra depend signi丘cantly on the scattering angle. However, the present

energy galn Spectra are Obtained in a very forward direction o( scattering. Therefore,

processes other than the transfer ionisation can be responsible For the observed shoulder

at higher energy galれ.

In氏gure 9 the average quantum number n* or the electron capturing levels is

shown as a function or the charge or prlmary Ions q. With increaslng q, the prlnCIPal

●

quantum number T7* or the electron-capturing level becomes large, showing that the

electron is captured into a higher quantum state ranglng from n*-5 for q- 10 to

n*-15forq-40･

Ⅰtis also possible to estimate the prlnClpal quantum number 〟 based on the classical

model for electron transfer described previously (Ryufuku et aL 1980, Iwai eE at 1982).
In the present work, the highRydberg states are found to be responsible in the electron

capture in highlyionised ions and, therefore, the e庁ective charge or the core nucleus
can be assumed to be equal to the real charge of ions; Z苧- q. The results estimated
in this way are shown in丘gure 9 by a full curve. These results are in agreement within

An* -土1with those determined from the observed energy galn, indicating that the

classical model is valid in estimating the electron-capturing levels in very bigbly ionised

ion collisions.Asymptotically the followlng Classical formula is obtained for large q:

n* - Ji(q/z2)0･75 (4)

where Z2 is the e庁ective charge of target atom, meanwhile the experimental data 8t

forHeby

n* - o.76qO･8t8. (5)

3･2･3･ Muttz'channet L,andau-Zener model calculation. As'demonstrated previously, the

multichannel Landau-Zener (MCLZ) model is quite use[u-1 in understanding the one-

electron capture processes involving highly ionised heavy lOrlS in collisionswith He

atoms at low energies(ki甲ura et aL 1984)･
For lq'+=e collisions, we have also tried

I
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Figure 9. Average prlnCIPal quantum number n orthe electron capturing level as a runclion

orthe charge orions q in I'け+He. I(q~lけ(n*)+He'processes. The rull Curve represcnls

the c一assicaleslimalion.
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to reproduce the observed results uslng the MCLZ model. The calculated results or

partial cross sections of one-electron capture in Iq'+He collisions For q-20, 30, 35

and 40 are summarised in table 2. In the present calculation, the rollowlng aSSumptlOnS
●

are made as they were in the previous work: (i)the energy levels are represented to

be hydrogenic, (ii)each state o(the principal quantum number 77 has T7 S7Jblevels, (iii)
no interference among the neighbouring crossings takes place and (iv) the transfer
ionisation processes are neglected. Roughly 100 levels are taken into account in the

calculation. These calculations are round to be in good agreement with the observed

results as raf as the electron capturlng levels are concerned･ For I35十ions, the prlnClpal

quantum number n* o{ the electron capturing States Which contribute most to one-

electron capture processes is calculated to be n*
- 14, in agreement with the experi-

mental result shown in丘gure 8(b). In all the cases, the calculated results on the

electron capturlng level reproduce the observed results qulte Well.

However, lt Should be noted that some discrepancies exist in total cross sections

{or one-electron capture processes (see tables I and 2). One of the in?.portant origins
for these discrepanciesmight be the e庁ective number orthe sublevels which is assumed
to be equal to the prlnCIPal quantum number n*. The overestimation orcross sections

suggests that the number or the levels actually contributing to electron transfer is

Table 1. (a) Measured cross sections and crossing radiI'(or one-electron capture process

in lq'+He collisions. (b) those for K∫'1'+He collisions (Iwai et aI 1984).

(a)

cross section (10-15 cm2)1

q 0.75 kV I.25 kV I.75 kV 2.25 kV

10

13

14

15

17

19

20

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

4()

41

4.56

6.20

8.48

4.25

5.70

6.65

6.45

6.92

8.t6

8.74

9.53

10.3

10.3

10.8

]0.5

Il.2

IO.6

10.7

12.7

tI.4

1l.7

I6.6

I6.0

18.9

18.7

I9.6

4.25

6.60

3.81

4.31

4.75

5.01

5.18

5.05

5.20

5.06

6.68

6.72

6.31

5.69

5.69

5.84

6.00

6.08

6.40

8.04

5.95

7.20

8.16

9.27

8.22

7.89
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Table I. (continued)

(b)

cross section ( 10-]･< cm三)千

q 0.75 kV I.OkV 1.25kV RL.仙‡

7

8

9

10

ll

1ヱ

H
:i!
ト1

15

16

17

18

19 7.53

20

22

23

25

2.64

2.47

3.)9

3.74

4.02

4.24

4.84

4.94

5.70

6.I6

6.12

5.74

6.39

6.92

7.33

8.57

8.86

6.54

6.30

3.73

3.61

3.79

4.22

3.78

4.Ⅰ3

4.65

4.70

5.29

5.76

5.69

5.76

5.45

5.76

6.86

6.22

5.74

ナErrors土30% (see lwai et a[ 1982).

寺Errors士15% (see lwaietat 1984).

smaller than assumed or the coupling potential has the I dependence or the interference

among the neigbbourlng CrOSSlngS is not negligible. A part or these discrepancies is

also believed to be due to the fact that the observed results include not only one-electron

capture processes but also contribution from indirect processes like transfer ionisation

processes whi･ch is clearly indicated in 6gure 4 to be s)gnificant in such highly ionised

ion+He collisions, whereas the calculation is purely due to the one-electron capture

processes. In fact, contribution or the indirect process is estimated to amount to

15-20% in Iq'+He collisions, being enhancedwith increasing the charge of ions q

(see伝gure 4). To clarify this contribution more experiments are needed such as the

scattenng angle dependence o[ the energy gain SPeCtra and e)'ected electron spectro･

scopy and also accurate information on the energy levels or such highly lOnised ions.

TabJe 2･ CaJculated parLia] cross sections ro√ one･e)ectron capture in I`L+十He collisions
at an energy or I.25q keV using (he MCLZ model. The numbers on the extreme right show

e.tperimental values.

parLial cross section (JO-t6cm2)

q n=6 7 8 9 JO Il )2 I3 J4 )5 16

158

7 ]8 I9 Tot;I

20

30

35

4()

0.06 23.0 68.I 9.0 0.08 tOO.1 87.5

0.4 20.6 8l.2 59.2 1.3 0.9 174.9 1()()

0.05 5.87 53.4 88.5 46.8 ]0.7 l.2 206.5 I)7

I.7 27.3 83.7 83.I 37.6 9.0 I.4 243.9 ]87
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4. Summary

In the present work we have demonstrated that our EBtS, N]CEII,with a relatively

weak, continuous electron beam o[ 10mA can produce lq+ ions with the charge as

high as q-41 whose intensity is high enoughto work on energy gain SPeCtrOSCOPy

and found that one of the keys relevant to producing such highcharge ions is vacuum

in the ion source. Using these ions we have measured total cross sections rbr one-

electron capture processes in lq'+He collisions at energleS ranging from O･75q to
●

2.25q keV and round they are nearly constant over the energy range investigated. In

contrast to results for ionswith low charge where slgni丘cant oscillations are observed

(Iwai eE at 1982), these cross sections have been found to increase smoothly with the

charge of the ions, agreelngwith an emplrlCal formula, and to increasewith the square

or crosslng radius.

It should be noted that the observed energy gala Spectra are Only slightly broader

than those or the incident ions, indicating that the electron is captured into the Rydberg

states in a relatively narrow reglOn Or the prlnClpal quantum number 〃*･ This means

that the electronic stateswith a limited number of the prlnCIPal quantum number n

are involved in one-electron capture process, though there should be
a
number or

states closely spaced available. It should also be noted that, for He target atoms, the

indirect processes like the transfer ionisation processes contribute slgni丘cantly to

one-electron capture processes in such highly ionised ion collisions.
It has also been fわund that there is a distinct similarity in both the size or cross

sections and the electron capturing levels for the same q of ions irrespective of the

nuclear charge orions when the ion charge q lS Very high, as found in low q Ions by

Okuno et aZ (1983). 'Tben, the ions can be treated as fully ionised in the electron

capture processes. Therefore, based on the present results, some predictions such as

the cross sections and electron capturing levels of electron capture processes can be

made in collisions or He atol℃S With highly ionised metal ions like Fe, Mo, W, etc,

which are most important in nuclear fusion researches･
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Superconducting Magnet arid its Cryostat for an

Electron Beam Ion Source.

N. Kobayashi, S. Ohtanl, Y. Kaneko,
●

T. Iwal, Ⅹ. Okuno, S. Tsurubuchi,
M. Kimura, H. Tawara and T. Hino

NICE Group for the Guest and Visiting

Researcb Program

lnstitute of plasma physics

Nagoya University

Abstract

An electron beam ion source nicknamed NICE一Ⅰ ( Naked ‥on

Collision Experiments ) has been constructed at IPP for studies

of atomic processes in fusion plasmas. A super conducting magnet

is adopted to generate a strong, stable and homogenious magnetic

field to compress a high density electron beam. The solenoid

is 1 m long, the inner diameter is 100 mm and the maximum magnetic

field is 2T. It is placed horizontally and coaxially with a

liquid nitrogen (L-N2) reservoir and a vacuum vessel･ ‡n order

to fix their axes immovable even when the reservoirs are cooled

byレNz and He, a structure baying spokes strained uniformly like

a wheel is used between the vacuum vessel and the L-N2 reservoir

and also between theレN2 reSerVOiT and the solenoid boTe･ The

electrodes, such as theL electron gunl the drift tubes a･nd so onナ

are mounted on the radiation shields fixed on the L-N2 reservoir,

and they are centered to the solenoid bore within the precision

of 0.1 孤.

The evapolaLtion rate of L-He is about 1.4 且/h, which is not

so much largerthan the estimated value･ This provides a contin-

uous operation for 16 hours with a charge of 50 見 L-He including

the precooling of the reservoir. The ultimate pressure 4Ⅹ10

Torr is achived in the vacuum vessel, and the residual gas

-1()

pressure in tl-e ionization reglOn is expected to be much lower

than lxlO-10 Torr. The consideration for mechanical strength

and the heat conduction of the materials related to the deslgn

are described as well as the details of the structure.

Furter communication about this report is to be sent to

the Research 工nformation Center′ ェnstitute of Plasma physics.

Na90ya Un土vers土ty′ Nagoya 464 Japan.
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1.は じ め に

我々は NakedlonCo11isionExperhnent (略してNICE )計画用の多価イオン源として,超伝導

コイlレを使用した ElectronBeamlonSource(EBIS)塾イオソ源(我々はCryo-NICE と呼んでい

る)の製作を行った｡ EBIS塾イオン源の原理は,磁場によって細くしぼられた電子ビームで

原子や分子を電離し,生じたイオンを電子の空間電荷と軸方向にかけられた電位障壁によって

閉じ込め,逐次電離によって多価イオンを生成するものである.したがってEBIS塾イオン源

の製作にあたっては,高密度電子ビームの発散を防ぐために比較的均一度の高い強磁場の発坐

と同時に,イオン化領域を10~10Torr 以下の超高真空にして,残留ガスのイオンによって空間

電荷が中和されないようにすることが必要である｡

この要求にこたえるものとしては超伝導コイ′レの利用が考えられる｡超伝導コイルは空心コ

イ/レに比較して小型で均一度が高い｡同時にコイ′レを液体-リウムに浸して使用するので,コ

イルを収納する-リウム溜の表面はクライオポンプとして利用出来る｡このような利点から超

伝導コイ′レを使用したEBIS塑イオン源がすでに実用化されている｡ただし極低温で使用する

ものであるから,製作及び取扱い上のやっかいな問題もある｡我々はCryo-NICE の建設にあ

たって,超伝導コイlレを使用した場合の得失について種々の検討を行い使用に踏み切ったoそ

の最大の理由は,イオン化領域が,軸方向に電位をかけるための移動管(DriftTube)と呼ばれ

る細い管に包まれており,この内部を超高真空に保つ有効な排気系を見い出すことが出来なか

ったためである.超伝導コイlレを使用して.コイ′レポビン内に移動管を設置すればボビン表面

はタライオポンプとして大きな排気速度をもっているから,移動管内を超高真空に保つことは

容易である.さらにEBIS 塾イオン源の特徴はパ′レス動作にある. ′1]レス的に導入された気捲

から生じたイオンをイオン化領域内に閉じ込め,価数が上がって電子ビームの空間電荷が中和

された時点で,軸方向の電位障壁を取り払ってイオンを引き出した時に多価イオン生成効率は

最も高いo したがってガス導入については,イオソの閉じ込め時間に比べて.く]L,ス巾を十分短

くしかつ立上り,立下り時間の短い中性ガス入射が要求され,ガス噴射口附近には排気速度の

大きなポンプが必要になる｡この点でも超伝導コイルを利用することの利点は大きい｡

cryo-NICE で採用した超伝導コイlレはコイ,レ長1m,ボビン全長1070mm ,ボビン内径

100mm¢ で.実験の都合上水平に設置されている.超伝尋コイ′レ及びクライオスタットの製

作についてはすでに多くの解説がなされている(現在では超伝導用の線材も容易に入手出来る

ようになって小型のコイ′レであれば手造りも可能である｡このコイルをガラス製の液体-リウ

ムデュアー中に浸して使用すれば,数十kOの磁場は容易に発生させることが出来る.しかし,

超伝導コイ′レが物性実験と共に進歩したものであ.るために 解説の多くは物性実験家を対象と

している｡コイ叫またてに設置する方が容易であり,物性実験用としてはそれで十分であるか

らたて型設置が基本になっている｡ cryo-NICE 用の1mのコイ′レは大型の部類に入り,かつ

-1-
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それをある程度の強度をもたせて水平設置するには多少の工夫が必要であったo

