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Preface

This volume is a collection of the recent papers which
the NICE-1 (Naked Ion Collision Experiment) group, an atomic
collision study group organized at the Institute of Plasma
Physics, Nagoya University, has published in International
Journals and Books.

The Editor of the present volume would like to thank
the Editors of the following Journals and Books for their
permission of reproducing our papers which have been
published in their Journals:

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

Journal of Physical Society of Japan {papers 10,14,16)

Nuclear Instruments and Methods in Physical Research

(papers 1,9,17)

Physics of Electronic and Atomic Collisions

(papers 3,15)

Physica Scripta (paper 11}

Physical Review (papers 4,8,13)
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I. FOREWORD

This is a collection of papers on the work of the NICE
project at the Institute of Plasma Physics (IPP), Nagoya
University from 1977 through 1984.

In 1977, Y. Kaneko and T. Iwai were invited to be Guest
Professors of the IPP and to make experiments on atomic
processes involving highly-charged ions, which were supposed
to be extremely important in studies of high temperature
plasmas. A research group was organized and several
researchers were invited from various institutions in the
country to take part in the project. The primary purpose of
the project was not only to produce A-M 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. In order to
obtain clear conclusions, it was most desirakble to make
collision experiments ﬁsing beams of fully-stripped or nearly
fully-stripped ions with a narrow energy spread. The project,
accordingly, was named NICE (Naked Ion Collision Experiments).

In the first stage of the project, an ion source of EBIS
type with a conventional magnet was built and some preliminary
experiments were made. In the second stage, an EBIS type ion
source using a super ccnducting magnet was built. A beam of
fully-stripped oxygen ions O8+ was successfully extracted from
the source in 1980, and the source was named NICE~l. Since

then, systematic and exhaustive studies on the electron



capture processes by various highly-charged ions from He atoms
have been made through cross section measurements and by means
of translational energy spectroscopy. The charge state of
ions studied has reached up to as high as 41 by the end of the
project.

Last spring, the NICE project closed its first phase as
the Guest Research Program of the IPP. The whole apparatus
including the ion source NICE-l is still running in a good
shape, but the project has been reduced in its scale and taken
over to the Collaboration Program of the IPP. In coummemoration
of the collaboration of the NICE group and for the convenience
of reviewing the work of NICE, this collection of papers was
edited by H. Tawara as a part of IPPJ-AM series. The names of
the people who have taken part in this project are listed
below in 'an alphabetical order:

Toshihiko Hino (IPP+Hamamatsu Photonics Co.)

Hironobu Imamura (Kyushu University+Kvushu Electric Power Co.)
Tsuruji Iwai (Osaka University -+ Kansai Medical University)
Yozaburo Kaneko (Tokyo Metropolitan University)

Masahiro Kimura (Osaka University)

Nobuo Kobayashi (Tokyo Metropolitan University)

Atsushi Matsumoto (IPP)

Shunsuke Ohtani (IPP)

Kazuhiko Okuno (Tokyo Metropolitan University)

Hiroyuki Tawara(Kyushu University -+ IPP)

Seiji Tsurubuchi (Osaka University + Tokyo University of

Agriculture and Technology)



Tsutomu Watanabe (The University of Tokyo + The Institute of
Physical and Chemical Research, RIKEN).

It was really an enioyable collaboration. We appreciate
very much the wonderful team work brought into existence by
all members of the group, and believe so do they. S. Ohtani
has filled the role of secretary of the group throughout the
project.

On behalf of the members of the NICE group, we appreciate
the whole staff of the Institute of Plasma Physics for their
kind support extended to the project. Especially, we would
like to express our sincere appreciation to Professor Emeritus
Kazuo Takayama who invited us to start this project when he
was the Director of the Institute, and to the Former Director
Professor Emeritus Hidetake Kakihana who encouraged our group
throughout the work. We thank Mr. Genji Takamatsu and his
company for their skillful machining of the ion source.
Finally, we thank all wives of the NICE members for their
tolerance of frequent heglect of home by their husbands who
stayed out of hcmes often for the three consecutive nights,

supposedly due to the experiments, over a long period of the

project.
January 11, 1985

Yozaburo Kaneko

Tsuruji Iwai
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SOME CHARACTERISTICS OF AN ELECTRON BEAM ION SOURCE

H.IMAMURA V) * Y. KANEKO 2, T. IWAI ¥, S. OHTANI, K. OKUNO 2),N. KOBAYASHI 2'

S. TSURUBUCHI ¥, M. KIMURA % and H. TAWARA 9
Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan

Received 18 August 1980 and in revised form 17 March 1981

Some characteristics of a medium-sized EBIS have been investigated in the continuous and pulsed operation modes. It is found
that a 1keV and 100 mA electron beams, H-like ions such as C¥, N6* and O7* as well as He-like ions are produced with inten-
sities comparable to those of doubly jonized ions. A weak trace of naked carbon ions (}3C8*) is also seen in the spectra.

1. Introduction

In 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. In particular, the im-
purity ions of heavy elements in a thermonuclear
fusion plasma are expected to play a key role in
cooling and disturbing a high temperature plasma and
energy loss from the plasma. Therefore, cross sections
for collision processes involving highly ionized ions
are urgently required. Production mechanisms of such
highly ionized ions in the ion sources are also closely
related with atomic collision physics itself.

It seems that a Penning type ion source, which is
commonly used as a heavy ion source, can not pro-
duce completely ionized heavy ions. On the other
hand, an electron beam {don source (EBIS) [1,2]
seems to be a good candidate for production of
highly ionized and possibly naked heavy jons. In

* Present addresses:

1) Kyushu Electric Power Co., Inc.

2) Department of Physics, Tokyo Metropolitan University,
Tokyo 158, Japan.

3) Department of the Liberal Arts, Kansai Medical College,
Hirakata, Osaka 573, Japan.

4) Department of Applied Physics, Tokyo University of
Agriculture and Technology, Koganei, Tokyo 184,
Japan.

5) Department of Physics, Osaka University, Osaka 560,
Japan.

5) Nuclear Engincering Department, Kyushu University,
Fukuoka 812, Japan.

0029-554X/81/0000-0000/$02.50 © 1981 North-Holland

EBIS, highly ionized ions are produced mainly
through successive impact ionization by energetic
electrons which are confined with a strong axial mag-
natic field. A space charge potential well generated by
these high density electron beams traps the ion
radially. On the other hand, these ions are axially
(along the electron beam flow direction) confined
with the blocking electric potential zpplied to some
electrodes until the ionization of ions in a desired
charge state distribution is achieved.

In the present paper we describe the EBIS opera-
tion briefly and report some measurements of charac-
teristics of prototype EBIS constructed to investigate
the collision processes involving highly ionized heavy
ions.

2. EBIS operation

By assuming that (1) the successive ionization
processes by electron impact play a main role in ion
production, (2) multiple electron ionization processes
contribute negligibly to total ion production and (3)
ion losses due to the diffusion and other processes are
negligibly small, the ion production in EBIS is gov-
erned by the following equation:

dng/dl = ng_10q-1,q — Nq0q,q+1 »

where ng is ihe ion density with charge (q+), 04,4+; is
the ionization cross section from charge ¢ to (g + 1)
by electron impact and 7 is the ionization factor
which is equal to product of‘electron current density
and confinement time. The above equation can be
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Fig. 1. The calculated charge distributions of C9* ions as a
function of the ionization factor under the pulsed neutral gas
injection mode (a) and the continuous neutral gas injection
mode (b).

solved under such conditions that (a)\the neutral gas
atoms are continuously supplied and (b) the gas is
injected under a puised mode. The calculated results
for carbon ions are shown in fig. 1 using Lotz's empi-
rical formula [3] to estimate the ionization cross sec-
tions. From these figures, it is found that the charge
distributions are quite diffesent in both operation
modes. For the pulsed gas injection mode, the charge
distribution of ions changes with the ionization factor
and ions with each charge state have a maximum
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intensity at a particular value of the ionization factor
and finally all ions become completely ionized
(naked). On the other hand, for the continuous gas
injection, the production of ions becomes equili-
brated (dng/df =0) at large values of the ionization
factor and their intensity ratios are given by
Nglhg—y = 0q—1,4/0q,q+1 at equilibrium. The normal-
ized total ion density (Q = Zq * ngfng; ng is the den-
sity of neutral atoms injected) becomes saturated for
the pulsed gas injection, meanwhile this increases
with 7 for the continuous gas injection.

3. Experimental setup

Fig. 2 shows a schematic drawing of our prototype
EBIS (called PROTO-NICE) with a medium-sized
ionization region of 40 cm. The electron gun is of
Frost type [4] with about 3 um perveance and oper-
ated under the condition of the Brillouin flow [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 1 keV—100 mA and
2 kG at the center. Th typical current density of the
electron beam was estimated to be 10 A/cm?. There
are two differently functioning solenoids, both being
water-cooled: One is the main coil for generating the
magnetic field which confines the electron beam, the
other is the compensation coil for forming a sharply
rising magnetic field near the electron gun and the
electron collector. Mu-metal sheets of 2 mm in thick-
ness were used to shield tle magnetic field at both
ends. The magnetic field distribution near the gun is
shown in fig. 3. The magnetic field strength at the
waist of the electron beams was more than half of its
maximum field strength, and less than 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-
lector electrode. Fourteen drift tubes made of 6 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
extracted and accelerated to desired energies. The
charge states of the ions are analyzed using the sector
magnet and these ions are detected by continuous-
type electron multiplier. The system was evacuated
with one 450 lfs and two 100 l/s turbo-molecular
pumps and its final vacuum reached 8 X 107° Torr
measured at the end of the drift tubes.



H. Imamura et al. | Electron beam ion source 235

.

COMPENSATION COMPENSATION
CoilL MAIN COIL CcolL

ELECTRON COLLECTOR

s

CATHODE 3_]! — ey P ) e ey ) ) ) Y P
—ma I DRIFT TUBE

PUMPI__ %

SHIELD SHIELD

Fig. 2. A schematic drawing of PROTO-NICE.
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Fig. 3. Measured distribution of magnetic field near the elec-
tron with 2 mm thick g-metal shield. The cross mark (x)
shows the calculated position of the waist of the electron
beam. (K: cathode, G: grid, A: anode.)

4. Results

The EBIS can be operated both in continuous or
time-of-flight mode (continuous gas injection and
continuous electron beam) and in confining or pulsed
mode (pulsed gas injection and/or pulsed electron
beam, or confinement by the blocking electrodes).

4.1, Continuous mode
In this operation mode, electron beams and also

gas atoms (in the present case residual gases) were
supplied continuously. No time-varying potentials
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were applied but all the potentials applied to the drift
tubes were constant, and there was no gradient in
their distribution along the drift tubes. A typical
example of the charge distribution of residual gas ions
produced in PROTO-NICE is shown in fig. 4 which
was obtained under the condition of 1.3 keV/89 mA
electron beams and 3 X 10™® Torr vacuum. H-like
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Fig. 4. Typical spectrum of the charge distribution of residual
gas jons from PROTO-NICE under the conditions that the
clectron beam intensity is 89 mA at 1.3 keV and the back-
ground pressure is 3 X 1078 Torr.
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ions such as C5*, N®* and O™ ions can be seen in the
same scale as those in doubly ionized ions (C**, N**
and O% ions). It is also noteworthy to find in the
expanded spectrum that naked carbon ions '3C**
ions (mfe=2. 17) are produced with an intensity of
about 1/2Q of '3C%* ions (m/e =2.60). Therefore,
it can be expected that some of '2CS*, N™ and 0%
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 Hj ions in the present analys-
ing system.

In fig. 5 are shown ratios of ions which charge ¢*
to doubly ionized ions. As clearly seen in fig.$,
Helike ions (C**, N%* and O%* ions) with two 1s-shell
electrons are quite intense (70 to 15%) relative to the
doubly ionized inns.

In fig. 5 are also shown the calculated charge dis-
tributions for the carbon ions which are based upon
the ionization factor of Q.1 Afcm? - s. The calculation
is in rough agreement with the observed charge distri-
butions. This ionization factor corresponds to the ion
confinement time of 10 ms in the present ion source.
This is much longet than the thermal drift time of
ions along the drift tubes and indicates that some
confining potential wells are produced along the
beam axis and that ions are trapped in these wells and
ionized by successive collisions, resulting in enhance-
ment of higher charge 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 N**/N?* and of N*/N*" are 0.3
and 0.02, respectively, while the ratios of N¥*/N%*,
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Iig. 5. Relative measured charge distributions of C, Nand O
ions under the same conditions as in fig. 4. The dotted line
shows the calculated results for carbon ions with an ioniza-
tion factor of 0.1 Afem? -5,

N**/N?* and N*/N®* ions in PROTO-NICE are 0.65,
0.49 and 0.21, respectively. This can be understood
from the fact that in PIGs highly ionized ions are pro-
duced mainly through multiple electron ionization
processes in single collisions, whereas in PROTO-
NICE the successive collision of single electron ioniza-
tion processes is dominant under better confinement.

4.1.1. Pressure dependence

In fig. 6 is shown the dependence of ion produc-
tion on the gas pressure in the source. The residual
gas pressure was controlled by adjusting the opening
of the vacuum valves. Production of N3 and N** ions
depends weakly on the gas pressure, while those of
He-like and Hlike ions (N** and N®* ions) are
strongly dependent on the gas pressure. For example,
the intensities of N®* ions increased almost one order
of magnitude when the gas pressure decreases only by
a factor 2 (from 6 X 1078 to 3 X 10~® Torr). This
clearly indicates the importance of high vacuum in
the source in order to produce highly ionized ions,
particularly, Helike, H-like and naked ions in the
EBIS.