cryo-NICEの多価イオン源としての特性その他については別の機会に報告することにして,

この報文では低温装置としての Cryo-･NICEの建設及びその雇設に際して我々が学んだことに

ついて報告する｡

2. Cryo-NICEの概要

cryo-NICEの概念図を1図に又その概要を表1に示す｡電子銃から引き出された電子ビーム

は,このコイルによって発生する磁場でしぼられ,移動管にそったイオン化領域を通過した後,

電子ビームコレクターに到達する｡コレクターの直前には,軟鉄およびpメタルからなる磁気

シールドがおかれており,ビームは発散してコレクター･に輔集される｡電位障壁が取り払われ

て電子ビームと一緒に流れ出たイオンは,コレクター後部にあるイオン引き出し電極のポテン

シャルによって引き出され,レンズ系で収束した後質量電荷分析される｡したがって,イオン

ソースを構成する電子銃,移動管,磁気シールド,コレクター,イオンレンズ系及び質量分析

器は磁場(･コイル)の中心軸と同軸に設置されていなければならない｡特に電子ビームとコイ

ルにより発生する磁場中心の軸合せには高い精度が要求される｡

通常超伝導コイル用クライオスタットでは,コイルを収納している液体-リウム演は構造

材による熱伝導を可能な限り小さくするために,液移送口,電流導入口を兼ねた教本の肉薄パ

イプによって懸下されている｡このような場合構造材として使用されている金属が冷却によっ

て収縮するために,コイルの位置は室温時のそれに比べて数rr皿も移動してしまうo cryo-NICE

Ⅳ王C E全景
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の場合,イオンソース構成部晶をコイルボビンに固定出来かば,軸合せは容易であり,イオン

をレソズ系を用いて質量分析掛こ導くことも可能である｡しかし,高温の発熱体を極低温で動

作させるコイルボビンに直接固定することは危険でもあり容易ではない｡それ故我々は電子銃

をはじめとするイオンソース構成部品は全て1図にR.SIT示された液体窒素温度の臨射シール

ド板に固定し,かつコイル軸と幅射シールドの軸は冷却時においても室温で設定した位置と

o.1mm以内の緯度で-1･致させることを目操に設計を行ったoそこで,上記のような一方向の

収縮による移動をさけるため,コイルボビン,液捧窒素溜,真空槽を同軸円筒形に設置∴′,ボ

ビンと液体窒素溜,液体窒素溜と真空槽間を各々等方的に張ったスポークによって懸下する方

式を採用したo又コイル近傍に強磁性体が設置されるので,タライオスタツトの機械的鶴度に

ついても検討を行い磁気シーールドとの間に働く引力にも耐え得る構造とした｡

1図 Cryo-NICE積金図

K:カソード A:アノード S.C.M. :超伝導マグネット D.T. :移動管

M.S. :磁気シールド E.C. :電子ビ-ムコレクター G.C.L. :ガスクールI)-ド

T :液移送.(イブ R.S. :桓射シールド板

表1 Cryo-NICEの概要

電 子 銃

カ ソ ド

電 子 加 速 電源

移 動 管 長

超伝導コイ ル線材

磁 場 強 度

コイルポピソ内径

ポ ビ / 全 長

液捧窒素溜体境

液体-リュ-ム溜体摂

semi_immersed now 方式

BaO 3mm¢

10kV 2A

IOOO mm

NbTi

20kG/90A ,永久電流方式

100 mm¢

1070 mm

23史

33史

ー3-
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3.コイル用線材の選択

超伝導コイルの最大の利点は,いうまでもなく電気抵抗がゼロであるために電力消費がなく,

かつ通常の空芯コイルに比敬してはるかに小型化出来ることにある｡永久電流方式で使用した

場合,電源変動の影響を受けないから非常に安定度の高い磁場が得られる｡現在では良い線材

が開発されており, 60k(〕までは合金糸のNbTi ,それ以上200kG樫度までは金属間化合物の

Nb,Snを使用して比敏的容易に高磁場を発生させることが出来るo

cry9-NICE の20kGの発生は超伝導コイルにとっては弱磁場であってコイル製作上の問勉

はほとんどない｡ただ超伝導コイルはクエソチして,超伝導状態かやぶれてノーマル状態にお

ちることがある｡我々のような未経験者にとって,大きなエネルギーを貯えているコイルがク

エソチした状態というのは想像もし軽い大変恐ろしいことのように思われる｡そしてCryo-NICE

運転中にクエソチし電子ビームは発散し･コイルのみならずイオンソース全体が破壊されてし

まうのではないかといったことが心配される｡事実過去にはNbTi線には低磁界不安定性とよ

ばれる現象があって使用がそう容易でなかったり, training 効果といわれて所定の磁場まで励

磁してゆく際に数回のクエンチを経験するというようなことがあったようである｡その後数百

本の細い線材を束ねた multicorewire にして線材の信頼度が向上するとともに,これに飼被覆

をほどこして①線材の冷却効果を上げる, ⑧局部的にノーマル状態におちても電流を飼にバイ

パスさせて超伝導線の温度上昇を防ぐ, ③急激な磁束の変化が生じたとき銅中に渦電流が流れ

て綾和する等の改良がされ,現在では安定な線材が容易に入手出来るようになった｡

クエソチの原田としては大まかにいって次のようなことが考えられる｡ ①コイル自身の発生

する強磁場中で坂根的･磁気的相互作用によってコイルが移動する｡ ②コイル電源にパルスが

入る｡巻線後最初の励磁の際には,巻線のわずかなむらがあったりして①の原因でクエソチす

る場合があるがその後は安定するもののようである｡ cryo-NICE のような低磁場用コイルで

はそのようなことはおこらないであろうとの予想であったが,幸にも我々はクエソチを経験し

なかった｡強磁場用コイルの場合でも線材をエポキシ樹脂でかためたり,鋼被覆を厚くする等

によってクエソチを防ぐことが可能である｡

超伝導線には線材国有のパラメーターとして,超伝導状態になる温度Tcとその線材で発生し

得る最高磁場 Hcが決まっているo線材に垂直に磁場をかけた状態で,その線材に流し得る

最大電流容量工cを臨界電洗という｡ Icは磁場の鼓さの関数となっていて,各種線材によっても

異る｡低磁場でkは大きく,磁場が強くなると共に減少しHcでゼロになる｡

cryo-NICEのような20kG程度の低磁場用の場合には,励磁電流を大きくして=lイルの巻数

を少なくした方が製作費は安上がりで,かつコイルのインダクタソスも小さくなって取り扱い

易い｡ Cryo⊥NICEではIcが大きく,同時にクエソチしにくい線材ということで鋼被覆率の比

故的高い線材を選択したo実際に使用した線材はⅠ.a.0.社の CRYOSTRAND-Tiで,その定格

およびコイル仕様を表2に示す｡表に示された50kOにおけるIcの値は短線の場合の値であっ
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て,コイルにした時にはこの値より低くなる｡それにしても20kOの励磁に対しては十分余裕

をもっており,励磁電流を大きくすればさらに高磁場の発生が可能であるo

線■

表2 cryo-NICE用超伝噂コイルの概要

材 I.G.C.社 CRYOSTRAND-Ti ホルマル加工

線 径 0.677 mm¢

織 粂 数 276

Cu/Nb ･Ti 比 2.0

臨 界 電 流 160A (50kGにおいて)ただし短線において

コ イ ル 巻 数 17,732 ターン, 12層

磁 場 均
一

慶 2.5xlO~4atlOOD.S.Ⅴ.

線 材 全 長

自己インダクタソス

電 洗 導 入

電 源 定 格

電 流 掃 引 率

7,102 m

4.6へソt)-

ガスクール1)-ド

100A 4V

王00A/10min. (0-丘OA) 100A/25min.(60-90A)

4.コイルボビン及び液体ヘリウム溜

物性実験などで使用される小型の超伝導マグネットの場合には,ボビンに巻線し,液体-リ

ウムデュアー中にそのまま浸して使用される場合もある｡ボビン材としては冷却時の収縮率が

線材のそれとあまり異ならなければ何を使用してもよい｡アルミ合金,英銀,鍋,ステンレス

等が使用されるが,その中でもマグネットの軽量化のためにア′レミ合金が多く使用される｡

Cryo-NZCEではボビンの内側は超高真空で,その中心をど-ムが通るのでボビンは液体- I)ウ

ム溜の一部をなしている｡ボビンに巻線後両端フランジ部と溜との溶接を行う｡それで,ボビ

ン,満ともに溶接が容易なステンレスを使用することにした｡ステソレスとしてはSUS304が

入手しやすいが,切削加工後わずかではあるが磁化率の増大がみられる｡

我々は,多少高価ではあるがそのような現象が少なく又溶接性も優れているSUS310･Sを使用

した｡

ボビンは線巻の際コイル端の処理及び線材の継ぎ処理を行うためにコイル両端に20-30mm
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のスペースを取るo cryo-NICEの場合ボビン全長はコイル長1000mmにこのスペースとフラ

ンジ厚を加えて1070mmとなったoこのように長いボビンにステンレス銅を使用し-fc場合,か

なりの重畳となるので少しでも肉厚を薄くしたいところである｡しかしある程度の肉厚がない

とボビンは自重及び線材の重みでたわむ｡又,巻線の際には,前章で述べたような励磁中にお

こる線の移動をおさえるためた,数kgの張力をかけて巻くので線材の張力によってボビン径は

収縮する. Cryo-NICEの場合,特に前者のボ'trソのたわみは磁力線のたわみとなって直進する

ビームの不安定性の原田ともなりかねない｡このたわみがどの摩度まで許容されるかについて

は明確な判断は出来ないが,ビームと磁場中心を0.1 mmの精度で一致させるという目捺値か

らして0.02mmにおさえることにした｡その結果ボビンの肉厚は10mnlとなり,ボビン本体の

重量は56kgとなった｡しかし肉厚については次に述べる工作精度の点からもあまり薄くする

ことは出来なかった｡

SUS 310-SはStlS804に比致して高価であるとともに加工性が多少劣る｡しかし工作精度

が悪い場合,特にボビン内･外径の中心が一致していない場合には,コイ′レは-リウム溜に

納められていて外部から見ることが出来ないので,コイル中心を決定することはむずかしい｡

かといって完成後に径方向の磁場分布を軸定して磁場中心を決定することも困難である｡それ

故ボビン内径の中心がコイル中心となり,したがって磁場中心となるよう,ボビン工作にあた

っては内外径の中心が±o.o5mmの精度で-致することを要求した｡ 1mを越えるSUS310-S

のボビン工作をこのよう内･外径ともに高い精度で行うことはそう容易なことではなく,工作

工場探しに多少の苦労が必要であった｡ボビン材のSUS 310-Sは山陽特殊鋼製鍛造品を使用

し,工作は東京の富士機械株式会社が行った｡

ボビンに線巻し必要な附属物を組み立てた後-リウム演との溶接を行う｡ボビン及び超伝導

コイ′レ組立図を■2囲に,液体-リウム演の外観図を8図に示す.後に述べるようにコイ′レ及び

- 170･
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吉図 液体ヘリウム湾外観図

-リウム溜をスポークで懸下するためのスポーク受けがボビン両端にはめ合いで固定される.