4.1.2. Electron energy dependence

The production of N°* ions also shows a strong
dependence on the ionizing electron energy, increas-
ing one order of magnitude when the electron energy
increases from 1 keV to 1.5 keV. This is quite under- -
standable by considering the ionization potential of
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Fig. 6. Pressure dependence of the relative charge distributton
of the nitrogen ions.
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electrons in N3* ions (K}, = 524 eV) and the fact that
the maximum ionization cross sections occur at about
3—4 times £},

4.1.3. Effect of the ion drift motion

To investigate the effect of the mobility of ions in
the drift tubes which changes the retaining time of
the ions, the variation of ion intensity was measured
as a function of the potential gradient along the drift
tubes. The results are shown in fig. 7. It is interesting
to note the sharp drop of the intensity of highly ion-
ized ions above 8 V. Particularly, the decrease is prom-
inent for N and N® ions. On the other hand, the
intensity of N?* ions increases at this potential. This
result can be understood by assuming that the space
charge potential of about 8 V is generated along the
electron beam axis. If the applied potential becomes
larger than 8 V, ions can not be confined along the
drift tubes and, as a result, the intensity of highly ion-
ized ions decreases significantly.

4.2. Pulsed mode

There are a lot of different operation modes in the
pulsed beam production. In our system, the electron
beams and also (residual) gases are continuously
supplied. Therefore, the ion yields were measured as
a function of some important parameters such as the
ion confining time and the pulse width of ion extrac-
tion in order to understand the characteristics of
PROTO-NICE in the pulsed operation mode.
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Fig. 7. Effect of potential gradient (A V) along the drift tubes
on ihe charge distribution of nitrogen ions.

4.2.1. Pulse width of extraction
Ions were extracted by applying a square-pulsed

. voltage with various widths to the last drift tube. The

confinement time was fixed to 2 ms. The ion beam
pulse shape was observed as a function of the pulse
width of ion extraction. The ion beam intensities
increase with lengthening pulse width and at least
70 us of the pulse width is necessary to extract ions
from the ion source and longer pulses add only weak
tails of ion beams which are probably produced in
ionization collisions after all ions confined are
extracted.

4.2.2. Confinement time

In fig. 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 drift
tube. For all the charge state ions, the peak currents
increase with increasing the confinement time and
reach saturation values. This increase is due to the
confinement of ions in the electron space charge po-
tential and the effective successive ionization. Because
the residual gas atoms are continuously supplied, the
calculated yield of C?* ions can reach equilibrium a
few ms after the ion confinement starts; such a behav-
ior is in rough agreement with the observed data. For
C%* jons, acccording to the calculation, some hun-
dreds of ms are necessary before the equilibrium of
C%* ion production is established. However, the ob-
served data show that the production of C* ions
reaches equilibrium after 15 ms confinement. This
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Fig. 8. Charge distribution of carben jors measured as a func-
tion of the confinement 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 natural neutraliza-
tion time, which is caused by the ionization of the
residual ions, is estimated to be about 10 ms at a vac-
vum of 1077 Torr which is a reasonable estimate of
the vacuum inside the drift tubes. It is clear from
fig. 8 that it is essential to attain a background pres-
sure (of residual gases) that should be as low as possi-
ble in order to obtain the highest charge state ions
from PROTO-NICE.

5. Concluding remarks

We have described some characteristics of our
PROTO-NICE, which is an EBIS with a medium-sized
ionization length of 40 cm. At 1 keV—100 mA elec-
tron beams, which corresponds to about 10 Alcm?
beam density, H-like ions as well as He-like ions of
residual gases (C5*, N¢* and O™ ions) are found to be
produced in a continuous operation. There is also a
weak but certain trace of the naked carbon ions
(*3C** ions). In the confinement mode by controlling
the potential of the last drift tube, pulsed ion beams
were extracted. It is found that there exists a best
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pulse width of the potential in order to extract effec-
tively all ions generated and confined in the source. It
is also found by observing the beam intensity as a
function of the confinement time that the natural
neutralization time in the present PROTO-NICE is
much shorter than the calculated confinement time
necessary to produce C®" ions with the best intensity.
It becomes clear that the lowest background pressure
is prerequisite in order to obtain the highest charge
state heavy ions. A

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-
ment in our laboratory.
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Symmetric resonance multiple charge transfer of Ne?" and
Ar'* (g=<4)
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Abstract. Cross sections for resonance charge transfer processes, A?" + A > A+ A%", have
been measured for Ne!™* and Ar' ™" at ion acceleration voltages of 2, 3 and 4 kV. The
cross sections obtained at 2kV are 6.9x107'%, 1.74x107'%, 4.9x10™"7 and 3.4x
107 cm? for Ne*, Ne?*, Ne®* and Ne**, respectively, and 2.4x107!5, 5.5%107'¢,
9.0x107"" and 3x 1078 cm? for Ar*, Ar®*, Ar®* and Ar**, respectively. This is the first
measurement of resonance charge transfer cross sections for quadruply charged ions. The
results obtained are discussed in terms of the total ionisation energies %}, of the ions, where
I; is the jth ionisation potential. A concept of the ‘survival factor’ is introduced.

1. Introduction

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

A +A>A+AT (g>1) (1)

compared with asymmetric charge transfer processes. Especially for q = 3, only a few
measurements have been reported. Flaks and Filippenko (1959) determined cross
sections 30003 for process (1) for Ne* and Kr** with ion energies of 9-90 keV. Latyrov
etal (1968) measured 39003 for Ne, Ar and Xe with ion energies of 0.75-9 ke V. Beuhler
et al (1979) measured 30003 for Xe at 150 keV, and Okuno et al (1980) reported 39003
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 4004 for Xe at 200 keV.

A few theoretical papers 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 R,
where the u-g oscillation of the colliding system becomes appreciable is well
established. All the theories cited above are based on this concept except for those
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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 et al (1978) made cross section measurements of 29002 for Kr and
Xe in the energy range from 0.04 to 10 eV (centre-of-mass system). They used the
injected-ion drift tube technique with isotope-selected primary ions, which is consi-
dered to be one of the most reliable ways of determining absolute integral cross sections
in that energy range (Kaneko 1980). They found that the cross sections ;g0 increase
as E™'? with the decrease of the collision energy E below 1 eV, and become almost
equal to the classical orbiting cross sections muliiplied by a factor of 3. Their results are
summarised as follows: (i) the resonance double charge transfer occurs with a prob-
ability about 3 once the ion gets within a certain distance R, from the atom, (ii) the cross
sections 20002 exceed 1000; at room temperature and (iii) the cross section curves of
200702 are almost paralle! to those of 10001 above 1eV, and the ratios 20002/ 10001 are
close to Iy/(I1+1I,), where I, and I, are the first and second ionisation potentials,
respectively.

Although these results were not unexpected from the existing theories, they are so
striking and definitive that we were stimulated to discover what would happen to more
highly charged ions. Of course, however, the experimental technique which Okuno et
al used cannot be applied to the ions with g > 2 because highly charged ions may change
their charge states in collisions with the He buffer gas (Kr** and Xe** are exceptions
whose recombination energies are smaller than the ionisation potential of He). There-
fore, a beam experiment at relatively high energies was performed, and some results on
Ne® and Ar"* (q <4) are presented here.

2. Experimental

The experimental set-up for this study is shown schematically in figure 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 stripped ions with low kinetic
energies for studies of elementary processes in hot plasmas, and it was built at the
Institute of Plasma Physics (IPP), Nagoya University. The ions are produced by a-
high-density electron beam confined by a strong magnetic field applied along the axis of
the electron beam. The ions produced zre 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 confined by applying saitable potential barriers. Further stripping of the
trapped ions proceeds through successive ionisation by electron bombardment. The
ions can be extracted either in the pulse mode or in the continuous mode. The
cryo-NICE has a superconducting magnet (scM) for generating a strong and stable
magnetic field. A surface of the liquid helium reservoir for the scM is expected to have a
cryogenic pumping function and to ensure an ultra-high vacuum in the source region.
Because it has recently been constructed and no fine adjustment has been made, the full
performance expected has not yet been achieved. Details of the souice will be reported
elsewhere after satisfactory adjustments are finished. Nevertheless, it provides enough
intensity of ion beams for the present purpose.

The ions acceierated to the desired energy are mass analysed with a sector magnet B
of 10 cm radius, and pass through a collision cell C. Then the beam is detected with a
secondary electron multiplier M placed behind the cell. A pair of deflectors D; and D,
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Figure 1. A schematic diagram of the apparatus used. B is a sector magnet of 10 cm radius,
C is a collision cell, D; and D, are deflectors for manipulating ion beams, D3 and D4 are
deflectors for cumplete separation of charged particles from the beam path, M is a
Mullard-B419 mutltiplier and G is a capillary tube for target gas introduction. The diameter
of the apertures are as follows: A;(1.0 mm), A(0.8 mm), A;(0.5 mm), As(2mm) and
A4(10 mm). Collision length L which is the distance between A3 and A,4 is 2.0 cm.

is used to manipulate the primaryion beams. Another pair of deflectors D3 and D, is for
complete separation of charged particles from the beam path. The beam intensities are
measured by the single-counting mode. A channel-type continuous multiplier
Mullard-B419 was used for the detector. It has a cone shaped opening 10 mm in
diameter. The guard ring As and the input end of the multiplier are kept at the ground
potential, and a positive high voltage is applied on the output end of the multiplier. 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: A;(1.0 mm), A,(0.8 mm),
A;(0.5 mm), A4(2.0 mm) and As(10 mm). The collision path length I which is the
distance between Aj; and A, is 2.0 cm. Target gas is introduced into the collision cell
through a capillary tube G from the reservoir, the pressure of which is measured with a
Pirani gauge calibrated carefully with an MKS Baratron capacitance manometer. By
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

aoS,NL

where So and S, are the counting rates with and without the double deflector field, N is
the target gas density, L is the collision path length, a¢ and a, are the detection
efficiencics of the fast neutrals and the primary ions of charge state g.

Since, in the single-particle-counting technique, a single particle impinging on the
multiplier is detected as a single 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 ejection of secordary electrons are negligible. Therefore,
we always assume ao = a, = 1 in this experiment. This assumption may not 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 intensities were reduced to be of the order of
1x 10* counts/s in order to prevent the counting loss due to piling up.

The target gas density is given by N =3.54x 10'® P(273/ T,), 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(Fy/F), where P, is the pressure of the gas
reservoir, Fy is the conductance of the capillary tube and F is that of the cell apertures.
The vacuum theory provides Fo/F = 2.67 d3/1(Ksa} +K,a3), where d and ! are the
radius and length of the capillary tube, a3 and a4 are the radii of the apertures A; and
Ay, respectively, and K5 and K, are the correction factors for the aperture thickness
(Clausing factor). Given the valuesd =0.4 mm, ]/ =200 mm, a3 =0.25 mm, a4 =1 mm,
K3=0.95 (for 0.03 mm thickness) and K, =0.91 (for 0.2 mm thickness), the target
pressure is given by P =0.88 X 1072 P,. When a measurement was made in a high-
pressure range, the capillary tube was replaced by a shorter one of 100 mm length.

The ultimate vacuum measured with an ionisation gauge mounted on the vacuum
chamber of cryo-NICE is 8 X 107'° 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 ionisation gauge rises up to around 1 x 10™° Torr. The target
pressure inside the collision cell is usually kept below 5x107°Torr, and below
3x107° Torr in case of Ar*”, in order to ensure single-collision conditions (see next
section), while the pressure outside the cell is kept below 8 X 10~° Torr by double
differential pumping with two turbomolecular pumps.

Because multi-collision processes are more likely than single-collision processes to
produce neutral atoms from highly charged ions, the target gas pressure must be kept as
low as possible (see next section). Therefore, it is most important to minimise
background S, signals, which are observed without target gas introduced but with the
deflection fields at D; and D,4. In order to minimise the background signals, the
following efforts 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 A; was pierced in a copper foil 0.03 mm thick to reduce the possibility of
neutralisation of the primary ion beams on the aperture walls and (iii) a double deflector
system was used and one of the deflector plates D3 was covered with a tungsten mesh
and coated with carbon soot in order to minimise reflection of ions. The ultimate
background signals were a few counts per minute while the noise level of the detector
itself was less than one count per minute. Even this low-level background hindered the
cross section measurement for ions with ¢ =6 as mentioned in the next section.
Time-of-flight measurements showed that signals by photons produced along the beam
path were negligibly small.

3. Results

3.1. Pressure dependence of So/S,

In order to ensure that the fast neutral particles detected are produced through
single-collision processes, the dependence of Sp/S, on the target thickness = = NL was
examined. In figure 2, the results obtained for Ar?* with acceleration voltage 2 kV are
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Figure 2. Dependence of So/S, on the target thickness for processes Ar®* + Ar— Ar+ Ar?*
at the ion acceleration voltage 2 kV. The full lines are 45° lines.

illustrated for a wide range of target thicknesses. As is seen in figure 2, So/S, for Ar” is
proportional to the target thickness in the wide range studied. For Ar** and Ar’*, some
upward deviation from 45° lines is seen at high values of 7 indicating contributions from
two-step processes. For Ar**, the slope of the S,/ S, curve tends to be 2 at high values of
T, and tends to be independent of o at low values of #. The former trend indicates that
two-step processes are dominant for high values of , and the latter trend is attributed
to the background S, signals which are observed even without the introduction of the
target gas. In figures 3(a) and 3(b), linear plots of So/S, in the low 7 region are shown
for Ne** and Ar**. The broken curves indicate quadratic equations So/S,=
ao+ a,m + axm?, which are best fitted 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 it takes quite a long time to measure
each dependence of Sy/S, on 7, the cross sections for other acceleration voltages were
determined by setting the target thickness at appropriate values and measuring the
differences of neutral signals with and without target gases. This procedure is evidently
safe for Ne’* (g<4) and Ar®" (g=<3) when the target thickness is below 1x
10* Torrcm (5% 107° Torr). In the case of Ar**, this procedure will result in an
overestimation of So even though the target thickness is set below 6 x 10~ Torr cm
(3x107° Torr). Then, the S, are corrected for the quadratic term indicated above by
neglecting the energy dependence of the quadratic term. This correction is 30% at
most.
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Figure 3. Linear plot of So/S, at 2 kV against target gas thickness = in the low = region.
The broken curves are quadratic equations $o/S, = ag+aym+ azrrz which are best fitted to
the experimental points by the method of least squares. The full lines are linear parts of
them.

For ions with q =35, cross section measurements could not be mad. because
Ne’* (M/q =4) and Ar®* (M/q = 8) could not be separated from some impurity ions
such as C>* and O?" in the primary beams. The S,/S, curve for Ar®" in figure 2
indicates that even three-step processes contribute to some extent in this case. Efforts
were made to minimise background signals as mentioned in the previous section, but
the ultimate background signals hindered the separation of the linear portion from the
measured So/S, curve. In a preliminary experiment (Kaneko 1979) we overestimated
these cross sections because of underestimation of multi-collision processes.

3.2. Cross sections

The cross sections obtained are shown in figures 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 the field of the sector magnet was not strong
enough toselect theions. Each pointindicates the average of cross sections determined
on different occasions. On each occasion several runs of measurements of So/S, were
made. The errors indicated in the figures and table are only for reference of the extent
of data scattering.

The most ambiguous factors are the detection efficiencies a, and a, in equation (2).
As mentioned already, we have always assumed ao=a, in this experiment. This
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Figure 4. Cross sections 49070, for Ne?* and Ar** (g <4). §, present results; DSEG, Dillon
et al (1955); LFFS, Latyrov et al (1968); FS, Flaks and Solv’ev (1958); HH, Hasted and
Hussain (1964); FF, Flaks and Filippenko (1959); MK, McGowan and Kervin (1967).
Table 1. The cross sections 40004 Obtained for Ne?" and Ar?™*.
Acceleration
voltages 10001 20002 30003 40004
(kV) (107'¢ cm?) (107 cm?) (1077 cm?) (107*% cm?)
Ne?* 2 6.9:x1.0 1.74+0.25 4.9+0.7 3.4+0.8
3 6.8+1.0 2.08+0.25 5.0£0.7 3.4+08
4 7.6+1.0 1.82+0.25 5.0+0.7 3.4+0.8
Ar?t 2 245 5.5+0.8 9.0x1.5 3+1
3 20«5 3.8+0.8 9.5+1.5 3+1
4 —_ 3.9+0.8 7.8+1.5 3+1

assumption may not be correct at least for low-energy collisions. The present results for
ions with g =1, however, do not indicate any certain deviation from the results
previously reported by other investigators. When the acceleration voltage was
decreased below 2 kV, the reproducibility of the apparent cross sections becomes very
poor. It may be explained partly by the inadequacy of the assumption of ap=a,.
However, the reproducibility became even worse for more highly charged ions for
which the assumption a = @, was expected to be safer than for lower charge state ions
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because higher velocities were gained by higher 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 So/S,; below 2 kV. Since we had to change the potentials of the lens system
drastically to focus the ion beams with acceleration voltages below 2 kV, a slight change
of impinging positions of ions and neutrals on the detector might cause appreciable
changes in the detection efficiencies ap and a,. The causes of these phenomena are not
yet clear. With acceleration voltages higher than 2 kV, the reproducibility was almost
satisfactory and within the errors indicated. The uncertainty caused from ao/a, is
estimated as 20%. The uncertainty associated with the determination of the target gas
thickness is estimated to be 10%. The total uncertainty for the absolute values of the
cross sections is therefore estimated to be 30%. In the case of Ar**, an additional 20%
uncertainty arises from the determination of the slope of Sy/$, on target thickness, and
it makes the total uncertainty 50%.

There are some results of other groups previously reported for ions with ¢ <3 and
they are also shown in figures 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 g = 4. Beuhler et al (1979) estimated 40074 for Xe to
be 0.1x 107" cm?® at 200 keV which seems to be a little too large. Since the energy
range studied is narrow, 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 although it is said that the ions extracted from an EBIS type source include few ions
in metastable states (Klinger et al 1975).

4. Discussion

No theories for symmetric resonance multiple charge transfer processes for ions with
q =3 are known. As mentioned in the introduction, it is well established that a
resonance double charge transfer cross section is given by 3wR2. Here R, is the
internuclear distance where the u-g oscillation starts (Gurnee and Magee 1957). There
are several ways of estimating R.. In a study of symmetric resonance double charge
transfer of Kr** and Xe?* Okuno et al (1978) found that the ratios 20002/ 100701 are close
to I, /(I1+I,) above 1 eV. Here, I, and I, are the first and second ionisation potentials,
respectively. This suggests that one of the simplest ways of estimation of R, for
resonance multiple charge transfer is to assume

1
507 3)

where I; is the jth ionisation potential. In table 2, a comparison of 40004/10001 and
I,/2] I is made. Although 4000, and 10001 should be taken at the same energy for this
puipose, we reluctantly take them at the same acceleration voltage 2 kV, because the
energy ranges studied do not overlap. The agreement between 400704/100701 and It /2] I
may be said to be fairly good for g =2 if one takes into account that they are not at the
same energy. For g =3 and 4, the agreement is poor. This is quite natural from the
following point of view.

In figures 5(a) and 5(b), some potential curves are schematically shown for
(Ar-Ar)*>" and (Ar-Ar)** systems. These curves are drawn taking only the levels at

R’
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Table 2. Comparison of cross sections with ionisation potentials,

Toaf 1007
q 40904/ 10001 L/E] It 5°—I‘:;T“’Il—‘-’l
Ne 1 1 1 1
2 0.25 0.34 0.74
3 0.071 0.17 0.42
4 0.0049 0.096 0.051
Ar?* 1 1 1 1
2 0.22 0.36 0.61
3 0.038 0.19 0.21
4 0.0012 0.11 0.012
1 At the ion acceleration voltage 2 kV.
f Moore (1971).
P 9.
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Figure 5. A schematic diagram of potential curves for (Ar-Ar)** and (Ar-Ar)** systems.
The positions of R, determined from the ratios of tctal ionisation energies and the single
charge transfer cross sections (see text) are shown approximately.

infinity and the Coulomb repulsions into account. In the case of (Ar-Ar)*, no potential
curves for the final state (Ar*--Ar™") cross the curve for the initial state (Ar**-Ar) at a
distance larger than R.. In contrast, in the case of (Ar-Ar)**, a number of potential
curves for (Ar***~Ar") cross the potential curve for the initial state (Ar’“~Ar) outside
R.. Generally speaking, there are four collision paths at each potential crossing as
indicated in figure 6. The initial collision pair Ar’*-Ar results in elastic scattering by
path (1), or results in Ar***-Ar state by path (2) (the underlines indicate fast particles).
Some of the initial collision pairs penetrate the crossing and may reach R.. On the way
back, however, some of the pairs in the state Ar-Ar®* which have experienced
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Ar3*-Ar

Al‘z"-Ar’

Figure 6. Collision paths at a potential curve crossing.

resonance charge transfer escape to Ar'-Ar>** 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—Ar’* except for the charge transfer probability.
From this point of view, the ratios of experimental cross sections to hypothetical ones,
which are given in table 2, are providing some idea on the ‘survival factor’. That is, the
survival factor is the possibility of getting to R. and coming back without suffering from
adiabatic processes at potential crossings. If the probabilities of penetration at the kth
potential crossing is taken to be (1 — P;.), the survival factor corresponds to IT;(1 -P,)?,
where n is the number of the crossings outside R.. Of course, this is a very crude
argument especially as the effects of potential crossings inside R. are neglected.
However, the fact that the ratio of ;0004/ 100701 to I1/2] I; is much smaller for Ar** than
for Ne** is quite understandable because there are much more potential crossings in the
(Ar-Ar)** system than in (Ne-Ne)**. It would be most interesting to see what will
happen to resonance multiple charge transfer processes in very low-energy regions
where the classical orbiting cross sections become large.
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CROSS SECTIONS FOR ONE-ELECTRON CAPTURE FROM He
BY HIGHLY STRIPPED IONS OF C, N, 0, F, Ne AND S BELOW 1 keV/amu

Y. Kaneko*, T. Iwai¥*, S. Ohtani, K. Okuno*, N.Kobayashi*,
S. Tsurubuchi*, M. Kimura¥, H. Tawara® and S. Takagi”

Institute of Plasma Physics, Nagoya University,
Nagoya 464, Japan

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

the fully stripped, hydrogen-like, helium-1like and lithium-like

Cq+, Nq+, Oq+, Fq+, Ne9® ions and also highly stripped s jons

have been measured at the energy range of 0.5q - 4.0q keV. It

is found that the measured cross sections are nearly independent

of the collision energy with a few exceptions. When 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 come together on a single curve when plotted as a

function of the effective core charge Z; of ion by taking into

account the screening by electrons. This oscillatory behavior

can be explained reasonably well through the modified classical

one electron model of Ryufuku-Sasaki-Watanabe.
1. INTRODUCTION '
The electron transfer process between highly stripped heavy ion with charge q and
atomic hydrogen at low energies

PR IR L) A T (1)
is impoftant not only in basic collision physics but also in many applications such
as astrophysics and high temperature plasma physics. 1In particular, the process(1)
involving 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 treatment is considerably simple and
a nunber of theoretical calculations have been reported. Most of the theories are
based upon the concept of formation of the quasi-molecule (A-H)q+ during collision.

Progress in theories 1is summarized by Olsonz). On the other hand, it is difficult
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to obtain the highly ionized heavy ions at low energies and, therefore, experi-
mental results are particularly scarce for the fully stripped ions. Data up to
early 1980 have been complleds’ Presently both theoretical 2) and experimental

-5)

sections on the ionic charge of ion q and its nuclear charge Z1 and on the collision

works4 are concentrated on investigations of the dependence of the cross
energy. Most of theories predict that the cross sections change monotonically
with the ionic charge q and its dependence is given as qa, o being roughly equal
to 2 but slightly depending on the model used, and the cross sections are nearly
independent of the collisionenergy below energies corresponding to the velocity of
1 a.u. with a few exceptions.

Experimental aspects including targets other than atomic hydrogen are reviewed by
Salzborn and MﬁllerG). Most of the data have been obtained at energies higher

than a few keV/amu for partially jonized 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~notoni-
cally but some bumps or dips exist in some collision systems. For example, Mﬁller7)
and Crandall et al.s) reported the cross sections for Xeq+_ions show a significant
bump at q=5 in collisions with H and Xe targets. Very recently, Bliman et al.g)
also reported the non-monotonic variation of the cross sections for Cq+, Nq+, 0q+
and Ar?" ions incident on D2 and Ar gas targets at the energies of 1q - 10q keV.
They concluded that such an oscillatory variation of the cross sections is not due
to the presence of the metastable ions but due to the electronic structure of the

projectile ions. Similar variations have also been observed by Cocke et 31.10)

Meanwhile, Ryufuku, Sasaki and Watanabe (RSW)II), based on their unitarized

distorted-wave approximation (UDWA)lz)

, predict that such an oscillation of the
cross sections at low energies occurs due to the crossings of the diabatic potential
curves and that the amplitude of the oscillation is large at lower energies and the
oscillation disappears at intermediate energies (z 25 keV/amu). They also showed
that at low energies 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-
electron capture processes in highly stripped C, N, O, F, Ne and S ions including
the fully stripped ions in collisions with He gas target :

AT e » A@ D et 2)
at the energy range of 0.5q - 4.0q keV. This is, to our knowledge, the first
systematic measurements of the cross sections for highly stripped heavy ions with

the isoelectronic sequence.
2. Experimental

2.1 Ion source and charge state distribution of ions
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In the present work, ions are produced in NICE-1""‘, an electron beam type ion
source (EBIS), which has a superconducting magnet to confine the high density
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 region. The background pressure measured at the outer vacuum vessel is
usually 2x10"10 Torr. The present experimental set-up is schematically shown in
Fig.l. Ions, accelerated to a desired energy, aie 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 1802, are used for

C, N and O ions. Ne and SF6 gases are used for Ne, F and S ions.
A typical charge state distribution of 15N ions is shown in Fig.2 which is observed

with a continuous electron multiplier (EMT). In contrast to the ordinary EBISI4),

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

15062 Charge Spectrum ot Sy
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ly suppliedls). Therefore, the charge of ions produced is fairly widely distributed
over from gq=1 to g=7 for N ions ; their distribution is gtrongly dependent on the
gas pressure in the ion source and the electron energy.A The intensity of the fully
stripped N7+ ioéns shown in Fig.2 is typically 2'£x103 counts. per second (cps).

Because of such a wide charge 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 collisicn chamber is zvacuated down to
10"8 Torr with a 500 &/s turbo-molecular pump. The target density of the collision
cellcontainingHelgas atoms is estimated through the pressuré i a gas reservoir
measured with a capacitance manometer BAROCELL and the calculated conductance of
the capillary-aperture system used. Ions 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 particle counting mode.

In this detection system, it is assumed that the sensitivity of the MCP is identical
for all ions with different charge statc because the ion impact energy on the MCP

is always higher than a few keV wherc 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 measure-
ments, care is taken to minimize the counting loss due to reduction cof the pulse
height by monitoring the pulse height distribution from MCP through a multichannel

pulse height analyzer and an oscilloscope. The intensity of the primary ion beams
is always kept less than 1.5x104 ‘cps.

The cross sections for electron capture processes are determined through the initial
growth of the charge-changed ions. The errors of the mecasured cross sections are
cstimated to be about + 30 % where most uncertainties come from the determination
of the growth rate, the target thickness and reproducibility.
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In Fig.3 is shown a matrix of the ion and charge state which has been investigated

in the present work.

As seen in Fig.3, we are concentrating ourselves on measurec-

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

lithium-1like ions.
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3. Results and discussions

3.1 Energy dependence of the cross sections

As 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 - 4.0q keV
investigated in the present work, except for a
few collision systems such as C3+, F8+, Nes+
and 513+ ions where the cross sections increasc
slightly with collision energy. As a typical
example, the cross sections for the fully

stripped C6+, N7+ and O8+ ions are shown in
Fig.4. Full 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 Z1 of the projec-

tile ions at the present energy range. The
variation of the cross sections is

100‘|||r|1|l

—
o
LB lllfl

Cross Section (10°16 ¢m2)

Charge State q
1 1 1

0.8 keV/cou

particularly large for highly stripped

low Z1 ions and seems to be net so

X sl simple and monotonic as predicted by

theories but depends on both q and Z1

3.2 TIonic charge dependence
In Fig.5 are shown the cross sections

at 0.8 keV/amu as a function of the

i llllll

initial charge state for all ions
investigated. The lines are drawn to

connect the initial charge of the

- isoelectronic sequence. As seen in

1 1

1 1
1 2 3 4 5 7 8 9
& (F.5.): cC N O
O (H) C N O F HNe
A (He) : c 0 F ke
o w C N FNe
Fig.5

1
10 11 12 13 14 TFig.5, the cross sections oscillate

strongly with q for all ions. These
oscillations are particularly signifi-
S cant at low q. For example, the cross

sections for gq=3 and 5 arc almost

—43 —



702 Y. Kancko ¢t al.

one order of the magnitude larger than those for q=4. Also the oscillation of the

cross sections as a function of q is very similar for ions with different isoelec-

tronic sequence. Further, for the same q, the cross sections depend on the atomic
number Zl of the projectile ions. These oscillation and variation with q and Z1
tend to disappear with increasing q and 21' In fact, the measured cross sections
in the present work, averaged over the eoscillation, are very similar to those

obtained from an empirical formula of Miller and Salzbornlé).