溶接の際の熱によってこのはめ合い箇所が熱ひずみを受け真円でなくなる可能性があるoそこ

で溶接部分からわずか内側に切れ込み串を入れて一部フランジの肉厚を薄くして,ボビン本体

への熱伝導を小さくするとともにひずみはこの箇所でにげるようにした｡

コイルは4.2 Kに冷却して使用するのでコイ]L,が液面から出た状態で使用することは危険で

ある｡したがって3囲に示されるような Cryo-NICE の溜では,コイル頂以下のスペースは無

駄である｡液体-リウムは高価であるので,極力デッドスペースを減らすことが望ましい｡そ

のような無駄なスペースの少ない溜及びそれに合わせた一般的なクライオスタットの例を4囲

4図 一般的な水平放置型タライオスタットの例
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に示す｡我々は当初(b)囲のような形状の演を計画していたが,コイル長が長いために溶接が

困難であると同時に槻械的強度を保障することがむずかしいために3図に示した形状のものと

なった｡

-リウム溜にためた液体-リウムは外部からの熱淀入によって絶えず沸騰しているから,長
f

時間運転するためにほ時々-リウムを充填しなければならない｡通電中に充填することは危険

であるのでコイ′レの電流を切ってから充填する｡超伝導コイルの場令,この手間はかなりかか

りめAzどうであるから一度充填したら長時間連続運転出来ることが望ましい.連統運転可能時

間は-リウム滞の体積と液体-リウムの蒸発量によって決まる｡熟流入を小さく出来れば溜は

小さくすむが,そうでない場合には大きくせざ.るを得ない.我々は液体-I)ウムの蒸発量を1R

/h程度と見境ったので, 1日に1度の充填としてコイル頂以上の有効体横は23史とした.ボビ

ン,コイルを含む-リウム溜全重量は95kgとなり,超伝導コイ′レとしてはかなり大型のもの

となった｡

ボビンと溜が一体となっていて,かつコイル長の長い場合には室温から冷却してゆくときに

全体が一様に冷却されるように注意しなければならない｡冷却が一様でないと冷却箇所の局部

的な収縮によってひずみが生ずる.ボビン又は溜の外壁の一方のみが 4.2 K まで冷却される

と全長× 1/300の収縮がおこる｡この収縮力がボビンと溜の溶接部にかかり,溶掛ま破壊され

てしまう.事実, cryo⊥NICEの液体-リウム溜が完成した後に液体窒素温度でのI) -クテスト

を行った際,かなり長時間かけて冷却したにもかかわらず溶接部にクラックが入るという事故

があった｡その原因は,溜の外側から液体窒素をふりかけたためにボビンは冷却されず,溜の

みが収縮したためであることが判明した｡溶接部を強化すると共に均一に冷却されるよう注意

することによ?て,その後このような事故は発生していないo後に述べるように,液体-I)ウ

ムを充填する際,液溜を液体窒素温良から4,2 Kまで予冷するのに要する液体-I)ウムの量は

冷却がうまく出来るかどうかによって大巾に異る｡したがって.コイ′レ及び溜が一様に冷却さ

れかつ冷却効率のよい液導入パイプの設置が大切である. Cryo-NICEでは,液は2図に示され

ているコイ′レ上部の液体-リウム移送用パイプ受けから2本のパイプに分けられて,コイル端

からコイ′レ長の約1/3の位置のコイ,レ下部から注入される.そして蒸発したガスはコイル及び

満と熱交換した後に外部に排出される｡

ボビン,液体-I)ウム偶の設計及びコイ′レ組み立ては真空冶金K.Kで行い,溶接は日本兵重

工業で行った｡
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5.クライオスタット
ー

5.1 タライオスタlソトの構造

クライオスタット(低温恒温槽)の製作で最も重要なことは,当然のことながら高温部から

低温槽への熱流入を最小限におさえることである｡特に超伝導コイ′レのように沸騰している液

体-リウムの場合, -リウムの蒸発潜熱が小さいために,わずかな熱流入によって多量の液体

-リウムが蒸発する｡一番簡単な4.2 Kクライオスタットは液体-I)ウム貯蔵用デュアーであ

る｡簡単な液体-リウム･デュアーでは-リウム溜を液体窒素温度の緬射シー′レドで覆い,こ

れを真空容器におさめてある｡

水平設置型コイ′レの場合においても,簡単なクライオスタットとしては･, 4図に示したよう

に,液体-リウム溜を転射シー′レドで覆いそれに合った真空容器に入れればよい｡真空槽,幅

射シー′レド,-リウム溜の各間隔は2-3mmあればよいから,上手に製作すれば真空容器もあ

まり大きくなくてすむ｡ 4図にも見られるように,通常,液体-リウム溜は外部からの熱流入

を小さくするために液移送ロの細いくび状のパイプのみによって支持されている｡したがって

機械的には弱い｡又くび上部とコイル中心までは500-1000mmの長さがあるために室温時に

比べて冷却時にコイ′レ中心は1.5-3mnl移動する｡さらにこの移動はクライオスタットの構

造によっては平行移動とは限らないからやっかいな問題である｡

Cryo-NICEでは2章で述べたように,磁場中心を冷却時においてもo. 1
mm以内の精度で固

定させることを目標としたので,このような液移送ロバイブによるつり下げ方式はとれない｡

そこで,懸下方式の原理としては,真空槽,液体窒素溜を円筒型にしてコイルボビンと同軸に

設置し,等方卸こ張ったスポークによってまず真空槽フランジから窒素溜を,次に窒素溜から

コイ′レポビンを懸下することとした｡このような等方的に張ったスポークによるつり下げを行
■

った場合.冷却による収縮は各スポークに均等な張力として働くから中心を移動させる力とは

ならないはずであるc各溜の重量は全てこのスポークによって支え,各溜のくびの途中にはペ

ローを入れて収縮による上-引き上げようとする張力がかからないようにした｡

スポークを用いて懸下した場合には,恒温槽への熱流入はくびからの分にこのスポ･-クから

の分が加わるから出来るだけスポークによる熱伝導は小さくおさえたい｡スポークの本数及び

径は懸下に必要な荷電によって決まるからある程度の長さが必要である｡特に窒素溜からボビ

ンをつるためのスポークは長くなるo さらにコイ′レポビンから上部につき出したような非対称

な形状の-リウム溜を等方的に張ったスポークで懸下するから,無駄な空間が多くなりこれを

収納する真空槽は大きなものとなる｡真空槽は可能な限り小さい方が良いし,かつ工作上の制

約もあってCryo-NICE 用真空槽の内径は 596m叫 となった.緬射シールド用液体窒素溜に

ついては上に述べた完全円筒形に出来ず多少変形した形状となった｡

液体-リウム移送口については通常くび上端で溶接する｡しかし今回のようなスポークによ

る懸下は初めての試みであり,溶接終了後にトラブルが生じた時のことが心配された｡それ故
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くび部については数種類のフランジを組み合わせて解体･組み立てが可能な構造にした｡次に･

幅射シールド,くびの構造について述べる｡

5.2 編射シールド
r

A.液痔窒素溜

-1)ウム溜の高さは8国に示されているようにコイ,レ中心から285mmである｡コイ'レ中心

を真空槽の中心に設置すると, -リウム溜頂部と真空槽内壁との間隔は6lmmである.この間

に円筒形の液休窒素溜を設置し.真空槽からスポークを張ってこの演を懸下する余裕はないo

液体窒素溜は円筒の上部1/6を切り取り,その上に鞍形をした銅板をかぶせて-リウム滞を盛

うようにして,円筒の外径は460mm¢におさえた｡ 5図にその詳紳を示す｡

A-A′夫 役
8-8′矢祝

5図 福射シールド用液捧窒素溜

液体窒素移送口及びガス放出口は真空槽との接合の都合上ほぼ中央に位置している｡ただし,

液体窒素を注入して溜を室温から液体窒素温度まで予冷する際に,蒸発ガスによる冷却効果を

上げるために移送ロから溜の端まで′くイブをはわせてあるo一方ガス放出口は溜の他方の端に

位置しており,蒸発したガスは溜内を一巡して十分熱交換した後外部へ排出される｡
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液体窒素溜が完全円筒でなくなったために,冷却時に変形する可能性がある｡そこで6図に

コイルセンター

6図 スポーク支持用フランジとスポーク支持方法

示すように,溜の両端フランジは切断せずにリング状にして残し,そこにスポーク固定用フラ

ンジをネジ止めする｡かつこのフランジに厚さ12mmの銅円板を取りつけた｡このようにして,

溜が冷却によって変形した場合にもスポーク固定用フランジは変形せずに真円を保つと同時に,

銅製円板は液体-リウム溜の両サイドを覆うかたちとなって編射シー′レドを兼ねている｡

液体窒素溜は円筒形にして上部を切り取ったために-リウム溜の下部に位置することとなっ

た｡通常窒素溜は熱伝導率の大きな鋼製とするが, Cryo-NICEの場合超高真空を要求するので

溶接箇所からのリークを心配して溶接性のよいス●テソレス製とした｡ステンレスの熱伝導率は

小さいから,液体窒素が減少して液面が下がったときに上部の温度は上昇する｡そこで溜内部

に鋼板を入れて常に銅板は液に浸っているようにして上部温度の上昇を防いだ｡
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7図 シールド頓辞細

8図 コイルボビン内の辞細
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B.稿射シー′レド板

液体窒素溜両サイドにある短射シー′レド板の一方には電子銃,反対側には磁気シー,レド,電

子ビームコレクター及びイオンレンズ系が設置される｡又ポピソ内の移動管,短射シー′レドも

このシー′レド板によって支持される｡転射シー′レド板の詳細を7図に,ボビン内の構成を8囲

に,電子ビームコレクター及びイオンレンズ系を9図に示す｡

幅射シールド内は-リウム溜外壁が〆ライオポンプとして働き大きな排気速度をもっている

から真空度はよいと考えられる｡しかし,短射シー′レドと真空槽の間の空間の真空度が悪いと,

移動管はこの真空槽側空間とつながっているために移動管端から残留ガスが流れ込みイオン化

領域の真空度は向上されない｡一方この空間を他の真空ポンプを用いて排気しようとすればか

なり大型の超高真空装置が必要となる｡そこで,両輪射シー′レド板に60mm¢の穴を8ケ所づ

つ計16ケ所あけ, -リウム溜外壁のタライオポンプ作用を利用して真空槽側空間の排気に利用

することとした｡ただ穴をあけただけでは真空槽内壁からの梅射が入り込むので6図に示され

ているようにプライソドをおいて転射シー′レドをしている｡そのためあまり大きな排気速度は

得られないが, 500ysec程度の排気速度になると期待される. 450ysecのターボ分子ポンプ1

台によって5xlO~8Torrまで予備排気した後,液体-リウム及び液体窒素溜を液体窒素で冷却
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した時点で真空度は6x10~9Torrになるoさらに-I)ウム溜に液体- I)ウムを充賛した時の到

達真空度は ヰⅩ10~1¢Tor一 に達する｡この状態でターボ分子ポンプのバ′レブを閉じても真空度

はほとんど変らない｡

ボビン内はさらに真空度を良くする必要があるから,真空槽個と通ずる箇所が無いよう8囲

に示すようにテフロソシートとアルミナ碍子を用いて遮蔽してある｡ポピソ･フラソジと転射

シールド板との間隔は2mmと狭く,コンダクタソスは小さくしてあるので,シールド板排気

口を還して真空槽倒残留ガス分子が入り込んでもボビン内へは到達しない｡移動管の一方の端

には電子銃を収納しかつ他端には内径10mm¢のリデューサーを挿入して移動管と真空槽側と

のコンダクタソスClを小さくおさえている｡移動管内の排気は移動管接尾部の間隙のコンダク

タソスC2を通じて行う｡したがって移動管内の真空度Pは真空槽側の真空度をp'としてボビン

内の真空度は十分よいとすれば

p=Cl/c2P'