3.3 The classical one-electron model with effective charge

As mentioned already, similar oscillations of the cross sections as a function of
21 are predicted by RSWll) 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 has two electrons and the ion, partially ionized,
also has a few electrons. Therefore, both nuclei of the target and projectile ion
are screened by electrons and, then, the electron involved in the capture process
feels a potential by such screened nuclei. The effective core charge, Z;, of the
ion, as seen by the electron to be transfer, is not the same as the ionic charge of

the ion q.

In order to understand the oscillation phenomena observed in the present work, we
follow the classical one-électron model in the electron capture process by RSW with
the following modifications :

. It is assumed that the partially stripped projectile ion consisting of the
core with the nuclear charge Z1 and the screining electrons is equivalent to
a naked ion with the effective core charge Z1 and the target Te atom con-
sists of the hydrogen-like nucleus with the effective charge 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*)Z/Zn2
where n is the principal quantum number of the level concerned.

3. The effective charge Z* of such a partially stripped ion and heiium atom is
determined through the ionization potential Ig in the ground state (ng) of

the core + electron svstem :
*

= 1/2
2=y (171 (3)
where IH represents the ionization potential of hydrogen atom in the ground

*
state. For He target atom, 22 = 1.34.
Then, the level energy for the excited state is calculated as follcws :
* 2,2 _ 2 2
(Z)"/2n" = —Igng/(Zn IH). 4)

As the ionization potential Ig of the ground state ion with the nuclear
charge Z, empirical values of Lotzl7) are used.

According to the classical one-electron model of RSW, the electron transfer to

multiply charge ion at low collision energies occurs when the energy levels of the
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collision system before and after col-
lision cross diabatically, that is,
2R - @ m? = -@h¥a® - i
--1/ - (~2) / n, = —(“1) n] - %,
&)

where R is the nuclear distance between

the projectile ion and target atom. In
the present case, n,=1 as the clectron
is in the ground st;te of He atom.

The left-hand side of eq.(5) corresponds

to the diabatic potential energy of

electron in the He target with the

*
effective charge Z2 perturbed by the

Fig.6

Coulomb potential of the projectile ion
*
with the effective charge Z1 before collision and the right-hand side of eq. (S)

does to that in the n, state of the prOJectlle ion with the effective charge Z1

1
perturbed by the Coulomb potential of the He' ion with the effective charge Z,

after collision (see Fig.6).

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 prOJectlle ion and target atom V

-Z /R - (z,) /2n > -V, (6)

* *
= LEpY2 e 2 V2R, )
From two equations (5) and (6), the integer n corresponding to the level where the

electron is transfered can be determined as follows :

n<m,, ) (8)
* * * * * * * x
= 1/2 17241172
n, = (21/22){(22 +2(2,2,) 12/ (2 + 2(2,2,) ") A
Then, the distance R , corresponding to the crossing point of the diabatic potential
curves, is given by the follow1ng uquatlon :

Ry = (2] - 2/{@p%/2n? - (2,)%/203). (9)

n

Therefore, the c1a551ca1 one-electron transfer cross section ¢ is given as

q,Q"l
follows :

. 2
9,q-1 = /DR (10)

3.4 Comparison betw2en the measured cross sections and the classical modecl

In Fig. 7 are shown the measured cross sections plotted as a function of the
*

effective charge Z

1
with those calculated from eq. (10) based on the classical model (dotted linc).

calculated from eq.(3), instead of the charge statec q, together

The number of n in Fig.7 represents the principal quantum number of the level of
the projectile ion into which the clectron is captured. It is remarkable that
almost all the mecasured cross scctions come close together on a single curve. The

*
and tends to vanisa for higher Z,. This oscillatory

*
cscillation is large for low 2 1

1
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behavior is quite similar to thec calculated

i 1 one, though the agreement in the phase of
- Klzy) + He (2,:1s) 4 the oscillation is not so good.
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deformed during collision because of
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their finite size of the charge distri-
EFECTIVE CHARGE ZT-N;FE%V“ bution. This polafization effect may
Fig.7 result in the change of the electron
transfer probability or in the change
of the effecEive charges ZI and Z;. In either case, this effect may be large
for higher Zl ions.

3. Because the energy level of the excited states is not purely hydrogenic in
character, some corrections are necessary to obtain the accurate level energy.
These corrections cause the change of the effective charge ZI which, in
turn, may give rise to some systematic deviations between different isoelec-

tronic sequences.

In essence, however, the oscillatory behavior of the measured cross sections
observed in the present work is a good indication that, in highly stripped heavy

ion collision at low energies, the electron is captured dominantly into a particular
single level of the projectile ion through the crossing of the diabatic energy
levels in the collision system. The oscillation is particularly significant for

low Z ions. For low Z ions, the energy level responsible for the electron capturc
has a small value of n and then the adjacent levels are largely scparated. This .
causes a great increase in the cross section even if the n-value is promoted by one.
On the other hand, for high Z ions, the electron is captured into a level having

a large n, where the encrgy levels are densely located, and then more than a single
levels have a chance to capturc electron from the target atom. This may be a

reason why the amplitude of the oscillation in the cross scctions tends to diminish

toward higher Z ions.
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4, Conclusions

We have measured the cross sections for one-electron transfer from He atom into
highly stripped Cq+, Nq+, Oq+, F1*» NeT* and $1° ions produced in an electron beam
ion source at energies less than 1 keV/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 very similar for ions
with different isoelectronic sequence 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 Z; 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 phenomena in the cross sections for electron
transfer precesses, measurements of the cross sections for lower Z1 ions such as
Bq+,Beq+ and Li%* ions seem to be important at the low 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 atom into the fully stripped, hydro-
genlike, heliumlike, and lithiumlike B?*, C?+, N9+, 0%+, F7+, Ne?* ions, and also highly
stripped $7* ions have been measured at the energy range of 1.5¢ — 3.0q keV. The mea-
sured cross sections are nearly independent of the collision energy with a few exceptions,
and most of the cross sections measured are about (1~4)X 10~' cm?, but the cross sec-
tions for B**, C**+, and N*+ ions are very small in the energy range studied. When the
cross sections measured are plotted as a function of the ionic charge g of isoelectronic pro-
jectile ions, strong oscillations in the cross sections are observed. As a first approximation,
this oscillatory behavior 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 in
basic atomic collision physics but also in such
diverse fields as controlled-thermonuclear-fusion
research, developments of x-ray laser devices and
astrophysics.

In particular, the electron-capture process by
highly stripped ions A9+ from atomic hydrogen at
low energies,

AQ++H—>A(‘7_”++H+ R (N

plays a key role in the energy and particle losses
from high-temperature plasmas.! Because of a sim-
ple situation in the collision process of the fully
stripped ion, a number of theoretical calculations
have been 1'eportet;i.2 On the other hand, it is diffi-
cult to obtain highly stripped ions at low energies
and, therefore, experimental results are scarce for
the fully stripped ions.> Until now, theoretical and
experimental works including partially stripped ions
have been concentrated on investigations of the
dependence of the cross sections on the ionic charge
q of the projectile ion and its nuclear charge Z, and
on the collision energy.

Most of the theories are based on the concept of
the quasimolecule (4-H)?* during collisions. Then,
the cross sections are mainly determined by interac-
tions at the crossings between the diabatic potential
curves of the initial (49*-H) and the final

26

(49—D+_H+) states. For the high-charge states of
projectile ions, there are many curve crossings and
it is possible to model the collision processes. These
theories predicted that the cross sections change
monotonically with the ionic charge ¢ and are pro-
portional to g°, where a is equal to 1 ~2 dependent-
ly on the model used, and that the cross sections
are nearly independent of the collision velocity at
low and intermediate velocities (10%~10® cm/s).
Meanwhile, for the low-g states, several theories
showed that the cross sections do not scale accord-
ing to such a simple rule as g changes. Aside from
detailed calculations for the specified collision pro-
cesses, Ryufuku, Sasaki, and Watanabe (RSW)*
predicted a strongly oscillatory dependence of the
cross sections on certain effective charges of projec-
tile ions at low and intermediate energies (<10
keV/amu) using 2 model in which the projectiles
are replaced by bare nuclei having the effective
charges. They also showed the oscillation disap-
pears at higher energies.

Experiniental aspects including target atoms oth-
er than atomic hydrogen have been reviewed by
Salzborn and Miiller.> Most of the data have been
obtained for partially stripped ions at energies
higher than a few keV/amu. Almost all the experi-
mental data show the monotonic dependence of the
cross sections on g. However, there are experimen-

-tal evidences that in some collisions cross sections

do not change monotonically, but some bumps or
dips exist. As for the H target atom, for example,

105
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Crandall et al.%” and Gardner et al.® reported that
the cross sections for C, N, O, F, and Xe ions show
significant bumps at ¢ =3 and 5 in the keV/amu
energy region; Phaneuf reported very recently that
the cross sections for C ions show neither monoton-
ic change with g nor uniform velocity dependence
below 500 eV/amu.’ Recently, Bliman et al.'® re-
ported the nonmonotonic variation of the cross sec-
tions for C, N, O, and Ar ions incident on D, and
Ar gas targets in the energy range of 1g ~ 10g keV.
They concluded that such an oscillatory behavior of
the cross sections is not due to the presence of meta-
stable projectile ions but due to the electronic struc-
ture of the ions. Similar oscillations were observed
by Cocke et al.!' Mann et al.'? also reported that
the cross sections for the one-electron capture by
highly stripped heavy ions change drasticaily in the
magnitude with the ionization potential of the tar-
get atoms.

The helium atom, among others, is an interesting
target atom, because its electronic structure is sim-

ple enough to 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 authors'*~'%. Zwally er al.'>'®
measured the cross sections of one-electron capture
for C** and B** ions in the wide energy range of
0.3~40 keV. Crandall’® and Gardner et al.'® mea-
sured the cross sections of one-electron capture for
the He-like and the Li-like ions such as B+, C9+,
N7+, and O?* ions in the energy range of 6g ~23¢
keV, and observed the nonmonotonic variation with
the charge state g. They also measured the cross
section of two-electron capture and found that this
cross section becomes greater than that of one-
electron capture for the C** ion as the collision en-
ergy is reduced. No measurement of the cross sec-
tions, however, was reported for fully stripped ions
or the H-like ions except for B** at low energies.?

The present paper describes our effort in measur-
ing the cross sections of one-electron capture for
highly stripped B, C, N, O. F, Ne, and S ions in-
cluding the fully stripped ions in collision with heli-
um target,

A% +He—A'9-"+ 4 (product) (2)

at the collision energies below 3.0¢ keV. This is, to
our knowledge, the first systematic measurzment of
the one-electron-capture cross section for highly
stripped ions with the isoelectronic sequence.
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II. EXPERIMENTAL TECHNIQUE

A. Ion source and experimental setup

The ion source in the present work, called
NICE-1, is an electron-beam-ion source (EBIS)
originally developed by Donets.?! The ions are pro-
duced by a high-density electron beam confined by
a strong magnetic field applied along the electron-
beam axis.

The NICE-1 has a superconducting magnet
(SCM) for generating a strong and stable magnetic
field; the solenoid made of Nb-Ti is 100 cm 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-
sure in the ionization region. An electron beam is
extracted from a thoriated tungsten hair-pin-type
gun and passes through an anode hole of 2 mm in
radius and the subsequent 14 pieces of
drift tubes of 3 cm in id. surrounded by the
liquid-helium reservoir. A very small amount of
gases is injected through a gap between the first and
second drift tubes. Ions produced by electron ira-
pacts are trapped radially by the space-charge po-
tential of the electron beam and axially by the po-
tential barriers applied to the drift tubes. The step-
by-step ionization of the trapped ions proceeds by
successive electron bombardments. The diameter of
the electron beam was not measured directly, but is
estimated to be less than 0.5 mm. After passing
through the drift tubes, the electron beam is re-
ceived by an electron collector shielded from the
magpetic field by a soft-iron plate and a p-metal
cylix{der. A typical electron current is 15 mA at 2
kV/and 1.2 T. The background gas pressure mea-
sursgd at the vacuum vessel of the NICE-1 is usually
2X107'° Torr. Then the residual gas pressure in
the ionization region is expected to be much less
than 1X 107" Torr. Such an ultrahigh vacuum is
essentially important for producing the fully
stripped ions. For the fully stripped C**, N+, and
0%+ ions, stable isotope gases '*CO, "*N,, and !*0,
are used to separate from impurity ions having
M /g =2. BF;, Ne, and SF gases are used for B,
Ne, F, and S ions.

The present experimental setup is schematically
shown in Fig. 1. Ions extracted from the source are
accelerated to a desired energy. An ion beam,
formed after passing through an einzel lens and a
pair of quadrupole lenses, is mass analyzed with a
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FIG. 1. Schematic view of the apparatus.

60° sector of 20-cm radius and injected into a col-
lision cell. The ion beam is well collimated by a
pair of beam-defining apertures of 1 mm diam 4;
and A,; the distance between 4, and 4, is 5 cm and
A, is placed 4 cm in front of the gas cell. The gas
cell is 2 cm in length and its entrance and exit aper-
tures are 0.8 and 1 mm in diameter, respectively.
Ions which pass through the cell are charge separat-
ed with a parallel plate elcctrostatic analyzer locat-
ed 1 cm behind the cell; the entrance and exit aper-
tures { the analyzer plate are 5 mm in width and 8
mm in height. By changing the voltage applied to
the analyzer, both the primary 4%* ions aad the
charge-changed 4'9~"+ jons are detected with the
same microchannel plate detector (MCP, HTV
F1158) in a single-counting mode. Another detec-
tor, a continuous electron 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% 108 Torr with a 500-
1/s turbomolecular pump. Figure 2 shows a typical
charge-state spectrum of '*N at the acceleration
voltage of 2.5 kV. Inu contrast to the ordinary EBIS
operation,” the NICE-1 is operated in a mode
where gas atoms to be ionized and the electron
beam are continuously supplied.? Therefore the
charge of ions produced is widely distributed over
from g=1 to 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+ jons shown in Fig. 2 is typically
2X 10 counts per s (cps). Because of such a wide
charge distribution, ions with different charge state
are obtained without changing the ion source
paramcters.

The He target gas is introduced through a
stainless-steel tubing from a cylinder containing He
of high purity (99.999%). In order to avoid any
contamination with impurities, the tubing is care-
fully connected and preheated.

B. Measurement of cross sections
1. Determination of cross sections

Cross section for the one-electron-capture process
Oq.q -1 is determined by

aqu_l

= ———— \
Ogq~t aq__,SqNL ’ (3)

where S, is the count rate for the primary 49%
ions, S, _; for the charge-changed 4'9~!'* jons, N
the number density of the target He atom, L the

- collision-path length, and @, and a,_; are the

detection efficiencies for the 49+ and 4'9~"'* jons.
In the present detection system, we assumed that
the detection efficiency of the MCP is identical for
all the ions with different charge states, that is,
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FIG. 2. Typical spectrum of the charge-state distribution of '*N?+ jons extracted at 2.5 kV from the NICE-1 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.

a,=a,_}, because the ion impact energy on the
MCP is always higher than a few keV where the
coefficient of the secondary electron emission is
vsuaily larger than unity.

It is found that the pulse-height distribution from
the MCP used is nearly independent of the ion im-
pact energy for all the charge states, but dependent
on the charge state and the count rate. The max-
imum of the pulse-height distribution shifts to-
wards higher values as the charge state increases,
and the pulse-height distribution becomes broader
and its maximum shifts towards lower values as the
count rate increases. Therefore, for each experi-
mental run, care is taken to minimize the counting
loss due to reduction of the pulse height by moni-
toring the pulse-height distribution from the MCP
with a multichannel pulse-height analyzer and an
oscilloscope. The count rate of the primary ion
beam is always kept less than 5% 10° cps. Spacial
detection efficiency of the MCP used is checked by
varying the analyzer voltage, and is confirmed to be
fairly uniform over the detection area within the
limits of stabilities of incident ion beams,

The target density N in the gas cell is determined
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 reservoir with a
capacitance manometer (BAROCELL). Details of
the determination have been described in Ref, 23.
The collision-path length L is assumed to be the
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distance between the apertures of the cell which is 2
cm.

Actually, cross sections for the one-electron-
capture process are determined through the initial
growth of the charge-changed 4'9—"+ jons. This
procedure is illustrated in Fig. 3 as an example,
which shows the count rate for the primary N7+
jons and charge-changed N®* jons as a function of
the target thickness NL. At first, the analyzer volt-
age is set for the primary ions to impact on the
MCP while the collision cell is evacuated, and then

15 15, ,6+ +

N He —

N~ + He
(el (a) (cps)
Primory ——» 42400
{cps) 42100
= 40
g 4 1800
b
£ 30
=
[~
2
20
4600
10
4300
1 Y A 1 ] 1 i 1 1

0O 2 4 6 8 10 12 14 16 18
Torget Thickness NL (10 cmi?)

FIG. 3. Growth-rate curve of the charge-changed N®*
ion for the primary N7+ ion. See text for detail,



the target He gas is introduced into the cell until a
few % reduction of the count rate of the primary
ions is observed [part (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 primary ions in order to check the
reproducibility of the count rate of the primary ions
[part (c) in Fig. 3]. Then the cross section can be
determined from the slope of the growth-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 S,_; which is usually several tens cps
when S, is of the order of 10° cps. Third, it is very
useful to reduce statistical errors, because the 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 pri-
mary ions, which is usually not so easy because of
the presence of impurity ions in the primary beam,
can be reconfirmed by the analyzer potentials to be
applied for the A9* and A9 ~"'* ions.

2. Uncertainties

Most of uncertainties come frem the stability of
the primary ion beam, determination of the slope of

. the growth-rate curve and of the target thickness.
The uncertainty in the stability of the primary ion
beam is estimated to be less than +89%. The uncer-
tainty associated with 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.?* 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 Sec.
IIB, 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 for the uncertainty in the primary ion-beam
purity. All ions studied are completely separated
and weil identified by the use of stable isotopes.
However, we cannot say whether the primary ious
are extracted in their ground state although it is
said that an EBIS-type ion source produces few ions
in the metastable states.?
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III. RESULTS AND DISCUSSION

A. General results and comparison with others

Table I presents the measured cross sections for
the one-electron capture by highly stripped B, C, N,
O, F, Ne, and S ions together with total uncertain-
ties. In general, most of the cross sections measured
are about 1~4x10~'% cm? in the collision energy
range of 1.5 ~3.0g keV investigated in the present
work. However, it is quite remarkable that the
cross sections obtained for B*t, C*+, and N*+ ions
are anomalously small. The measured cross sec-
tions are nearly independent of the collision energy,
though the present energy range is rather narrow.
Some cross sections, however, increase with the col-
lision energy in such collisions as B+-, C3+-, F8+.,
Neb+-, and S'3+-He systems.

There are several groups which have studied ex-
perimentally the 49*-He system. All of the present
data are illustrated in Figs. 4(a)—4(g) for compar-
ison with others. Owing to the different energy
range studied, the present data cannot be compared
directly to others except for the data of Zwally
et al. Nikolaev et al.'* reported the cross sections
Oqq—1 for the fully stripped B** ion, the H-like
B%i and N%* ions, the He-like B>+, C**, N**, and
0%t ions, and the Li-like B+, C3*, N*+, and O’+
ions. Their data, however, were obtained in the en-
ergy range about 100 times as high as the present
ones; in their energy range o, ,_ sharply decreases
with the collision energy; their data are not shown
in Fig. 4. Crandall'® and Gardner et al.'® obtained
their data at energies a few times as high as the
present ones. In their energy range, most of the
cross sections are nearly independent of energy. As
seen in Figs. 4(a) —4(d), rough extrapolation of their
data indicates that the present data seem to be in
fairly good agreement with theirs for the B4+,
C¥4+, N*3*, and O*%* ions which are the only
ionic species available for comparison. Data of
Zwally and Koopman'® for the C** ion and of
Zwally and Cable'® for the B** ion, which can be
directly compared with ours, are in good agreement
with the present data as seen in Figs. 4(a) and 4(b).
As for the fully stripped C8*, N’*, and O®* ions,
the present data are compared with the results of
Afrosimov et al.?® Though the collision energy

‘range tested is different, both data seem to be

smoothly connected with each other.

It is found from the present data that the cross
sections 0, 4y vary with the ionic charge g drasti-
cally and also with nuclear charge Z, of projectile
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TABLE 1. One-electron-capture cross sections 0,4 for the highly stripped ion from He at collision energy E.

——

e v——

E (T..g-l E Taq—1
Ion (keV/amu) (10~ cm?d) Ion (keV/amu) (10~ cm?)
B+ 0.44 122 +2.4 o'+ 0.47 22.7 +4.5
0.55 17.3 +3.5 0.63 25.1 +5.0
0.68 13.2 +2.6 0.78 23.9 +4.8
0.82 14.6 +2.9
: o8+ 0.56 90 +1.8
B+ 0.58 0.92+0.28 0.75 1.6 +2.3
0.73 1.36+0.41 0.94 12.1 +2.4
0.91 1.53+0.47
1.09 2.87+0.86 BoT+ 0.58 12.3 +2.5
1607+ 0.66 13.6 +2.7
- 073 84 +17 0.88 12.8 +2.6
091 83 +1.7 109 146 2.9
1.14 1.6 £2.3 1808+ 0.76 213 +5.5
ln36 9-2 il.s 0.89 30.6 16.1
o 038 147 429 111 34.4 +6.9
0.50 18.8 2.9 Fé+ 0.54 18.5 +3.7
0.63 22.5 +4.5 , 0.63 188 +3.8
0.79 19.4 +3.9
CcH+ 0.50 0.85+0.26 F+ 0.63 16.2 +3.2
0.67 1.72+0.52 0.74 17.6 +3.5
0.83 1.16£0.33 0.92 217 +4.3
ci+ 0.?3 152 +£3.0 F+ 0.72 26.7 +5.3
0.8) 14.8 +3.0 0.84 30.4 +6.1
1.04 142 +2.8 1.05 34.5 +6.9
BCs+ 0.69 9.0 +1.8 DN+ 0.53 304 +6.1
092 7.9 £1.6 2NeT+ 0.64 304 +6.1
L15 132 +2.6 0.80 322 +6.4
N4+ 0.43 30 £0.9 | Nev 0.60 280 +5.6
0.57 3.7 +1.1 Ne' 0.73 30.6 +6.1
0.71 3.5 +1.1 0.91 339 +6.8
N+ 0.54 134 127 | PNe¥ 0.77 18.1 +3.6
0.71 16.8 +3.4 0.90 20.1 +4.0
0.89 4.4 +2.9 113 193 £3.9
ISNS+ 0.68 142 +2.8 Sii+ 0.58 40.2 +8.0
0.80 15.5 +3.1 0.69 37.7 £7.5
1.00 15.0 +3.0 0.86 37.5 +7.5
SN+ 0.78 10.5 +2.1 g3+ 0.69 4.8 +9.0
093 .109 #2.2 0.81 453 £9.1
1.17 11.9 +2.4 1.02 50.5 +10.1
ions at the present energy range. The variation of low-Z, ions and is not simple and monotonic as g

the cross sections is enhanced for highly stripped changes, but really depends on both g and Z,.
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B. Ionic charge dependence the projectile ions. These oscillations with ¢ and
variations with Z, tend to disappear with increasing
q and Z,. In fact, when the oscillation of the mea-
sured cross sections in the present work is smoothed
out, the ¢ dependence is quite similar to that ob-

In Fig. 5 are shown the cross sections reasonably
interpolated at 0.8 keV/amu as a function of the in-

i?ial charge state ¢ for all ions mv.estlgatec'l. The tained from an empirical formula of Miiller and
lines are drawn to connect data for ions having the Salzborn.?® which is shown as a dotted line in Fig
same isoelectronic sequences such as fully stripped, 5 ’ )
H-like, He-like, and Li-like ions. As seen in Fig. 5, )

the cross sections oscillate strongly with ¢ for all

ions. These oscillations are particularly significant C. Classical one-electron model
at low g. For example, the cross sections for ¢ =3 with effective charge
and 5 are almost one order of magnitude larger than
those for g =4. Furthermore, for the same g, the Few theoretical studies have been made on the
cross sections depend on the atomic number Z, of electron-capture process for 47*-He collisions.
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FIG. 4. (a) Cross section of one-electron capture by B*+, B**, and B** ions incident on He. Open circles are the
present data, triangles the data of Zwally and Cable (Ref. 16), solid circles the data of Crandall (R<{. 18), squares the data
of Gardner et al. (Ref. 19). Dashed line is the (heoretical result of Shipsey et al. (Ref. 26). (b) Cross sections oi one-
electron capture by C**+, C**, C**, and C®* ious incident on He. Open circles are the present data, triangles the data of
Zwally and Koopman (Ref. 15), solid circles the data of Crandall (Ref. 18), squares the data of Gardner et al. (Ref. 19),
crosses the data of Afrosimov et al. (Ref. 20). Dashed line is the theoretical result of Shipsey et al. (Ref. 26). (c) Cross
sections of one-electron capture by N**, N+, N®*, and N+ ions incident on He. Open circles are the present data, solid
circles the data of Crandall (Ref. 18), squares the data of Gardner et al. (Ref. 19), crosses the data of Afrosimov et al.
(Ref. 20). (d) Cross sections of one-electron capture by O**, 0%+, O’*, and O®* ions incident on He. Open circles are the
present data, solid circles the data of Crandall (Ref. 18), squares the data of Gardner er al. (Ref. 19), crosses the data of
Afrosimov et al. (Ref. 20). (e) Cross sections of one-electron capture by F®+, F'*, and F®* jons incident on He. (f) Cross
sections of one-electron capture by Ne’+, Ne**, and Ne®* ions incident on Hz. (g) Cross sections of one-electron capture
by $''* and $"** ions incident on He.
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FIG. 5. Measured cross sections og,_; at 0.8
keV/amu as a function of the ionic charge g of projectile
ions. The dotted line is obtained from the empirical for-
mula of Miiller and Salzborn (Ref. 25).

Shipsey et al.?® calculated the cross sections for
B3*. and C**-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 agree with
the present data and those of Zwally and Cable'¢
for B*>* ions, but their cross sections are somewhat
smaller than the experimental results for C** ions.
Except for their calculations, there has been neither
detailed calculation of individual collision processes
nor overall treatment for better understanding of
the 47 *-He collision systems systematically.