で決まるo Clは電子ビームコレクター側のリデューサーで決まるが,肉薄のアバーチャ-と仮

定すると約 8ysec である｡一方移動管の接合部は10ケ所あり,間隙は3mmで移動管内径

は34mmであるが,接合部のフランジ半分は絶縁碍子でふさがれている｡この場合にも肉薄の

･くイブが並んでいると仮定するとC2は約150R/secと見積られる.
Cl/c2<1/10であるからイ

オン化債域の真空度p<4xlO-11Torr で,当初の目標 p<10-10Torr に到達していると推定

される｡

この場合,移動管からボビン壁が直接見える方が望ましい｡特tこガスを′くルス導入する場合

ボビン内壁の大きな排気速度を直卓活用することが出来る｡そのためには移動管も液体窒素温

度に冷却されでいることが必要である｡さもないと高温の移動管からの稿射シールドが必要と

なって排気速度は極度に減少してしまう｡ Cryo-NICEでは栢射シールド板に移動管を支持す

ることによって,移動管も冷却してボビン間の輪射シールドは省略出来るようにしてある｡安

全のために電子銃附近のみ転射シールドで覆ってある｡ただし,電子疏,移動管には高圧がか

かるので絶縁物を介して固定する-｡したがってこの絶縁物の熱伝導能力以上の熱売人,例えば

電子ビームのごく一部でも移動管にあたるようなことがあると,移動管の温度が上昇するから,

そのような事故が無いよう注意が必要である｡

S.3 液体ヘリウム溜くびの構造

くび娃1図ですでに示したように2ケ所あり,それぞれ液移送口,電流導入口となっている｡

共に同じ構造であるので液移送ロについて10囲に示す｡ 11囲には使用したフランジの詳細とガ

スケットには富士テ,レモ製ステソレス0リソグを使用したのでその規格を示す｡くびの途中に

はべp-を入れて,冷却時の収縮力が液体-リウム海にかからないようになっている｡叉海頂

部から370mmのところで簸型の輪射シー7レド板から煙突状に突き出た,くび部編射シー′レドと

-178-
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くびを接合させ冷却している｡幾つもの部品を組み上げてゆく構造となっているので,一部に

回転フラソジを使用し上部にもペローを入れてある｡

くびの上端は室温であるから,液体-リウム液面から上部フランジが覗けると桓射による熱

流入が大きくなる.そこで,非常に簡便な方法ではあるがアルミ板2放からなる短射シー,1/ド

を入れてある｡

10図 液体ヘリウム溶くび及び液体窒素移送ロの耕連

-15-
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5.4 真 空 槽

真空槽の概要はすでに1図に示してある｡イオンソースの全長は1760mmで,超伝導コイ′レ

を収納している部分のフラソン外径は680mm¢
,イオン引き出し部フランジ外径は465mm4'

である｡これら大口径フランジ部のガスケットには富士テ′レモ製ステンレス0リングE-24000

(680¢),F465を使用したが,イオン出射部フランジは着脱が容易であるということからEVAC

社クランプ･チューン型ア7t,ミ01)ソグを使用した｡それ以外のフランジはコソフラットフラ

ンジを使用し,排気系には排気速度450帥ec のターボ分子ポンプを使用した.バルブを併用

しているのでポンプの実効排気速度は約3OOe/sec であるoポンプのみによる予備排気の時の

到達真空度は5xlO~8Torrである｡

超高真空用真空槽としては800oc程度の焼増しをしたいところであるが,内部に超伝導コイ

･レが収容されているので,焼出し温度は100℃以下におさえなければならない｡

6.スポークを用いた超伝導コイルの固定

6.1 低温用材料

これまでにも多少触れてきたように,タライオスタクトの製作においては熱流入を抑えなけ

ればならない場合もあり,叉逆に熱伝導を良くしなければならない場合もある｡したがって熱

絶縁材,熱良導捧をうまく組み合わせることが必要である｡各種材料は低温においてそれぞれ

に特徴的なふるまいを示すが, ?ライオスタット構造材の低温特性についてはこれまで具体的

には何も述べずにきたので,ここで多少ふれておく｡ただし広範な材料の各種特性については

他の文献を参考にしてもらうことにして,ここではごく少数の材料についてその熱伝導率,熱

収縮比及び低温強度について紹介する｡

代表的な材料の熱伝導率を12図に, 20.Cを基準にした勲収縮比を18図に示す.低温における

横械的強度の温度変化を表3に示す.

12囲に見られるように熱伝導率は材料によって非常に多様であり,特に低温において変化

が激しい｡金属元表の場合熱伝導率は,回申の鋼の場合に見られるように,純度及び格子欠陥

の存在等によって大きく興る｡したがって熱伝導をよくする場合には純度のよい材料を選ぶと

同時に工作後にはアニールをして使用する｡一方合金の場合には,不純物散乱のために電子の

熱伝導への寄与は小さくごく低温においてItフォノソによる伝達が主になるために,一般に熱

伝導率は小さくかつ温度が下がると共に急激に叔少する｡非金属の場合の熱伝達はフォノンに

ょるが,フォノンーフォノン散乱及び不純物散乱が熱抵抗になる｡したがって非晶質や不純物

の入った非金属の熱伝導率は非常に小さい｡ -方,水晶,サファイヤのような純物質の場合には

伝導率は比敬的大きく純金属の場合のように低温でピークを持つ｡これらの単結晶では50-
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10 Kで高純度の銅と同じ摩皮の熱伝導率をもつ｡ Al203 の粉末を焼結したセラ.ミックスや

グラファイトのような多結晶質のものは液ん窒素温度附近ではほぼ合金と等しい熱伝導率を持

つが,ごく低い温度では良い熱絶縁材となるので,一種の熱スイッチとして利用される｡

熟睡線材としてはガラス,テフpンなどの非金属材料がすぐれているが,機械的戯度が低い

ために構造材としてはあまり使用されない｡構造材としてはステンレス銅が感度と共に加工性

にも優れているために多く使伺される｡非金属材料のうちでも,加工性は劣るが機械的銭度に

優れでいるものにl･'.a.P.がある.ガラス繊維を用いた(トl･l.a.P.の引張り強度はステンレスに

比敬して多少劣るが,降伏点を比較した場合にはあまり差はない(,炭素繊維を用いた(_7-Ill.TL.㍗.に

ついてはステンレスよりも機械的鏡度に陵れたものが開発されている｡表3に示されているよ

うな焼鈍処理を行わない通常の場合のステンレス鋼の引張強度は約 50kg/mm2 である｡それ

に対し,東レ炭素鉄雄を素材とした小林木型社製C-IJ･R･P.の引張強度は 90kg/mm2でステ

ンレスの強度を優にしのいでいる｡上記小林木型社製トレカ･コソボジットの故械特性を表4

に示す｡

表 4 C-F.A.P.の墳械特性

23○C
-160○C

kg/m& kg/mh

引張強度 63 54

圧縮頚慶 49 58

曲げ強度 85 84

曲げ弾性率 4900 5100

(小林木型製作所製 トレカコソボ･}ット)

F.氏.P.は放維をエポキシ等の樹脂で固めてあるから,そのガス放出速度は樹脂のガス放出に

よるo一般にエポキシ樹脂のガス放出速度は10-6Torr史/sec･cm2程度と^･きい.表面積が小さけれ

ばあまり問題にならない場合もあるし,表面処理によっても放出速度を減少させることが可能

である.又低温においては減少することも考えられる｡我々は cryo-NICE の設計開始当初ス

ポーク材としてF.a.P.の使用を計画したが以上の点について十分検討する余裕が無いために使

用を断念し,ステンレスを使用することにしたo !･l.a.P.の使用が可能であるならば･同一形状

のもので比敬した場合熱伝導はステンレスの1/10におさえられる｡スポークは短くしてタラ

イオスタットの小型化と同時に十分に感度を待った懸下も可能である｡ただし金属との収縮比

が異るので Cryo-NICEのように構造材として金鶴と併用する場合には注意が必要であるo

--20-
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6.2 スポ-クによる超伝導コイルの懸下･

スポーク支持のための各フランジ及びスポーク支持方法についてはすでに3図に示した｡全

俸のスポークの栴成を14囲に示す｡液体窒素, -リウム溜の重畳は各々約100kgであるか

ら,真空槽からのスポークは200kgの荷重を懸下することになる｡スポークは真空槽両端に2

組あるから1組のスポークにかかる荷重は100kgである｡

14国 府下用スポークの構成

-21-
_185-



-186-

A.真空槽から液体窒素溜の懸下

窒素溜をささえているスポーークの本数は1組で24本である｡このように本数を多くした理

由は荷重を分散させて各スポ-クの荷重を小さくおさえるためである｡溜をささえる役目をは

たしているのは上半分のスポー.クだけであるが,今このスポークを均等に褒って100kgの荷重
F

をささえた場合の各スポークにかかる輩力を求めてみる｡各スポークと垂線がなす角をoとし,

スポークに上部から1から6までの番号をふるとスポークにかかる張力王･ltま
6

2F= cosOi= looks
i=l

からF- 18.1k官となる.したがって下部スポークも入れて全スポークを張った場合には,上部

スポークには下部スポークに比べて18kg余計に張力が加わる.スポークが十分太ければ荷重

による蛮力を無視し得る張力で均等にはることが出来る｡スポーク径はなるべく太くしたいと
■

ころであるが,スポークを通じて液体窒素溜への熱伝達が大きくなり液体窒素の蒸発が激しく

なる｡熟流入による液体窒素の蒸発量については次章にゆずるが,窒素溜-の熟流入を10ワ

ット摩度におさえるためにスポーク径は2.3mm¢となった｡

ステンレスの降伏点は表3に示されているように室温で 24kg/mm2であるから2.3mm¢

のスポーク.Q)降伏力は100kgであるo 窒素温度では 40kg/mm2 まで強度が増大するが,放

下作業は室温で行うから100kgが最大張力となる｡ 2.3mm¢のスポークの両端にネジ切りして

ボルトで国定したのではネジ部の感度が低下する｡したがって8図に示したようにスポーク両

端の固定部は 5mm¢のネジとなるよう, 5mm¢ SUS-304 スタットから旋盤加工によっ

て切り出した｡スポークの細い部分の長さは液体窒素溜懸下用で77mm, -リウム溜懸下

用で155mmである｡旋盤加工時に入ったひずみ等でスポークが劣化している可能性もある｡

又,太い部分かち急に細くなる形状をしている場合には,このタブ部分で強度の劣化がおこり

やすい｡したがって計画通りの強度が保たれ-ているかどうかを引張りテストを行って調べた｡

降伏点,引張り強度は各々 24kg/mm2 と 55kg/mm2 で劣化は認められなかった.

液体窒素溜を冷却してゆくと,溝およびスポーク固定用フラソジは収縮する｡スポークの両

端をボルトで固定したままにすると,この収縮は全てスポークに葉カとしてかかる｡ 1 8図に

示された78Kにおけるステンレスの熱収椿比の値2.8Ⅹ10-3を用いると,窒素溜フランジの半

径は210mrnであるから半径は0.59mm縮む｡この収縮をスポークでささえようとすると,

800Kにおけるヤング率E=21.1xlO3 kg/mm2を用いても F/S=(AL/L)xE-10.59/77)x21x103

=160kg/mm2 となって,ステソレスの引蘇り強度を優に越えてスポークは切断されてしまう.

これを避けるために各スポークの一端に板バネをかませて上記の張力を級和させた｡非磁性

のスプ')ソグ材として燐青銅, cti-Be等について検討を行ったが,降伏カが小さく使用出来

ない｡ステンレス銅にも硬化可能で降伏点の高い鋼材(BUS-630H900oC
,耐力120kg/mm2)

が存在するようであるがその詳細について知ることが出来ずまた入手することも出来なかった｡

バネはコイル中心から約200m山雀度赦して設置しかつ小型のものですむので,銅材にはK.S
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銅を使用したo肉厚1mm, 10mmX25mmの板を曲げて. 3囲に示したような≡日月形をした

バネ定数100kg/mm
,最大荷重200lくgの板バネを製作した｡

実際の組み立ての際には真空槽フランジと窒素溜フランジ間の間隔よりわずかに短い治具を

用鼓して,スポークの締め付けを詞節しながら全局にわたってフランジ間隔が等しくなるよう

に懸下を行った｡したがって各スポークの襲力は完全に均等にはならないが,上記のようなバ

ネを使用したことによって収縮による張力に対しては各バネは均等に沈み込むものと期待して

いる｡これを実測によって確認することはしていないが, cryo-NICEの運転上支障をきたす

ようなことは現在まで起きていない｡

B.液体-リウム溜の固定

a.スポークによる懸下

-リウム溜の懸下に際しては,窒素溜の場合に此奴して熱流入をずっと小さく押えなけれ

ばならない｡その上,コイル近傍に磁気シールドを設置するので,コイルと磁気シールド間に

働く引力にも耐え得る十分な感度で固定しなければならない｡したがって-リウム溜の画定

には窒素溜とは異った困難がある｡

金属の収縮比は18図に見られる通り,ごく低温ではほぼ一定となり 78 K と 4.2 K で

はあまり変らない｡したがって窒素溜から非等方的な支持の仕方をしたとしても相対的な位置

は冷却時においても変らない｡原理的には荷重に耐え得る最小限の径のスポー･クで吊り下げる

だけでも,コイル中心の移動は無視出来る｡ただしこのままでは振動してしまうし, C.TO-NICE

の滞が上に突き出た形状をしているために倒れてしまう｡そこで,このような振動や倒れをあ

る摩度防ぐために, 14図に示されているようにスポークは上部に3本,下部に2本のスポー

クを用いほぼ等方的に張ることにした｡

スポーク径は最上部のみが 3mm¢ で他は2.3mm¢であるo スポークを通じての熱流入を抑

えるためにスポークの本数は少なくしてある｡上部8本のスポークにかかる,荷重をささえる

ための張力は30kgと大きくなったo全スポークを2.3mm争とした場合には,耐力100kgに対

してこの荷重のための張力30kgの割合が高く,下怒スポークを鼓った場合にあまり余裕がな

い｡事実,始めに最上部スポークにも2.3mm¢のものを使って組み立てたところ,しばらくし

てコイル中心が下がってしまうことがあった｡これは下部スポークを張りすぎて上溶スポーク

の耐力を越えてしまったためにおこったことである｡こJQ)ようにスポークの耐力ぎりぎりで懸

下を行っているので,安全を考えて最上部のみは3汀皿¢耐力175kgのものを使用した｡

その点上の材料の助で述べたようにF.氏.P.の使用が可能になれば,スポーク長を短くしてク

ライオスクットの小型化が可能なばかりでなく,スポークの本数を多くして十分な強度の療下

も可能になる｡

液体窒素及び-リウム溜をもし同時に冷却昇温が出来れば,上にも述べた通りコイル中心
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の窒素溜t_こ対する相対位置の移動はない｡したがって窒素海懸下の時に使用したようなバネの

使用は不必要である｡しかし同時冷却も容易ではないし,特に同時昇温は熟絶縁が良いから不

可能に近く,昇温時には窒素溜から温度は上昇する｡このように丙満開に温度差が生ずると前

に考察したのと同様に懸下用そポークの切断の可能性がある｡そこで6図にすでに示されてい
r

るように,窒素滞のときと同一-の板バネを使用して収縮率のちがいによっておこるスポークへ

の負担を避けている｡

b.細いステンレス線を用いた補強

以上で一応は-リウム溜の懸下は出来たが,このままではステソレスは曲げ,ねじれに弱い

ので軸方向の振動とか非対称型溜の横ゆれに対して不十分である｡そこで窒素満と-リウム溜

の空間に0.8mm¢のステンレス線を何本か張って補強を行った｡横揺れに対しては,まず-リ

ウム溜頂部のくびを約1.5mの線の中央で縛り,その線の両端をくびに近い方の窒素溜フラン

ジに固定する｡その際に線をボ7t,トに巻きつけておくと,線はボ,レトの回転とともに引っ張ら

れるからボルトの締めつけを調節すれば線の祭り方を調節出来るo軸方向の振動防止には,ま

ずコイルボビン両端で各4ケ所づつ約1.2mの線の1端を固定するoその線の他端を固定した

箇所とは反対側の窒素演フラソジに固定する｡この補強によって通常のクライオスタットとし

ては十分な戟度をもって固定することが出来た｡我々は作業のし易さを考えて0.8m叫の線を

使用したが,十分な長さがとれればこの補強用線材による熱伝達は無視出来るからもっと太い

ものも使用可能である｡真空槽と窒素清の間はス.i).v-クの本数も多く十分な強度を持っている

ので,我々は裾強を行なわなかったoこれと同様な方法で補強を行えばより強度のあるクライ

オスタットの製作が可能である｡

c.ガラス棒によるコイル一顧気シールド間の補強

EBIS塾イオソ源では,磁場によってしぼられていた電子ビームはコイルを出た直後にコレ

クターに輪集さ咋る.コレクターでの揃集効率を良くするには,コレクター直前に磁気シール

ドを置いて磁場を発散させ,コレクター附近では磁場が存在しない状態が望ましいo Cryo-NICE

では磁気シールドは桓射シールド板に固定されている｡

コイルと磁気シールドの間に働く引力はマクスウェルの応力によって求められる｡鼓さHの

一様な磁場のある真空中におかれた磁性体に作用する引力は

T=4.06Ⅹ 10-8sp2 -･H'2) o(g)

で与えられる｡ここでH,H'は共にガウス単位で,げは磁性体が飽和してIiと平行にもれてい

る磁場の鼓さをあらわすo cryo-NICEの最大磁場20kGが発散せずにシールド故に吸収され,

かつ飽和もしないとすると, s=18.5cm2であるとしてT=1270kg に達するo このような大き

な引力を,窒素溜とコイルボビン間に張ったo.8mm¢のステンレス線4本でささえることは出

来ない｡いまちなみに,この引力を4本の線の径を太くしてささえようとすると線の径は,

77 Kにおける降伏点の値 45kg/mm2 を用いて, 4･=2tt1270/(4Ⅹ45Ⅹq))I/2=3m叫となる｡
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一方このとき線は伸びるが,線の長さ1000'mmとし300 Kにおけるヤソク率21･1xlO3kg/mm2

を用いて伸びを求めてみると △だ-(R･F)/(S･E)- 1000x45/(21x103)-2.2mmとなる｡このように

線も太くなって伝熱が無視出来なくなるし,コイルも移動する｡

このように大きな力を材料の駐力でささえることは問題が多いo Cryo-NICEでは一転射シ

-ルド放と-I)ウム溜の間に直径6mm¢のパイレックスガラス棒2本を,コイル中心を通

る鉛直線に対して対称な位置において･つっかい棒にしこの引力をささえている｡一般に材料

の圧縮感度は大きいので,つっかい棒方式は大きな応力に耐えることが出来るか'材料の長さ

はあまり大きく出来ないから熱伝導率の小さなものを選ばなければならない｡その点ガラスは

熱伝導率は非常に小さく,引張り,曲げ,ねじれの強度は小さいが,圧縮感度だけは65kg/mm2

と大きい｡ 6-nm¢ のガラスの両端が金属面にフラットにあたっており,かつコイルの移動方

向と平行に設置されているとすると, 2本のガラス棒の圧縮に対する耐力は 3･6xlO3kg

となる｡

実際のガラス棒の固定方法については7図に示してある.銅製のボルトに 6mm¢の幕を切

りこの串にガラス棒を差し込んで,緬射シールド板の外からこのボルトをねじ込んで2本のガ

ラス棒がほぼ均等な力で-リウム溜外壁と接するようにする｡後で取り出してみたところ,

金属面との接触が完全にフラットでないために一部に細いヒビが入っていることがあったが,

破壊されることもなく実用上は差支え無い｡又棒の一端がボルトと密着しているために,ねじ

込む際にねじれ応力がはたらいて割れることがあった｡固定の際にこのようなねじれ力がか

からないようにし,接触面をさらにフラットにする等の工夫をすれば､ほぼ所定通りの叔度を

発揮すると思われる｡

ガラスは熱絶縁性はよいが機械的髄度が小さいために,クライオスタットの構造材としては

あまり使用されない｡しかし上述のように常に圧縮力のみが加わるように工夫すれば,その効

用は大きいように思われる｡ただし上記のような2つの構造物の間に入っている場合には冷却

手愉に注意をしなければならないo Cryo-NICEの場合には,内部構造物の-リウム溜から

先に冷却することが必要である｡窒素溜から先に冷却すると窒素溜の収縮がこのガラスに加わ

り破壊の可能性がある｡

以上のようにスポークを使用することによってコイル中心を固定させ,比較的故度もある水

平設置型クライオスタットの製作が終了した｡現在 Cryo-NICE の運転上支障になるような構

造上の問題は起っていない｡しかし当初の目標であった,冷却によるコイル中心の移動を0.1

rnm以内におさえるという課題を本当に達成出来たかどうかについては,今のところ不明であ

る｡そのようなチェックをする余裕もないまま実用運転に突入してしまった｡ただ運転開始後

約半年経過した時点で点検したところでは,最初に設定した位置からのコイル中心の移動は認

められなかったo
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7.寒剤の消費量

超伝導コイルを運転する際の寒剤の消費は2つに大別される.第1は,液体窒素及びへ1)

ウム各溜に液を充填する時に,まず高温の演を各液体温度まで予冷が必要である｡その際に大

型の装置であるとかなり多畳の寒剤を消費する｡弟2は,寒剤の充填終了後外部からの熱流入

による蒸発である｡前者の予冷に要する寒剤の消費は運転には直接役立たない損失であるから,

熱淀入を減らす努力は当然として,予冷効果の向上についても注意を払わなければならない｡

7.1 寒剤の性質

一般に良く利用される寒剤としては,液体-I)ウム.水素,窒素,酸素などがある｡これ

等の寒剤のクライオスタット製作上必要と思われる性質を表5に示す｡材料の冷却にとって重

要な値は蒸発熱である｡しかし蒸発したガスが材料と熱交換するような場合には,冷却能力と

しては蒸発熱とガスのエソタルピーによって決まる.各温度のガスのエソタルピーを蓑の下部

に示してあるo容積比はIRの液が気化して300 K , 1気圧のガスになったときの容積をあ

らわす｡

表 5 各 種 寒 剤 の 性 貿

液体 He4 Hユ N2 02

分子量 4.008 2.016 28.016 32.0

#&(K) 4.2 20.39 77.85 90.0

沸点における液の比重(kg/A) 0.125 0.071 0.8()8 i.14

燕.発熱(kcal/kg) 4.54 106 46.3 51.2

液体1Eあたりの蒸発熱(kca1/q 0.62 7.5 87.4 58.S

熱流入による蒸発量¢/W.h) 1.4 0.115 0.02$0 0.0148

容騎比(300K) 480 860 880 880

1気圧のガスのエソタ/レビー4K 7

170

45

(kca1/kg)20 28

77 98 810

300 876 1010 104

1 kW ≡ 0.239 kcal/see

T. 2 予冷による寒剤の消費

温度T7の固体を温度Tlまで冷却するのに必要な熱量はェンタルピーの差
T2 TI

Q-/ CCr)dT-/. C(T)dT
O
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である. mol当りの比熱cはデバイの式r=よ･ってよく知られているように,デバイ温度⑳に比

べて十分高温では一定値8 Rに近づく.一方十分低温では

C幸234 R (T/㊨)3 T<0

となるo ⑳は代表的な金属では数百Kであるから数十Kの温度慎域では比熱はT8に比例する.