As mentioned in Sec. I, similar oscillations of the
cross sections were predicted by RSW* as a func-
tion of the effective charge of projectiles for the
A9*-H collisions. Their calculation is based upon
the  unitarized-distorted-wave  approximation?’
(UDWA), but they also showed that the UDWA
treatment becomes equivalent to the classical treat-
ment at low energies. Hence, as a first approxima-
tion, we adopt a classical one-electron model in the
sense of RSW in order to understand the osciilation
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| and the He atom is replaced by the sys-
tem of a bare nucleus having the effective charge
Z3 plus one electron which is to be transferred into
the projectile ion. Such a bare nucleus plus one-

electron system behaves hydrogenically, that is, its
energy level is given by —(Z*)?/2n?, where n is the
principal quantum number of the level concerned.
The effective charge Z* is determined from the ion-
ization potential I, of the ground state (n,) of the
system

Z*=n (I, /Iy)'"?, @

where Iy is the ionization potentizi of the H atom.
As the ionization potential I, empirical values of
Lotz?® are used. Then, the energy level of the excit-
ed state (n) is calculated by

—(Zz*2 _ —Ln;
2 (2n¥y)

(5)

According to the classical one-electron model, the
electron transfer from He atom to projectile ions oc-
curs when the energy levels of the collision system
before and after collision coincide diabatically with
each other, that is, the quasiresonance condition is
fulfilled:

—-Z7 (Z3)? —(Z})? Zj @
R~ 2?2 2n3 "R’

where R is the internuclear distance between projec-
tile ion and the target He atom. The left-hand side
of Eq. (6) corresponds to the diabatic potential ener-
gy of the n, state of the target He atom perturbed
by the Coulomb potential of the projectile ion be-
fore collision, and the right-hand side of Eq. (6)
does to that of the n| state of the projectile ion plus
one electron perturbed by the Coulomb potential of
the He* ion after collision. In the present case,
n,=1 since the electron is in the ground state of the
He atom.

The solution R in Eq. (6) gives the crossing point
of the two diabatic potential curves. There are
many possible crossing points corresponding to
many different n, states into which the electron is
to be transferred. According to the classical model,
however, the electron transfer becomes possible
when the diabatic potential energy before collision
exceeds the maximum value of the potential barrier
—V,, formed between the projectile ion and the tar-
get atom:

-ZY (Z3)
- - 7
R 2n§ 2 V,,,. @
and
Vi =[(Z} N2 4(Z3) /R . (8)

From Egs. (6) and (7), the integer n corresponding
to the state where the electron can be transferred is
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determined as follows:

n<ny, 9)
where
|| [y
VAR BEVAR 2 VAVA NS

Then the distance R, where one-electron transfer
takes place.is given by

B (Z8—-2Z3%)
" UZ /20 —(Z3 /2]

(1n

Assluming the probability of one-electron transfer to
be 7, the classical cross section o, is given as

Ogq1=(3)7RE. 12)

D. Comparison between the measured
cross sections and the classical model

Figure 6 shows the measured cross sections at 0.8
keV/amu plotted as a function of the effective
charge Z derived from Eq. (4) together with those
calculated from 'Eq. (12) based on the classical one-
electron model (dotted curve). The number of » in

B L3 r L] l ¥ l L ' T l L) ‘ T I
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FIG. 6. Comparison of the measured cross sections at
0.8 keV/amu with the cross sections calculated in terms
of the classical one-electron model shown as the dotted
curve. Cross sections are plotted as a function of the ef-
fective charge Z of projectile ions.

__A58_

Fig. 6 represents the principal quantum number of
the level of the ion (projectile plus one electron) into
which the electron is captured. It is noted that al-
most all the measured cross sections come together
on a single curve. The oscillation is enhanced for
low-Z7 ions and tends to vanish for high-Z} ions.
This oscillatory behavior is similar to the calculated
one, though the agreement in the phase of the oscil-
lation is not so good. Since the present calculation
based on the classical model is very crude, the poor
agreement between the calculation and the experi-
mental results is not surprising. The discrepancy is
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 capcured
selectively into the level with a particular quantum
number 2 in the collision system. The observed os-
cillation is significant for low-Z7 ions. For low-Z}
ions, the energy level into which the electron is
transferred has a small value of n, and then its adja-
cent levels are largely separated. This causes a sig-
nificant change in the cross section if the n value
changes from n to n 4-1. 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 gives rise to a minor
change in the cross section if # is changed by one,
and more than a single level may have a chance to
capture one electron from the target atom. These
should be reasons why the amplitude of the oscilla-
tion in the cross section tends to diminish towards
higher-Z1 ions.

Such an oscillatory behavior should be dependent
on the collision energy. The data of Gardner
et al.,'” which were obtained at energies a few times
as high as the present energy range, show oscilla-
tions around g =4 for B?*, C?*, and N?* ions, but
the amplitude of their oscillation is smaller than the
present one. The present classical model is essen-
tially independent of energy. More sophisticated
calculations would be desired.
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Observation of electron capture into selective state by fully
stripped ions from He atom
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Abstract. Energy spectra of charge-changing projectile ions are measured for one-electron
capture by fully stripped C and O ions from He atoms. The electron is selectively captured
into a single level of principal quantum number n = 3 of C®* and n =4 of O”*, respectively,
at a collision energy of 0.45 keV amu™",

Recently, total cross sections for one-electron transfer from He atoms into multi-
charged B, C, N, O, F, Ne and S ions, including fully stripped ions, have been measured
at low collision energies below 1.5 keV amu™ (Iwai et al 1982, Kaneko et al 1982).
The measured cross sections are nearly independent of the collision energy investi-
gated with only a few exceptions. When the cross sections are plotted as a function
of the ionic charge q of isoelectronic projectile ions, strong oscillations in the cross
sections are observed for all ions. This oscillatory behaviour 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 n to n +1 with an increase
of q. This level change results in an increase of the crossing distance of the potential
curves: it causes a significant increase in the g dependence of the cross sections.
Similar oscillations in cross sections have been reported in other collision systems
(Bliman et al 1981, Mann et al 1981, Cocke et al 1981).

In order to see whether the oscillation is caused by the change of the level into
* which the electron is transferred in the coilision system, we have measured energy
spectra of charge-changing projectile ions scattered in the forward direction for the
collision systems mentioned above. These measurements give us information on the
level into which the electron is captured.

The experimental set-up is shown in figure 1. The ion beam extracted from an
ion source of EBIS type, called NICE-1, is focused, mass analysed by a sector magnet
and well collimated by a pair of apertures of 1 mm in front of the target gas cell. The
gas cell is 2 cm in length and its entrance and exit apertures are 0.8 mm and 1 mm in
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Japan.
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of the spectrometer used for ion energy analysis.

pass through the cell are decelerated by electrostatic

lenses before entering a 127° cylindrical analyser. An entrance aperture of the
decelerating lens system having 14 electrodes is located 22 mm behind the cell. The
mean radius of the analyser is r =125 mm and the slit widths are $;=1.0 mm and
S2=1.5 mm. The deceleration voltage Vy is so adjusted that the energy of the ions
passing the analyser is between 30-60(Xq)eV. Then the energy resolution is just
limited by the energy spread of incident ions extracted from NICE-1. It is usually
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Figure 2. Energy gain and loss spectrum of scattered C** ions from C®* +He collisions
at a collision energy of 6 keV. No peak was observed without target He gas (P~ 0).
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0.8 Xq eV, depending a little on the current density of the electron beam and on the
potential distribution applied to the drift tubes in the ion source. The energy spectra
of charge-changing projectiles are obtained by scanning an additional variable voltage
superimposed on the deceleration vcltage while the defiection voltage Vp of the
analyser is fixed. The energy-analysed ions are detected by an electron multiplier
(EMT).

In figure 2 is shown the energy gain spectrum of scattered C** jon from C**+He
collisions. Only a single peak is observed, which corresponds to the following electron
transfer process: C** + He(1s%) > C**(n = 3)+He*(1s).

For the case of O®+He collisions, as seen in figure 3, the electron is selectively
captured into the n =4 level of O’*. This change of the level from n=3 to n =4
gives rise to a significant difference in the cross sections for one-electron capture by
C** and O®" ions. Actually, as reported previously (Iwai et al 1982), the cross section
for O®** is about three times larger than that for C**. Similar measurements are in
progress for various projectiles including fully stripped, H-, He- and Li-like ions.

Primary Product
08' or*

4
| !

WA

« ——t—tttttt
0 40 80 120 160

Energy gain (eV})

Figure 3. Energy spectrum of scattered O’ ions from O®* + He collisions at a collision
energy of 8 keV.
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Two-electron capture into autoionising states of N°*(3/3/")
and O°*(1s3/3/') in collisions of N’* and O"* with He

S Tsurubuchit, T Iwaif, Y Kaneko§, M Kimural|, N Kobayashi§,
A Matsumoto, $ Ohtani, K Okuno§, S Takagi and H Tawara{

Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan
Received 10 August 1982

Abstract. Transfer ionisation processes are studied for the N7*+He and O”* + He systems
by means of ion beam spectroscopy at 7 keV. The a atoionising states (3/3/') of N°* and
(1s3130') of O°* are ideniified.

The identification of satellite lines of highly charged ions plays an important role in
the spectroscopic diagnostics of high-temperature sources 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 for those
satellite lines with the configuration of N vi (3/n'l') and O v1 (1s3In'l’).

In our previous paper, we showed that ion beam spectroscopy is one of the very
powerful tools in determining the final electronic state of the projectile ions after
charge transfer collision with He (Ohtani er al/ 1982). The ion source used is the
NICE-1 built at IPPJ. A detailed description of the present experimental apparatus
will be published soon. Briefly, a 127° cylindrical energy analyser with a retardation
lens system is set behind a target cell to measure the energy gain AE of the charge-
changed projectile in the forward direction.

In figure 1 is shown the energy gain spectrum of NS* ions obtained in N”*+He

- collision. The dominant peak around AE =17 eV is assigned as being due to the
selective one-electron capture,

N"* +He(1s%) » N®**(41) + He*(1s) + AE,;.

The energy balance consideration in figure 2(a) shows that the N°* icas should be in
the n =4 state. Furthermore, a small peak around AE =60 eV is recognised. The
intensity of the peak increases with an increase of target pressure as shown in the
figure. The purity of the target He gas was increased up to 99.999% to ensure no
impurity effect 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®* jons

t Permanent address: Department of Applied Physics, Tokyo University of Agriculture and Technology,
Koganei-shi, Tokyo 184, Japan.
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Figure 1. Energy gain spectra of N®* obtained in N”* + He collisions at 0.47 keV amu™".

The numbers with the various spectra are the values of NL in units of 102 em™
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Figure 2. Schematic energy level diagrams for (a) N’*+He system, and (b)) O”* +He
system. The values of the energy levels are taken from Bashkin and Stoner (1975),
Pradhan et al (1981), and Ho (1979).
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formed through a different reaction channel from the one-electron transfer process
in which an electron is captured into the n = 3 state of N°*,

According 10 the calculation of Ho (1979), the doubly excited autoionising states
1S, 1P, and *P in which two electrons occupy the n =3 shell are located 7.7760 to
10.2160 Ryd below the N7* state. In figure 2(a), the 'S(1) and 'p(1) states are
presented. The energy gain AE, (see figure 2(a)) estimated from those 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 small peak observed in the spectrum as
being due to the following transfer ionisation via two-electron capture into the
autoionising states of N°,

N"*+ He(1s%) » N>***(3/30') + He** + AE,
>N +He?* +e.

Figure 3 shows the schematic potential curves relevant to the proposed mechanism.
Another transfer ionisation, in which one-electron capture into N®** and target
jonisation of He* take place simultaneously, would contribute to continuum back-
ground spectra and will not form a peak. Such a continuum was not observed in the
present spectrum.

T
NS* (n=b4 ) +He* T20
$40
22 NP OPUT ) o He S
b 5..'1 20 .-60 g
N3** ('S (1))+He o
<
3180
S~ o s 1
NS*(n=2)+He? +e L1oo

A%y

A A\

RN TIY]
NS (1s)+He? +e

Figure 3. Schematic potential curves relevant to the energy gain spectrum of N®* in
N"* 4+ He collisions at 0.47 keV amu™",

The O%" spectrum obtained in the O”* +He collision is given in figure 4. A similar
pattern of spectrum is obtained but the second peak is more clearly recognised. The
first dominant peak is assigned as being due to one-electron capture into the 1s4/
state of O%* from figure 2(b),

O7*(1s) +He(1s?) » O%**(1s4]) + He* + AE,.

From the resolution of the analyser, the second peak corresponds neither to the
one-electron capture into O%*(is2/) nor to O°*(1s3!). Because the energy positions
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Figure 4. Energy gain spectrum of O%* obtained in O”* + He collision at 0.39 keV amu™!

of the (1s3s3p)°P and (1s2s%)’S states of O°*** (Pradhan et al 1981) agree quite well
with the maximum position of the weak peak, we provisionally assign this peak as
due to the following transfer ionisation process by means of two-electron capture into
the autoionising states of O°"**,

O7*(1s) + He(1s?) » O°***(1s3/31") + He** + AE,
- 0% +He* +e.

The importance of the transfer ionisation has been pointed out by Kishinevskii
and Parillis (1969), and recently by Groh et al/ (1982) in the measurement of recoil
target ions in coincidence with the projectile ions. The transfer ionisation process in
muitiply charged ion collisions has been studied by measuring the energy spectrum
of the ejected electrons (Winter et al 1977, 1978, Wcerlee et al 1979).

Several types of transfer ionisation are possible according to the scheme of potential
curve interactions. These are well compiled in the literature of Niehaus (1980). The
two-electron capture into the autoionising state of the projectile ion with subsequent
Auger effect is typical of transfer ionisation (Kishinevskii and Parillis 1969).

The lifetime of the 'P(1) and 'S(1) states of N°*** can be estimated as 1.6 X 107'° s
and 4.9x107'% s respectively from the resonant parameter I' of Ho (1979). In the
present experiment, the kinetic energy of N’* projectile is 0.47 keV amu~' which
corresponds to the velocity of 3.0x 10" cms™'. Assuming the effective interacting
distance is about 10 au, then the collision time is comparable with the lifetimes of the
doubly excited states 'P(1) and 'S$(1) of N°*. A molecular autoionisation would be
possible to some extent as well as atomic autoionisation of N°*, The energy profile
of ecjected electrons will be asymmetric and have a tail to the lower energy side. It
is noticed that the observed transfer ionisation peak has a tail extending to the side
of higher energy gain, which may be considered as a reflection of the molecular
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autoionisation process. A similar situation seems to be the case for the spectrum
observed in the O’*+He collision. The measurement of the energy spectrum of
ejected electrons will give a definite answer to this question.

The total cross sections for N'*+He->N°®"(n=4)+He" and O’*+He~
O%*(n =4)+He* are 1.1x10™" and 1.3x107" cm® respectively at 0.8 keV amu™*
(Iwai et al 1982). The cross sections for the two-electron capture into the autoionising
states of N°*** and O°*** in N’*+He and O’ +He collisions are one order of
magnitude smaller than that of the one-electron capture process. In conclusion, we
have found, for the first time, the two-electron capture processes into the doubly
excited autoionising states of N> and O°* converging to the n =3 state of N®* and
0% in collisions of N’* and O”" with He.
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The (n, ) distributions in electron capture reactions for
C**, N** and O°* ions colliding with He

M Kimurat, T Iwaif, Y Kaneko§, N Kobayashi§, A Matsumoto,
S Ohtani, K Okuno§, S Takagi, H Tawaral| and S Tsurubuchi{

Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan
Received 4 October 1982

Abstract. Distributions of captured electrons in the reaction A%*+He-
A“"Y*(n, 1)+ He* over the final-state quantum numbers n and [ are measured using a
beam spectroscopy method at the energy of 1.0q keV. Projectile ions A" are Li-like
species of carbon (g = 3), nitrogen (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 directzd toward the determination of
total electron capture cross sections in such collisions. In a previous paper (Iwai et
al 1982) we reported measurements of the cross sections for one-electron capture
from He by highly stripped ions A?* (A = boron, carbon, nitrogen, oxygen, fluorine,
neon and sulphur) below 1.5 keV amu™’, and found strong oscillatory behaviour of
cross sections as a function of charge g. This observation was qualitatively explained
using the classical one-electron model (Ryufuku er al 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. As q increases, the principal quantum number n of the
capturing level increases in a stepwise fashion. As a result the cross sections show
oscillatory structure.

With this prediction in mind, we have recently measured the energy gain spectra
of the charge-changed ions in collisions of fully stripped, H-like and He-like ions of
C, N and O with He at the energies of 1q and 2q keV (Ohtani et al 1982, Tsurubuchi
et al 1982, Tawara et al 1982, Okuno et al 1982). It was confirmed that an electron
really transfers to a single 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 et al 1982).

Though the energy resolution of our apparatus is good enough to resolve the n
distributions for the above-mentioned systems, distributions of orbital angular quan-
tum number [ within the same principal quantum number n could not be resolved.
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Both theoretical and experimental studies are quite scarce on the ! distributions.
Theoretical studies have been exclusively directed toward the collisions of fully-
stripped ions with H atoms (Ryufuku et al 1979, Salop 1979). Since the product ions
in such collision systems have almost degenerate sublevels within one principal quan-
tum number, their predictions cannot be applied to our observations. Winter et al
(1977) and Matsumoto et al (1980a, b) have measured cross sections for one-electron
capture into several excited (n, [) states by observing radiations from charge-changed
ions in collisions of 100 keV Ne®* (q = 1-4) with He, H, and Ar, and Ar** of keV
energy with 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 Ar®" (q =3-7)-He, and for the systems Ar’*-He, Ne
and Ar, respectively.

The present paper is concerned with electron-capturing collisions of Li-like ions
of C, N and O on He. Since product ions from one-electron capture are Be-like and
they have wide energy separations among sublevels, the / 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 using a beam spectroscopy method
and procedures described previously (Ohtani et al 1982). In all cases studied here
the n distributions are consistent with the prediction of the classical one-electron
model; C**(n =2), N**(n =2) and O**(n =3).

(() C**+He. In figure 1 is shown the energy spectrum at a collision velocity of
2.1x10” cms™. Isotope gas "*CO was used to separate impurity ions having m/q = 4.
In this figure the calculated energy levels are also indicated which correspond to the

C*+He——=C%*(nl) + He*(1s)
Product C%*
n=3 n=2
EA R &S 2s2p

297 2s
ST

2

Primary
' (1s22s 25)

10 ev

0 10 2 30
Energy gain(eV)

Figure 1. Energy gain spectrum of forward scattered C** ions from C>* + He collisions
at a collision velocity of 2.1x10” cms™.
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levels of the charge-changed C** ions for the process, C**+He-» C**(nl)+ He*(1s),
together with the energy profile of the primary C** ions. All the peaks observed
correspond to the electron configurations, 1s*2/2/', which have six terms. Relative
intensity for each term was determined from the best fit to the observed spectrum by
deconvolution with the energy profile of the primary ions. Normalisation of the
relative intensities to the total one-slectron capture cross section, which was measured
previously at a slightly higher velocity 2.6 x 10" cm s™*, gives the cross sections for the
final channels. They are listed in table 1 (i) along with the energy gain' values AE,
calculated from tabulated values (Bashkin and Stoner 1275). One can estimate the

Table 1. Energy gains AE and crossing distances R_ for capture into various states in the
collision systems C**, N** and O°* + He. Crossing distances were estimated using equation
(1). Measured cross sections are normalised to total one-electron capture cross sections
obtained by Iwai et al (1982) at slightly higher velocities and compared with the Landau-
Zener cross sections.

Measured o° LZ o
Final ionic state AE (eV) R.(A) (10" em? (107 * cm?)
(i) C**(1s*2528) incident
C** 2p?'s 0.67 43.0 0 0
'p 5.21 5.5 0.03 0.01
3p 6.26 4.6 0.3 0.17
2s2p 'p 10.61 2.7 11.4 10.1
3p 16.80 1.7 2.8 0.01
25?1 23.30 1.2 0.2 0
Total 14.7+£2.9° 10.3
(if) N**(1s?2s2S) incident
N3*2p*ls 23.70 1.8 3 0.04
D 29.47 1.5 ~0 «0.001
3p 31,11 1.4 ~0 0
2s2p'P - 36.68 1.2 0 0
3p 44,54 1.0 0 0
2¢%1s 53.15 0.8 0 0
Total 3.0+0.9° 0.04
(iii) O°*(1s*2s 28) incident
0% 2p3s'p 6.93 8.3 0 0
3p 8.34 6.9 0 0
2s3d 'D 13.36 43 small 2.8
’D 14.83 3.9 small 5.3
2s3p %P 17.04 3.4 e 8.0
p 17.30 3.3 e 7.0
2s3s 'S 19.72 2.9 c 5.9
s 21.49 2.7 small 2.8
Total 22.7+4.59 31.8

*Total one-electron capture cross sections measured at slightly higher veldcities are
decomposed into the constituents according to their relative peak heights.

b.<d Total one-electron capture cruss sections at collision velocities, 2.6, 2.9 and 3.0 X 10’
cms™! respectively (Iwai ef al 1982), while the present measurements were performed at
2.1,2.3 and 2.5x 10" cms™".

¢ Relative cross sections could not be determined.
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crossing distance R, for the two diabatic potential curves from the Eollowing relation,
by considering pure Coulomb repulsion in the final channel A“" " I)+He" and
disregarding polarisation attractions in the initial channel A" +He,

R.=14.4(q-1)/AE (A) (1)

where AE is expressed in eV. The R, value obtained from equation (1) is also listed
in table 1.

According to the Landau-Zener model, the probability of a transition between
the two states at a crossing distance R, is given by

p =exp(—2H?%,/v|AF)) )

dR ’

Here v is the radial velocity and H,, is the coupling matrix element between the
initial and final states at the crossing point. For the case of a single crossing, the
probability of a transition from the initial state to the final state is given by the relation:

P=2p(1-p). (4)

This expression can be generalised to the case of N crossings as described by Salop
and QClson (1976) if interference between adjacent channels are neglected. The
interaction potential H;, at each crossing point is estimated using the semi-empirical
formula given by Olson and Salop (1976). By integrating the probabilities over 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 x 107
cms™' and the results are also listed in table 1 (i). Co 1pared with the observation
the LLandau-Zener cross section gives a similar total one-electron capture cross section,
though indicating stronger selectiveness to the 2s2p 'P state.

(i) N**+He. The energy spectrum for the N**+He coliision is skown in figure 2.
One strong peak and a few weak peaks are observed. The strong one is assigned to
the 1s*2p>'S state. A small peak at around 10 eV remains almost unchanged even
when the target He is evacuated. Therefore it is thought to come from the background
gas (1x 1077 Torr). Since the cross section of one-electron capture for this collision
system is relatively small, the background signal becomes observable. A small tail
located at the mgher energy wing of the main peak is due to 2p® 'D and possibly *P.
It is noted that the two-electron process, in which the one-electron capture together
with the projectile excitation (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 C** +He case are listed in table 1 (ii). In this case the crossing distances
R, are so small that our simple approximations to estimate R. and H;, would make
serious errors. This could be the reason for a significant discrepancy between the
calculated cross sections and the measured ones.

(iii) O°*+He. The observed energy spectrum is shown in figure 3. A broad peak
corresponding to O**(n = 3) is observed. Since the n =3 state consists of substates
densely located, each substate could not be resolved. Lieconvcluting the observed
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Figure 2. Energy gain spectrum of forward scattered N>* jons from N**+He collisions
at a collision velocity of 2.3x 10”7 cms™".
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Figure 3. Energy gain spectrum of forward scattered O** ions from O°* +He collisions
at a collision velocity of 2.5x10” cms™".
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spectrum with the primary energy profile does not give a unique solution in this case
because of the too narrow separations of the sublevels. One can say at least that the
2s3/ states are selectively pcpulated, and among them the cross sections for the 2s3d
levels are much smaller than those for the 2s3s and the 2s3p levels. Energy gain
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values and crossing distances of the potential cuxrves are listed in table 1 (iif) along
with the Landau-Zener cross sections.

In all the cases studied here any signals due to endothermic processes are not
observed. As seen in table 1, the process of one-electron capture seems to be most
favoured when the potential curve of the final state crosses with that of the initial
state at '‘a distance of about 1.5-4 A. These results are consistent with those observed
in other multicharged-ion-He systems (Tawara et al 1982, Okuno et al 1982).
Regardless of one- or two-electron processes, the crossing distance appears to be
most important in determining the ! distributions.

References

Afrosimov V'V, Basalaev A A, Panov M N and Leiko G A 1977 Zh. Eksp. Teor. Fiz. Pis. Red. 26 699
(1977 JETP Lett. 26 537)

Bashkin S and Stoner J RJr 1975 Atomic Energy Levels and Grotrian Diaegrams I (Amsterdam: North-
Holland)

Huber B A 1980 J. Phys. B: At. Mol. Phys. 13 809

Iwai1 T, Kaneko Y, Kimura M, Kobayashi N, Ohtani S, Okuno K, Takagi S, Tawara H and Tsurubuchi S
1982 Phys. Rev. A 26 105

Matsumoto A, Tsurubuchi S, Iwai T, Ohtani S, Ckuno K and Kaneko Y 1980a J. Phys. Soc. Japan 48 567

—— 1980b J. Phys. Soc. Japan 48 575 .

Ohtani S, Kaneko Y, Kimura M, Kobayashi N, Iwai T, Matsumoto A, Okuno K, Takagi S, Tawara H and
Tsurubuchi S 1982 J. Phys. B: At. Mol. Phys. 15 L533

Okuno K, Iwai T, Kaneko Y, Kimura M, Kobayashi N, Matsumoto A, Ohtani S, Takagi S, Tawara H and
Tsurubuchi S 1982 Phys. Rev. A submitted

Olson RE ar.d Salop A 1976 Phys. Rev. A 14 579

Ryufuku H, Sasaki K and Watanabe T 1980 Phys. Rev. A 21 745

Ryufuku H and Watanabe T 1979 Phys. Rev. A 20 1828

Salop A 1979 J. Phys. B: At. Mol. Phys. 12 919

Salop A and Olson R E 1976 Phys. Rev. A 13 1312

Tawara H, Iwai T, Kaneko Y, Kimura M, Kobayashi N, Matsumoto A, Ohtani S, Okuno K, Takagi S and
Tsurubuchi S 1982 Phys. Rev. A submitted .

Tsurubuchi S, Iwai T, Kaneko Y, Kimura M, Kobayashi N, Matsumoio A, Ohtani S, Okuno K, Takagi S
and Tawara H 1982 J. Phys. B: At. Mol. Phys. 15 L733

Winter H, Bloemen E and de Heer FJ 1977 J. Phys. B: At. Mol. Phys. 10 L453



PHYSICAL REVIEW A VOLUME 28, NUMBER 1

JULY 1983

Energy-spectroscopic studies of electron-capture processes by low-energy,
highly stripped C, N, and O ions from He
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Translation-energy spectra of charge-state-changed prajectile ions scattered in the forward dirce-
tion in collisions of C?* (g=5,4), N?* (¢=6,5), and O7* (¢ =6) ions with He atoms have been mea-
sured at collision energies of g and 2¢ keV. All the product peaks observed in the spectra come from
exothermic electron-capture processes. From the measured energy gains of the product
(g — 1)—charge-state ions, it has been found that an electron is captured selectively into a single shell
with a particular principal quantum number n =2 for the incident C** ion and n =3 for the incident
C’*, N*+, N®+, and O®* ions. This fact is in accord with the prediction of the one-electron classical
theory. It has also been revealed that there is good similarity among the energy-spectral patterns ob-
tained for the ions having the same charge +q, irrespective of ionic species; such a similarity results
from the similarity among diabatic potential curves for the collision systems of the g—charge-state
ions and He. In the case of C**++-He collision, the two-electron—capture process into the ground
state of C** occurs more efficiently than the one-electron—capture process at the low energies stud-

ied.