したがってエソクルピーはT4に比例して温度が下がると共に急激に減少する｡表6に種々の固

体のエソクルピーの値を示す｡

表 6 固 体 の エ ン ク ル ピ ー

物質
エンタルピー〔joule/g〕

4K l9K 20K 50K 100Ⅰ( 160K BOOK 260K BOOK

アルミニウム 4.63.loヰ 4.9.10瑠 4.8.1『2 1.85 17.76 54.4 84.8 185.0 lワo.4

鍋 1.8.10-4 2.4.lO-8 3.4.10-2 1.40 10.6 28.5 42.4 64.4 79.6

ニッケル 9.8.101 7.1.10-3 4.1.lO-2 9.3.10-1 8.63 26.28 40.82 65.0 82.4

グラファイト 1.68.101 3.3.10-3 3.8.10-2 7.0.10-I 5.lO 1.08 32.2 62.5

I

88.7

モネル

ウ.}ドメタル

黒鉛

パイレックス

ガラス

アラルダイト

テフロン

9.0.10-4

5.l6.10,A

1.68.101

2.01.10-1

2.10t10-3

3.10.10-8

4.6.1『2

8.81.10-1

8.8.10-2

1.54.10-l

6.23.10-1

5.2.lO-l

1.ll

7.0.18-1

4.88

9.3

5.10

19.51

41.3

82.2

75.9

81.5

88.7

cal/gにするには0.2390を乗ずるo

真空技術講座6 ｢真空技術常用諸表｣ (日本工業新聞社刊)

通常,超伝導コイルの予冷の手順は次のように行う｡まず液体-リウム溜に液体窒素を満た

して,コイ′レ及び溜を77Kまで冷却するoその後,液体窒素を追い出してから,ロータI)-ポ

ンプで溜内を窒素の三重点93.9Torr近くまで減圧し残った液を気化させて排気する｡このよ

うにすると,単に液体窒素の追い出しが完全に出来るばかりでなく,溜の温度を三重点温度

63.15Kまで下げることが出来る.その後液捧-I)ウムの移送を行って4.2 Kまで冷却する｡こ

のような液体-リウムによる冷却を行う以前の処理によって材料のエソクルピーは大巾に減少

し予冷に必要な液体-リウムの量をずっと少なくすることが出来る｡ちなみに77 Ⅹの銅のエ

ソタルピーは約1.8cal/gであるが63 Kまで冷却すると約o.9cal/p,と半減する｡特に大型マグ

ネットになればなるほど予冷に要する液体-リウムの量が増大するからこの予備冷却の効果は

大きいo事実大型マグネットでは小型-I)ウム冷凍擁を用いて20 K程度まで冷却した後,液

体-1)ウムを充填する方法がとられている.飼の20 Kにおけるェンタルピーは8Ⅹ10~3cal/g

に減少するから,わずかな量の液体-I)ウムで4.2 Kまで冷却出来,ただちに液は溜り始める｡
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一方寒剤の冷却能力は液の蒸発熱と蒸発したガスのエソタルピーによって決まる｡ちなみに

-リウムの場合, 12の液の蒸発熱は衰5に示したように0.62kcalと非常に小さいが,それ

から蒸発したガスが完全に熱交換して300 Kまでなったとすると(376-7)xO.125= 46kcalも

の熱量を吸収する｡したがって蒸気のエソタルピーを上手に利用出来るかどうかによっても予

冷に要する寒剤の消費量は大きく異ってくる｡表7に材料の初期温度300 Kと77 Kの1kgの

金属を蒸発熱だけで冷却した場合とガスのエンタルピーを利用して冷却した場合に要する寒剤

の畳を示す｡

表 7 材料の冷却に必要な寒剤のJt

寒剤 He4 N2

材料の初期温度K 800 77 800

蒸発熱のみ

による冷却

ア/レ､ 18 8.2 1.01

スチソレス 9.2 1.4 0.53

鍋 8.6 2.2 0.46

ガスのエソタル
ア/レ､ 1.6 0.22 0.64

ピーを利用した

場合

ステンレス 0.79 0.ll 0.83

鍋 0.79 0.15 0.29

JacJbs, I.a. Advances in Cryogenic Engineering 18, 529 (1963)

BOC "Cryogenic Data Chart"

cryo-NICE の場合コイルと液体-リウム溜の重量は紛100kgであるから,蒸気による冷

却がほとんど出来なかったとすると77 Kから4.2 Kまでの予冷にi40史の液体-I)ウムが

必要になる｡一方蒸気の熱交換が十分よくおこなわれるとすると112ですむo この差はあまり

にも大きいが,設計の良し慈しによって予冷による消費量は大きく異る｡ Cryo-NICE は横長

コイルであるので2図のコイル組立図に示された,液移送パイプ受けから液は2本の′くイブに

分けられてコイル下部で2ケ所からふき出す｡実際に予冷に要する液体-1)ウムの量は15R

弱である.
…般的にはコイル･溜全重量のl/3-

1/2程度の量を予冷で消費するとのことであ

るから､ Cryo-NICE の結果は非常によい結果であると思われる｡

液体窒素の場合には,蒸発熱が37kcal/R と大きいので蒸気による冷却が不十分な場合でも

十分な場合との消費量の差はあま'り大きくないo したがって-リウムの場合とちがって,よ

ほどのことがない限り予想値とそう異ることはない｡
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7.古 熱流入による寒剤の消費

寒剤への熱流入の原因としては次のようなことが考えられる｡

(1)真空空間の妓留ガスによる熱伝導

(2)真空空間を通しての輪射による熟流入

(3)クライオスタット構造材を通しての熱伝導

(4)ヘリウム溜くび及びくび内の液移送′くイブ,液面計,電流.)-ド等による熱伝導

(5)くび上部室温部分からの栢射

このうち(1)は通常のクライオスタットでは無視出来る｡ (4), (5)についてはこの部分を蒸発し

た低温のガスが流れているために熱の流入量を求めることはそう容易ではない｡この間題につ

いては後にゆずり,まずスポークのような直接高温部分と接している構造材を通しての熱伝導

と桓射による伝熱について述べる｡

いま均一な断面爵h)をもつ長さ史の固体の両端の温度が Tl,T2 であるとすると,熱の流れ

る速さは

Q

-書【
I.T2KdトナTIK dTI

O

であらわされる｡ここでKは1 2図に示した熱伝導率で,その毎分値は種々の固体について求

められている｡ 2,3の例について表8に示す｡

表8 勲伝蒔牢の秋分隼/OTK(T)dT
watt/cm

温度 鍋 アルミ
ステンレス

ガラス
テフpソ

K (電解) 99% xlO-3

6 8:0 0.176 0.0068 2.ll 1.18

10 38 6.07 0.0293 6.81 4.4

20 140 27.6 0.163 20.0 16.4

76 686 220 3.l7 175 180

100 802 284 5.28 292 l87

200 l220 508 16.6 1030 442

300 1620 728 30.6 1990 702

栢射による熱流入についてはステファソ･ボルツマンの式

Q=5.67x lO~12e-A(T24 -T14)

によって求められるo 亨は2つの面の平均放射率でそれぞれの面の放射率をel,e2とし面黄を

Al,A2 とすると同軸円舞の場合
ele2

e2 +Al/A2 (1 -e2)e1

である｡いくつかの材料の放射率の値を表9に示す｡
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表 9 材 料 の 放 射 率

Surface temp K

I 42877800

Copper 0.00500.0080.018

Silver 0.00440.0080.02

Aluminum o.Ol10.0180.08

stainlessstee118-8 0.0480.08

Si1VerplateonCopper 0.0130.017

Appl. Cryogenic Eng･ p 154 (Vance and Duke)

BOC社"Cryogenic Data Sheetぃより

A.液体窒素滞への熱流入

スポークを通じての熟流人は,スポークの断面境がo.o415cm2
,長さが5.5cmで本数が48

本であるから(0.0415/5.5)(30.6-3.17)Ⅹ48‡10 ワットとなる｡臨射による熱流入は全てステ

ンレス製と仮定すると22ワットである｡この他に電子銃が転封シールド板に固定されている

ので,フィラメソトの発熱は全て液体窒素に吸収される発熱量は約15ワットである｡した

がって全部で87ワットQ)熱が窒素溜に流入する.この熱流入による辞体窒素の蒸発量は表5

の値を用いて0.85帥と予想される｡ところが実際には2帥の窒素が蒸発してしまった｡こ

の原田についてはっきりした根拠は無7Jlったが,幅射による熟流入が予想以上に大きいのでは

ないかと考え,真空槽と窒素溜の空間に厚さ80LIのアルミシートを両者にふれないように張っ

て窒素溜を覆った｡その結果,液体窒素充填直径は前と同様に蒸発は早いが約1 0時間後には

蒸発は減少してほぼ当初の予定に近い値におさまった｡このことは,アルミシートからの転射

放出は窒素溜によって吸収されるために温度が下り,真空槽からの短射吸収とつり合う温度

盲A(T4 - 774)=i'A'(3004 - T4)

におちつくためと考えられる｡簡単のために 言A=i'A'とすると2T4≒3004で T幸250K

となる｡このように短射による伝熱が予想より大きく上まわった原田は,はっきりしない｡

窒素溜表面はパフ仕上げを施した｡ステンレス表面には細い穴が無数にあいておりパフ仕上げを

行うとパフの謬質が研摩面に埋めこまれ,かなり入念な酸洗いによっても取りのぞけないとい

われている｡我々は表面を有数溶繭で洗浄しただけであるので,そのような表面処理によって

悪い結果になったとも考えられるが,いずれにしても原因ははっきりしない｡
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B.液体-リウム溜への熱流入

はじめにスポーク及びガラス樺からの熱茂人を求めてみる｡スポーク長は15.こcm で直径

3mm¢ のものが2本, 2.3mm¢のものが8本使用されている｡ 3mmO,2.3mm¢のスポーク

各1本による伝熱は各々1.4Ⅹ10~2,8.5xlO-3 ワットであるから全体で約0.1ワットである.

熟流入による液体-リュームの蒸発量1.4岬･h を用いるとスポークを通しての伝熱による蒸

発量は o.14帥 となる｡ガラス棒は6mm¢
,長さ8.5cmでボビン両端に各2本づつ計4本

使用している｡ 1本あたりの熱流入は1.4xlO~2 ワットで計5.6xlO-2 ワットであるから,こ

れによる蒸発量は80cc/h となる｡

編射による熱流入を見境ろうとすると4 Kにおけるステンレスの放射率が必要であるが表9

には4 Kの値が欠けている.しかし結果にはあまり影響はないので4 Kについても77 Kの値

を用いることにする｡ -リウム溜の表面積は9.2xlO3cmL,短射シールドの表面板は1.5x

lO4cm2である.編射シールドはやはり全部ステンレス製であると仮定すると熱流入は 5.4x

10-2 ワットであり,それによる蒸発量は 80cこ/hである,

くびを通しての熱流入量を見括ることは,先にも述べたようにそう容易ではない｡くび内に

はコイル励磁用電流リード,液面計等が納められている｡これ等は直接室温部分と接している

から,蒸気による冷却効果を無視して伝熱を見積ってみると大変大きな値となる｡特にリード

線からの熱流入は,銅の魚伝導率が大きいから,たとえ 2mm¢ のリード線であっても1ワ･y

トを越えてしまう｡又15mm¢肉厚o.5mmtの液移送パイプで0.14ワットとなる.しかし蒸発

した低温ガスが流れているので,くび部の材料を通しての熱伝導はずっと小さくなる｡

通常の金属製クライオスタットでは,経験的に液体-リウム蒸発量は 0.5帥-1的であ

る｡したがって我々はこの値にtスポーク,ガラスによる伝熱と編射伝熱こよる蒸発量約300cc/h

を加算して, cryo-NICE の蒸発量はうまくいって1帥弱,悪くて1.3帥 と見慕ってい

た｡実際に cryo-NICE を運転してみたところ蒸発量は紛1.4帥となり,悪い方の見積りを

多少越えてしまったo -リウム溜の有効体積は23史であるから2 4時間近い連続運転を見込

んでいたが,実際には1 6時間程度に減少してしまった｡ただ事いにも cryo-NICE を使用し

ての実験は連続運転が不可欠な条件ではないし,かつ1 6時間の運転時間は1日の実験時間と

しても十分であるので特に改良もせずに現在は使用している｡

このように液捧-リウムの消費量が,当初我々が楽観的に考えていた見積りをこえてしま

った原因についていくつかのことが考えられる｡第1に液体窒素の蒸発のところでも述べたよ

うに窒素溜の表面処理が不十分であったために編射伝熱が見積りよりも大きい可能性がある｡

ただしこの点については判断が難しい｡第2は最も可能性が高いと思われるが,くび部の構造

があまりよくないために熱伝導が大きいことが考えられる｡事実,くび上部の室温部からの梅

射シールド1つをとっても一一般には細心の注意を払って製作するのに対して,我々は固定方式

に注意が集中して十分な対策を講ずることが出来なかった｡通常液移送パイプは液体-リウ

ー31一-
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ム充塀後引き抜いて熱流入を減らしている○又電流リードについても'途中にス1.ッチを入れ

て永久電流方式に切り換えた後に切り離す方法にすると液体-リウムの蒸発量はずっと少な

くすることが出来る｡我々の場合液移送パイプも多少工作精度が悪かったために引き抜くこと

が出来ず,固定したままで使用している｡ cryo-NICE を用いた鞄突実験に追われてこれ等の
f

点について改良を行う余裕が無かったが,今鋲改良が行えれば液体-リウム蒸発量はまだ減

少させることが可能ではないかと考えている｡したがってこの点に関しても不十分ながらも我

我の技師レベルからすればほぼ満足すべき結果ではないかと思われる｡
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8.お わ り に

この報文は,新しい技術の報告というよりも,ズプの素人がまがりなりにも使用可能な超伝

導コイ′レ及び超高真空タライオスタットを製作することが出来たという苦労話のようなもので

ある｡我々は超伝導コイ′レの実情については十分な知識を持っていないために,まずまずの結

果だと考えているが,専門家の目からすればひどい誤解や思い過しがあるかもしれない｡

cryo-NICEの設計にあたっては共立出版の実験物理学講座の｢低温｣及び｢磁気｣中のtt超

伝導マグネット"が大変役に立ったが,この報文を書くにあたっても参考にさせていただいた｡

cryo-NICEのコイ′レ及び液体-リウム溜を除く工作は全て京和真空機械製作所で行った｡我

々のめんどうな要求に心よく応じていただいた高松氏に感謝します.超伝導コイ′レ及び･タライ

オスタットの製作に閲し全く無知であった我々の質問に対して心よく応じていただき,かつ各

種驚料も提供していただいた真空冶金K.Kの高野fe,野口氏に感改しますo又,種々の助言を

いただいた都立大学理学部物理学科の久米,米満研究室の諸氏に感謝します｡スポークの強度

テストをしていただいた都立大学工学部機械学科の三沢氏に感謝します｡コイルボビン用SUS

-310 S鍛造品の提供に御尽力いただいた山陽特殊鋼K.Kの森弘氏に謝意を表します｡
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衣 近 の

多価イオンの一電子捕獲断面積の

価数依存に見られる墳勤

阪大理 木 村 正 広

§1.はじめに

高電離イオンと中性原子･分子との衝突による電荷

移行過密の研究;･=は,最近特に強い関心が寄せられて

いる.この方面の情報は核融合プラズマのエネルギー

損失や中性粒子打込みによる加熱,ビームプT=
-プ計

測法と閑適して高温プラズマの挙動を探る上で欠くこ

とができない.1)多肺イオンが電子を捕獲した結果,

反転分布,I,I.･生じればX線レーザーへの発展も考えられ

る.2)星の大気や星間空間でほ水素や-リウムとの衝

突による電荷移行が多価イオンの平均電荷数を下げる

働きもする.3)

以上のような応用面からの要請が強くなったことと,

定常的に低エネルギーの多厨イオソを引き出せるイオ

ソ源が開発されたことから多価イオソー中性原子の衝

突研究は理論･実験とも1975年以降,活発に行われ

るようになった.り)名古畳大学プラズマ研究所では

1977年,客員研究としてNICE(Naked Ion Collision

Experimentの時)計画が発足し,その間,多紀.(オ･/

源として電子ビームイオン源(EBIS: electron beam

ion
Source)を建設し,いくつかの原子衝突突放を行

つ1:きた.6)その中に,低速庶の多触イォ･/がへ1)ウ

ム原子こ衝突して-つの電子を捕獲する過程,

Aq'+He - AL'q-1)++Hell
, (I)

の断面筒がqの変化に伴い激しく振動する現象かある.

本稿ではこの現象を紹介し,その原因について考察す

る.

ここでし う低速鹿野実とは,入射イオ/の速度が捕

獲される電子の原ナLt..軌道速度より遅い衝突をいう.

低速度の衝突では,入射イオソと標的原子とによって

形成される準分子のモデルで衝突過程の議論ができる.

多価イオソAq'が中性原子Bに接近すると,核間距准

Rqこ応じてそのエネルギー準位は連続的に変化してポ

テンシi･ル･エネルギー曲線を形成する. A(q-1)+の

基底状態およぴいくつかの励起状態のイオソ化エネル

ギーはBのイオン化エネルギーより高いのがふつうで

ある.このため第l図に示すように,相対過勤のエネ

ルギーを除けばRの大きい位置ではA(q-1)++B+の方

がAq++Bよりエネルギーが低い.しかし, Aq+とB

研 究 か ら 763

核間距缶R

第1国 Aq++a-A(q-I)++B+衝突系の透熱(diabatic)

ポテンシャル曲線.

が近づくときほかなり接近するまでこの系のポテンシ

ャル･エネルギーほ大きくは変わらないのに対し,
A(ト1)+とB+が近づくときほクーロソ斥力が働いてエ

ネルギーほどんどん上がる.このために(1)式の左辺

と右辺のそれぞれのポテンシャル曲線ほ核問距離が比

故的大きい位置で交差する可能性が大きい.これらの

交差点を経て電子の移行が起きると考えれば,一つの

始状態から多数の終状態-のチャネルが開けているこ

とになる.廊数qが大きいほどこのチャネル数は増え

るので断面積はほとんど速度依存性をもたなくなり,

-電子捕獲過程をモデル的に取扱うことが可能となる.

標的が水素庶子の場合の-電子捕掛二対して,種々の

モデルが撞案された.それらによると-電子捕獲過程

の断面積qq,q-1はqqに比例して単調に増加する. α

はモデルによって多少異なり, 1-2の間の値をとる.I)

しかしこれらのスケー1)ソグ則ほ版数qの大きい場

合に妥当な近似であり,価数の小さい場合には疑問を

残す.事実, 1979-1980年に行われたCrandallらオ

ーク1)ッジ･グループのB,C,N,0の多価イオソとH

との衝突実験でほ, qq.q-1ほ必ずしもqと共に単調に

は増加せず,イオソ種によってさまざまな値を示し

た.7)その後, Blimanらグルノーブル･グループも,

C,N.0,Arの多価イオンとD2との衝突でスケーT)ソ

〆則からのずれを指摘している.8)簡単なスy･- 7)./

グ則が成立しないことをもっとも系統的にそして明確

に示したのはNICEグループの突放である.

§2. NICEでの実験と古典的一喝子モデル

多艇イオソ源として採用したEBIS型イオン源○)紘,

従来,核加速器用に開発されてきたものであるが,最

近は原子衝突突放にも使われるようになった. NICE

_199-



764 日 本物理学会誌

では, B,C,N,0等の裸イオ･/-電子が完全にはぎと

られたイオンーをはじめとする多脆イオソを守宮田に

引き出せて衝突実験に用いることかL-･きる.

次にHeを標的原子とした-電子捕獲過程(1)の断

面摂の測定結果を示そう.10)多価イオンAq+として

は,裸イオン(B5+,C8+,HT+,08+), H様イオソ(B4十,

C5+, N8+, 07+, F8+, Ne9+), Td,J様イオ./(B8+, C4+, N5+,

08+, F7', Ne8り, Li様イオソ(C3+, N4+, 08+, FO+, NeT+.

S13+)のi-･等電子系列のイオンを網羅している.衝突

-ネルキ-範囲は1.5q-3.OqkeVと狭いが,この範

囲では大部分の断面R･ミュネルギ一に依存しない.衝

突エネルギーが0.8keV/amuの場合の-電子描迩断

面積を版数の関数として第2図に示す.折れ線は各等

電子系列を結んである.これを見ると, q-3,5に当

る断面積がq=4のそれより一桁近く大きいなど,明

らかに実験誤差(土30%)を上まわる断面積qJ振動枯造

がすべての等電子系列のイオンについて読み取れる.

特に小さいqで振動が著しく, qが大きくなると共に

振鍬ま減衰して,血1ler-Salzbomが実験的t,=出した

スケー･リング則11)(囲の点線)に近づく.

一般に,低速度での電荷移行の理論的取扱いでは,
く歪んだ固有関数で展開する方法(PSS法)〉がもっとも

正統的な方法とされている.しかし,今の場合, B3',

J
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節2団 -電子描葬断面研の価教依存性(T.
Iwai, e(

al.:
Phys. Rev. A26(1982) 105より転赦).
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CI++He系についてのShipseyらの計算しかない.1望)

一方,龍福･佐々木･渡部によるくユニタ')-化され

た歪曲波近似(UDWA)法〉ほ,広いエネルギー罰域に

おいて適用できることが特徴で,標的原子がHの場合

についての実験結果をかなりよく説明している.111･14)

しかも低速壁で;ま, UDWA法はくポチソシャル曲線

の交差にもとづく古典的-電子モデル〉の計算と等価

であることも彼らによって指摘された.14)彼らは標的

原子がH原子の場合を扱っているが,ここではこれを

H¢におきかえた古典的一電子モデル;ニよって,観測

した振動構造の説明を試みる.

いろいろな衝突系を統一的に取り扱うために,

Aくq-1)+とHeほそれぞれ有効核電荷ZlとZ･.の水

素型のエネルギー準位をもつものと仮定する.したが

ってエネルギー準位ほそれぞれ主量子数〝1, Tt2を用い

て-Z12/2n12,
-Z2乞/2n2之と表わされる.こうすれば

有効核電荷Zl,Z2はそれぞれA(q-1)+, Heのイオン

化エネルギーから定まる.さて, A叶とH¢とが近づ

いてきて,核問距離Rで電荷の移行が起きると考えよ

う.移行する電子は,始状態でほHeの基底状態にあ

り, Aq+からのクーロンポテンシャルーZl/Rの摂動

を受ける.一方,終状態では電子ほA(q-1･t'の励起状

態トZ1之/2n12)に移り,そのときHe+から-Z2/Rの

摂動を受ける.このような摂動を受けた両状態のエネ

ルギー準位が一致するという,いわゆる共鳴条件,

-Zl/R-Z22/2=-Z2/R-Z13:2nl乞,
(2)

が成立するRで電子がHeからAq+に移行ナると考

える.このときのR8ま第1国に示したポテンシャル曲

線の交点の位置を与えることになる.しかし移行する

電子にはAq'とHeとの中間にポチソシi･ル障壁が

あり, Rの減少と共にその高さも減少する.電子の移

行が可能なためには始状態のエネルギー(上武の左辺)

がこの障壁を越えるに十分なだけ雨粒子が接近しなけ

ればならない.上の二つの灸件を最初に満足ナる核御

距錐をRnとして,電子移行の確率を1/2とすれば･

Q...-I-与;Rn乞
(3)

で電子揃独断面研が与えられる.この式で計弄したWr

両横を有効電荷Zlの関数として示した.･D.I/･第3同の

破線である. n(≡〃l)の値がlだけ増すごとにⅠ抑頚研

ほ非遜杭的にジャンプする.また同国にほ実験デー〃

も整理しなおしてプpッ卜してある.両者･D一致は必
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ずしもよくないが,古典的-電子モデルが非常に大担

な近似をしていることからみてやむをえない.しかし,

このモデルほ観潤された,断面砿の特徴的な振動鵬造

の本質をついているように思われる.

低Zイオ･/でほ17の小さな準位へ電子が輔控される.

そこでほ準位の間隔が大きいため〃の値が1だけ増え

ても断面班ほ大きく変化する.一方,高Zイオンでほ

大きなTZに捕挺されるが,そこでは準位が密に分布し

ているためにnの変化による慨両flll{の変化も小さい.

一次イオン

=;

生成イオン

c5･

n=A n=3 n=2

-----=-;
-坐

-20 0 20 ム0 60 80 100

Energy- GQin/eV

g;'4r(1 CO'+rlc--,C6.(n)+lic+のエネルギー利1!1pス

･ミクトル.

これが[SZイオンで断面前の援助が減衰する原因であ

る.

特定の準位nに選択的に電子が捕獲されるという考

えほ,古典モデルの重要な予測であるがほたしてそう

であろうか.これを確かめる実験をNICEグループが

目下行っている.電子を捕獲したイオ･/のエネルギー

損失(または利得)スペクトルを観測し,これを解析す

ることによりイオンのn分布が求まる. C4･5･8+,

05･6･7･8+イオンで調べた結果では, C4+はtz-2,

OT･8+はTZ=4,残りはすべてT2-3というように,特

定の〝に選択的に電子の移行が起きることが分った.

これらのTZ値ほ-電子モデルでの予P.(Jと一致する.そ

の一例を第4回に示す.すなわち低エネルギーのA叶

+He衝突の-電子移行でほ,古典的-電子モデルが

かなり良い指針となることが確かめられたといえよう.

さらに高いZのイオンについてほ,古典モデルの予

測とちがって二つ以上の準位に電子が捕獲される可能

性も無視できなくなるだろう.これほ今後の興味深い

課題である.
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多価イオン(q≦41)による-電子捕獲

関西医大教養 岩 井 鶴 =

§l.はじめに

裸か,それに近い多(mイオン(例えば08+)早,価教

の極めて高いイオソ(例えばKr凹+)による電子揃遵反

応ほ,原子物理学の問題として非常に興味があるだけ

でなく;核融合プラズマ中の不純物問題やX線レーザ

ー開発の可能性などに閑適して注目を集めている.2)

この研究のためにほ特別のイオソ源が必要で,各国で

競ってその開発が行われていたが,名大プラズマ研の

NⅠCE (Naked Ion Collision Experimentsの略)グル
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-プでほ既にそのための装置を完成し,3)それを使っ

て多価イオンによるHe原子からの-電子捕獲反応,

A叶+He一A(q~l)++He++AE (1)
*

について, q土3から41までにわたって系統的に調べ

上げることに成功している.ト15)その結果,多価イオ

ソによる-電子描遵反応についての理解が拝められた

ので紹介する.

§2.乗放でわかったこと

第1図にこのイオソ源(NICE-1)で得られたⅠ叶の

マススペクトルを示す.1与〉Ⅰ42'まで生成されているこ

とがわかる.**得られたイオソビームはエネルギー分

布が半値幅で0.8×qeVと比較的狭く,反応前段のイ

オソの運動エネルギーを測定することによりAEを求

めることができる. AEが決まれば生成イオソA(C-1)+

のエネルギー状態がわかることになる.

反応(nについてNICEグループの実験によってわ

かった特数的なことを列記すると次の通りである.

1)価数qが十分大きければ,反応の様相は元素Aの

種察によらずqのみで決まり,同じ価数のイオソほ

同じ様に振舞う.

2)電子はA(q-1)+のごく限られたTZ準位`17は主量子

数)に選択的に捕獲される.例えばq=6でほn-3

の準位に入り, Tt=2にもn-4にも入らない. q-40

では〃-15程度の準位へ入ると推定される.

第1図 NICE-1によるP+ビームのマススJ{クトル,

mlq-2,3,4,6,8,12. 14, 16などは不純物イオ

ン(H. Tawara, et at.'. J. Phys. B 18 (1985)

337より転載).

♯
A-B,C,N,0,F,Ne,S,Kr,Ⅰの各元素, LEは

反応エネルギーでAE>0のとき発熱反応.

榊沃素127Ⅰは他に同位体がないために, H2,He,C,N,

0等の不純物イオンと明舵に分離できる.
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第2国 Heからの-電子捕獲断面積(H.Tawara,et

at.:
I. Phys. B18(1985)337より転載).

3)価数qが101以下では反応(1.)の断面静よqと共に

振動しながら増加し, qが10以上では単調に増大し

てq-41でほ2×10~14cm2にも達する(第2図参照).

これらの特致のうち1),2)は第i表にまとめてある.

描浸された電子が元素の種妖に関係なく,価数に固有

な特定の準位に入ることがわかる.これはまた,十分

に価数が高ければ,残った芯電子による遮蔽は行ぼ完

全で, Aq+はあたかも正電荷qeをもった点電荷と考

えてよいことを示唆している.第l表にも見られる断

面積のqに対する振動については,既に木村がこの碗

で紹介し,I)簡単な古典的-電子モデルで定性的に説

第1宏 一電子捕獲断面耕と電子捕獲準位.上段は断
面積の実測値(10-15cm2)で,括弧内は準位

の主虫干数〝.
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●

別できること,}J':示されているので,以下にはそのモデ

ルの要点だ･:+セ述べる.

§3.古典的一電子モデル

反応(1) i三第3回のような透熟ポテンシャル曲線の

交差点を経て起ると考える.ここで反応系Aq++He

のポテンシャJ',曲線は直線で,生成系A(q~l)++He†

のそれはクーpン斥力だけで近似できるものとする.

Heの1s電子がHe+からの束縛を脱してA叶の引

力圏に進むたカニ;王, Aq'とHe'とが或る距離Rsよ

りも接近することが必要である.古典モデルでほ, R3

の内側でかつ最もR3に近い交差点Rcを経て電子が

移行すると考え,そのときの電子の移行確率を1/2と

して,断面f)7をo-(1:2)=Rceとする.

この古典的一電子モデルは, q<10の場合に見られ

る断面積の惣数に対する振動を定性的に説明すること

に成功し,また描鐘電子の入る準位の主量子数を正確

に予言することができたが,大きな欠陥のあることも

分った.こ.?モデルによれば,断面積は(1/2)才Rc2で

与えられるJ?で, Rcと共に単調に増大してゆく筈で

ある.一方第3図のポテンシャル曲線を仮定すれば,

実験でJEを,i:めることによりRcほ一義的に決まる.

こうして得たRcの関数として実謝の断面積をプロッ

トすると, q<10で:三期待に反して,あるRcのとこ

ろで棒大を示しそれ以上のRcで減少してしまう.普

たqが10以上こなると断面箭の振動が急速に消えてq

と共に単調こ増大する様になるのも,このモデルでほ

理解しにくい.

§4. Landau-Zener (L-a)理論

節ヰ図のような透熱ポテンシャル曲線の交差がある

場合の交差点け近での遷移についてほ,古くから有名

なLandau-Zenerの理言鈷がある.反応系Aq十+Heと

生舵系A(q~'L)~⊥He⊥の問に相互作用があれば,相対

:JJ3 L/I 'Lf)'J)M()-,.u子モデルの挽nn図.

研 究 か ら 215

第4図 L-Z理論の説明図.

速度が無限小の極限では二つのポチソシャル曲線は交

わることができず(Wignerの非交差則),点線の様に

なる.これは断熱ポテンシャル曲線であって(AHe)叶

分子のエネルギー状態に対応する.しかし相対速度が

有限の場合には二状態間に遷移の確率が生ずる. L-Z

理論によれば,系が透熱ポテンシャル曲線に沿って交

差点を通過する確率ほ

p-exp (-22r H芋.JvbAF) (2)

で与えられる.ここでvb,AFほそれぞれ交差点Rcで

の相対速度(動径方向)と透熟ポテンシャル曲線の勾配

の差である.またH12は反応系と生成系の相互作用ポ

テンシャルの行列要素で,断熱ポテンシャルの間隔の

1/2になっている.系が断熱ポテンシャルに沿って進

行する確率ほ(l-♪)になるから,衝突完了時に系が反

応系から生成系に移っている確率は

P=2p(I -p) (3)

で与えられる.この有名なしZ理論は今迄実際の系に

ついて実験と厳密に比較されることが殆どなかった.

それはポテ･/シャル曲線やH12について正確に知られ

ている系が殆どなかったからである.多価イオンによ

る-電子捕獲反応ほ,上述の様に遠敷ポテンシャル曲

線が簡単な関数でかなり正確に近似でき, H12につい

ても理論的に取扱い易い.つまりしZ理論枚証のため

にも多触イオンの電子捕狂反応は格好の材料となる.

さて,反応(i)におけるH12についての理論はいく

つかあるが,18-l弓)そのいずれでもH12ほexp (-R｡一)に

比例する形で_=RわされRcの増大と共に急速に減少す

る.従ってRcの大きいところでほpほ1に近い.～

方Rcが十分小さけJtばpは0に近くなる. -電子拭

社の相:率ほ(3)式からpがlでも0でもP-0であり,

p-1/2のときP-1/2で最大となる.つまりR.が適

当な火きさのときだけPが有限の値をもつ.

こiJL迄は生成系のポチ･/シャル曲線を一本しか考え

なかったが,実掛こはq,(3図の様にItの異なる準仏ニ
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対応したポチソシャル曲線が多数ある.そのどれかの

交差点が上述の様な適当な核間距離の範囲にあれば,

その準位への電子捕獲が起るわけで,古典論と同様,
l

価数の低い場合の断面積の振動も,断面環がReの適

当なところで極大を示すことも,共に説明できる.

§5. Multi-Channel-Landau･Zencr (M-C･L･Z)守

デル

L-Z理論では,断面積のR.依存性はqが小さいほ

ど就く, qが増すにつれて極大がReの大きい方にず

れると同時に幅も広くなる.ところで, qが増すにつ

れて電子を捕獲する準位のnが大きくなることは既に

見た通りである. TZカミ大きくなれば準位の間隔はつま

ってくるから, βの異なる複数の準位が反応に寄与す

る可能性が生ずる.価数が10以上になると断面摂の振

動が消えるのはその放かと思われる.しかし宍潤され

たAEの幅はq-30程度になっても余り広くならず,

反応に寄与する準位Iiせいぜいn, 〝士1の3通りほど

と考えられる.一方1Zの増大に伴い, Lの異なる副準

位の数ほnに比例して増加する.従ってqが大きくな

ると非常に沢山の副準位が反応紅寄与するだろう｡こ

れらの副準位はすペて反応系のポチソシヤル曲線と交

差するので,こうした多数の交差点を経由して反応が

起ると考えねばならぬ.そこで木村らほ各交差点での

遷移確率pに(2)式を用い,反応の起る全確率Pは(3)

式の代りに考え得るすべてのチャネルについての合計

と考えて計算を試みた.ll)これをMulti-Cbann¢1･

Landau-Z¢ner (M-C-L-Z)モデルと言う.この計算で

待た全断面積を第2図の+印で示す.粗い近似のわり

にほ英独との一致ほかなりよい.* またこの計算から

推定される生成イオンのtZ分布ほq-20の場合, tz-

8,9. 10が25:60:10の割合であって,比較的狭い準位

に集中していることも乗数結果とよくあう.さらに,

こうして得られた全断面積は交差点の平均値をK.と

するとほぼ才Rr.乞に近く,qが10以上では再び古典論

の予測が当る様になることが分る.

§6.おわりに

価数qカ'>3-41という広い範囲にわたっ七多価イオ

ソによる-電子捕獲反応を系統的に調べた結果,その

*裸イオンとHtこついてほ回転結合も考成してM-C･

L･Z理論がJancvら1B)によって行われている.
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反応機構についてかなりの程度理解することができた

と言えよう.反応(1)はHeを標的Kしているが,こ

れはたまたま突放がし易いからで,ここで分った反応

機構は標的がH原子になっても変ることはないと思わ

れる.多価イオ･/の振舞はその元素の穐現によらず場

数のみで決よることが分ったから,ここで得たKr.･5'

の結果はFen>(H梯イオソ)の振舞とほぼ同じであり,

Pl'の結果はNb41+ (裸イオン!)の振舞とほぼ同じ管

である.これら金属多紙イオソとH原子との反応に関

する知見は核融合研究で最も強く要求されているもの

だが,その実験は容易でない.ここに紹介した結果は

その様な田澄な実験が可能になる迄の中継ぎとしても

十分役に立つ筈である.
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