I. INTRODUCTION

Recently one-electron—capture cross sections from neu-
tral He atoms by multiply charged B, C, N, O, F, Ne, and
S ions including fully stripped ions have been measured at
collision energies below 1.5 keV/amu.! A remarkable os-
cillation of cross sections with incident-ionic charge ¢ was
found. Similar oscillation was predicted by Ryufuku,
Sasaki, and Watanabe for the case of the H atom target
using a classical model of charge transfer.? The oscilla-
tion has been interpreted as follows. The transferred elec-
tron is captured selectively into a shell having a principal
quantum number n. This quantum number changes from
n to n +1 at some value of q as q is increased, with an ac-
companying drastic increase in cross section. Before the
quantum number n changes, the larger g gives the smaller
interaction distance, leading instead to a gradual decrease
in cross section. After all, the cross sections show a saw-
tooth type oscillation with the change of ionic charge g.
Though the classical model may be crude, the model has
been found to be adequate also for the case of the He tar-
get.! The essential assumption of this model is that the
electron is captured only into a single shell. We have
made a series of experiments intending to find some evi-
dence for it and to determine into which shell the
transferred electron goes. The results obtained should be
most important for basic understanding of charge transfer
involving multiply charged ions and useful for develop-
ment of x-ray laser and controlled-thermonuclear-fusion
research,

In our preceding papers,>* energy gains of the charge-
state changed projectile ions scattered into the forward
direction for the collisions of fully stripped C%*+, N+, and
O%* with neutral He atoms have been reported, and it has
been verified that an electron is captured selectively into a
shell of principal quantum number n =3, 4, and 4 of the
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product C3*+, N+, and O"*+ 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-
gen with neutral He atoms have been made systematically.
The two-electron—capture process and the transfer ioniza-
tion process have also been studied in addition to the one-
electron—capture process; among these, the transfer ioni-
zation process has been reported* for the collision systems
of N’+ 4+ He and O’* + He.

In the present paper, we report mainly on the one-
electron—capture process at keV collision energies. The
experimental details are described in Sec. II. The mea-
sured translation-energy spectra are displayed and similar-
ity among the spectral patterns for ions having the same
charge g is discussed in relation to diabatic potential
curves concerned in Sec. III. Concluding remarks follow
in Sec. 1V, where the results obtained from the series of
energy-spectroscopic  measurements  including  fully
stripped ions are compared with the classical one-electron
theory.?

II. EXPERIMENTS

The apparatus used and the experimental procedure
have been reported in Ref. 3. Therefore, we describe here
the principle of translation-energy spectroscopy and the
related problems such as determination of the parameter
depending on the apparatus geometry and the energy reso-
lution in detail. A brief description of the experimental
setup is given.

A. Principle of translation-energy spectroscopy

We consider the following electron-capture process at
low energies:

127 ©1983 The American Physical Society
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AT* +BAT BT +Q, g=q'+r (1

where Q is the total inelastic energy gain. In this inelastic
electron-capture process, the incident projectile ion 49+
with the mass M, and the energy E, is scattered into an
angle of @ with the energy E,; meanwhile the neutral tar-
get B atom with the mass M, is recoiled with the energy

]

2M\M,

AE(E,,Q0,0)= —————
v (M, +M;»? ¢ M, M,

If it is assumed that the energy gain is much smaller
than the incident kinet-c energy of the projectile ion, that
is, @ << E,, the energy gain of the projectile ion scattered
into the zero-degree direction (6=~0°) becomes independent
of E, as follows:

AE(6~0°)=~0 . 4)

That is, by measuring the energy gain AE of the projectile
ion (energy gain spectroscopy) scaitered into the forward
direction, we can determine straightforwardly the reaction
energy @ which provides important information on
mechanisms in the inelastic collision processes.

In order 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 potential to the projectile ion is Vg, the
energy of the incident projectile ion is reduced to E, —q¥x
at the entrance of the energy analyzer. When the ion is to
pass through the analyzer of which the deflection voltage
is Vp and to reach a detector, the following relation
should be fulfilled:

Eq—qVR=qKVD N (5)

where K is a constant depending mainly on the geometry
of the analyzer and probably on the deflection voltage of
the analyzer ¥;. On the other hand, the energy of the
charge-state-changed projectile ion (47 %) with the charge
+¢' has to be decelerated through Fy, which is different
from Vg for the incident projectile in order to pass
through the analyzer with the same deflection voltage V)
as that for the incident projection ion and to reach the
detector. Then, the following condition is necessary:

Eq—q'VR=q'KV)p . (6)
From the energy conservation, we obtain the following re-
lation:

Ve=(q/q9'VWr+[(g—q')/q'IKVp+(1/¢")VAE . (7)

That is, we can determine the energy change AE in the ab-
solute scale by scanning the decelerating potential ¥ for
the charge-state-changed projectile ions while keeping the
deflection voltage ¥Vp constant, provided that X is known.

B. Experimental setup and determination
of the parameter K

Actually, projectile ions are producec in an EBIS-type
ion source called NICE-1 and are injected into a collision
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M M +M M
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q

E,. Then, the total gain Q is defined as

Q=(E +E,)—E,. 2)
In this energy spectroscopy, the gain of the kinetic energy
of the scattered ion, AE =E,—E,. may be measured at
the scattering angle 6. The kinematical consideration
leads to the following relation:

]
M, ]‘ (3)

cell after acceleration and mass-charge analysis. Ions
passing through the cell are decelerated through electro-
static lenses, are energy analyzed by an electrostatic 127°
cylindrical analyzer, and finally reach a Channeltron-type
detector as shown in Fig. 1. The decelerating lens system
having 14 electrodes consists of a part of linear field dis-
tribution, an einzel lens, and a pair of deflection electrodes
to control the position of projectile ions and to optimize
the transmission through the 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
length and its entrance and exit apertures are 0.8 and 1.0
mm in diameter, respectively; the first decelerating elec-
trode is located 22 mm behind the cell; the entrance and
exit slit widths of the analyzer with 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 C°* ions, the energy resolution of
the present analyzer was tested as a function of the deflec-
tion voltage Vp. When the voltage ¥, is reduced, the
resolution becomes high and then tends to be nearly con-
stant; a typical operating resolution was about 0.8 X 5=4.0
eV with the deflection voltage V), of 25—35 V after the
ion energy was decelerated by about 90% of the original
acceleration energy. Therefore, the deflection voltage ¥p
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-1 and it was estimated to be smaller
than 0.8Xg eV under the continuous operation mode,’
which is much smaller than that prevailed in the litera-

-
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FIG. 1. Schematic view of the apparatus used for
translation-energy spectroscopy.
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tures.

The translation-energy spectra of the charge-state-
changed projectile ions are obtained by scanning the de-
celerating voltage Vi while the deflection voltage Vp of
the analyzer is kept at the same voltage, 30 V, as that for
the incident projectile ions. In order to obtain the absolute
scale of the energy in the energy spectra, the parameter K
in Eq. (7) has to be determined. First, we determined K
using a Li*-ion beam which is generated from a thermal-
emission—type ion source. In this case the ion energy is
entirely determined by the acceleration voltage, and then
K is found to be equal to 1.21, This number is very close
to that estimated from the geometry of the analyzer

(K=1.24). Secondly, we have checked this number by
0"- He —» o?ﬁnm’u-)
product
ne3 Ne2
ned ned 'D’P’s
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FIG 2. (a) Typical snergy spectrum of O%* jons in the for-
ward direction from the O°* 4 He collision at 0.33 keV/amu.
(b} Typical energy spectrum of N*+ jons in the forward direction
from the N** + He collision at 0.30 keV/amu. (c) Typical ener-
gy spectrum of C*+ ions in the forward direction from the
C** + He collision at 0.46 keV/amu.
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FIG. 3. Diabatic potential curves for the one-

electron—capture process, 0°*(15?) + He—O**(1s?nD
+He*(1s), and energy diagrams for channels of the one-electron
capture into O*+(1s2nl), N3*+(Isnl), and C**(nl) levels.

measuring the relationship between the deflection voltage
Vp and the decelerating voltage Vy based upon Eq. (5). It
was found that Vp changes very much linearly with Vg,
resulting in K=1.213+0.003 for the deflection voltage
ranging from 20 to 40 V, which is very close to the num-
ber obtained with Li*-ion beams. Therefore, K=1.21 is
used in the present energy analysis.

The stable-isotope gases '20,, *N,, and *CO are used
for soirce gases in order to separate the highly stripped
ions from impurity ions. The helium gas used for the tar-
get is in a research grade with 99.999% purity. Back-
ground pressures were less than 10~'° Torr at the ion
ource and 107 Torr at the outside of the collision cell.
Under the operation condition, the source pressure was
around 10~° Torr, the target pressure in the cell was kept
at about 10“1 Torr, and the pressure outside the cell was
about 10~° Torr.

III. RESULTS AND DISCUSSION

The energy-spectroscopic measurements have been
made for hydrogenlike and heliumlike ions of oxygen, ni-
trogen, and carbon such as 0%+, N%5+, and C*** at the
energies of ¢ and 2g keV, where g + is the charge of the
projectile ion incident upon the neutral-helium target.
The present exPedment has been macdie in extension of the
previous one>* for fully stripped ions colliding with He.
In this section, however, the experimental results are
presented and classified according as the ionic charge state
g rather than the isoelectronic sequence of the incident
projectiles, because good similarity is found in the spectra
obtained for the ions with the same incident-ionic charge
state g. The measured energy gains AE of the charge-
state-changed projectile ions are compared to the reaction
energies Q calculated from the book of Bashkin and Stoa-
er’ and then the electron-capturing levels of charge-state-
changed projectiles are determined.

—-79 —
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TABLE 1. Observed energy gains and related levels of charge-state-changed projectiles. Energy gain
AE is determined from the peak position in the enérgy spectrum measured. The reaction energy Q is
calculated with energy levels given by Bashkin and Stoner (Ref. 7). R, is the crossing distance of dia-
batic potential curves in consideration of the polarization for the initial channel and the Coulomb repul-
sion for the final channel; note that R, is calcuiated by the use of the ionic charge state g. R, is an in-
terniuclear distance limit at which an’electron can get over the potential barrier between target and pro-

jectile in the classical model [see Eq. (14) in text].

Incident AE (eV) . product Q (eV) R. (A) R, (A)
o'+ 18.0° O%*+(1s4p 'P) 16.95 5.13
(ls4d D) 17.05 5.11
(Is4f'3pH 17.12 5.09
(1s4s3s) 17.45 4.99
{1s4p °P) 17.46 4.99 4.4
N7+ 16.8* NSH4f 2R 17.08 5.10
(4d 2D) 17.09 5.10
(4s 28) 17.10 5.09
4p2P) 17.10 5.09 44
0%+ 29.5 0O’+(1s23d D) 29.89 2.53
(1s23p 2P) 30.94 2.26
(15235 28) 34.18 2.26 42
Ne+ 30.0 N+(1s3p 'P) 29.51 2.56
(1s3d D) 29.89 2.53
(1s3d 'D) 29.93 2.53
{1s3p3P) 30.78 2.47
(1535 39) 32.66 2.34 42
Ch+ 29.0° C**(3d D) 29.84 2.53
(35 29) 29.86 2.53
(3p P 29.86 2.53 4.1
N3+ 16.0 N*+(1523d 2D) 13.24 4.39
(1s23p 2P) 14.07 4.14
(15235 25) 16.75 3.50 3.9
C+ 13.6 C*(1s3p'P) 12.98 4.48
(153d 'D) 13.21 4.40
(1s3d°D) 13.24 4.39
(1s3p°P) 13.97 4.17
(1s3s'S) 14.00 4.16
(1535 3S) 15.44 3.78 3.9
CH 31 C¥+(15%2p2P) 31.91 1.57
- {1s22529) 39.91 1.35 3.6

*Taken from Ref. 4.
*Taken from Ref. 1.

A. 0%, Nét 4 He collisions

The energy spectra of the product O°% ion in the
0%* + He collision and of the product N°* ion in the
N+ 4+ He collision are shown in Figs. 2(a) and 2(b), to-
gether with the energy profile of the primary ions. Figure
2 clearly demonstrates that the energy-spectral patterns of
the product O** and N** ions are quite similar not only
to each other but also to that of the C** ion in the
C®* + He collision reported previously® and is shown in
Fig. 2(c) as a reference. In Fig. 2 are indicated the calcu-

— 80—

lated energy levels which correspond to some principal
quantum numbers » of the product 43+ ions for the one-
electron—capture process,

AS* L He—A3*(nl)+Het (1s) .

As seen in Fig. 2, the electron is captured into neither .
the n=2 shell nor the n=4 shell. In each energy spec-
trum, only a single peak is observed atthe energy gain of
around 30 eV and it corresponds to the one-electron cap-
ture into the n=3 shell of the charge-state-changed projec-
tiles of O°+ and N+ as
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FIG. 4. (a) Typical encrgy spectrum of N** “ions in the for-
ward direction from the N3+ 4 He colli ton at 0.33 keV/amu,
(b) Typical energy spectrum of C** ions in the forward direction
from the C** 4 He collision at 0.38 keV/amu.

0%+ (15%)+He(1s)— 0%+ (15230 +He t(15)+ Q
®

and
N6+(1s)+He(1s2)—N3*(1s31)+ He *(15)+Q ,
9)

where Q is distributed from 29.89 to 34.18 eV for the
0%t 4 He collision and from 29.51 to 32.66 eV for the
N®* 4 He collision. The energy resolution in the present
experiment is not high enough to separate the sublevels of
the n=3 sheil.

In consideration of the polarization for the initial chan-
nel and the Coulomb repulsion for the final channel, the
diabatic potential curves are presented in Fig. 3 for the
collision systems of 0%+ + He and N®* + He, along with
the system of O°* 4 He. This figure illustiates good
similarity among the potential curves of these collision
systems and such similarity is considered to give the simi-

40
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-80
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FIG. 5. Diabatic potential curves for the one-

electron—capture process, N3+(15%) + He—N**+(1snd)
+ He*(1s), and energy diagrams for channels of one-electron
capture into N**(1s2n]) and C**+(1sn) levels.

larity in the energy spectra obtained for the one-
electron—capture process by the O, N, and C ions having
the same charge g=6 from He, The calculated reaction
energies @ and the crossing distances R, in the related
channels are listed in Table 1.

It is noted here that the values of the R, are slightly dif-
ferent from those of crossing distances R, evaluated in
Ref. 1; in the present paper, the R, is calculated by the use
of the ionic charge g, whereas the R, is done by the use of
the effective charge Z* (see Ref. 1 for details).

B. N3+, C**+ 4 He collisions

Good similarity is also observed between the energy
specira obtained in the N°* + He and C** + He collisions
as shown in Figs. 4(a) and 4(b). This is expected from the
similarity of the diabatic potential curves presented in Fig.
5.

For the N3+ + 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 N** ion as

N°+(152)+He(1s2)—N**+(1s23)) + He T (15)+Q ,
(10)

where Q is distributed from 13.24 to 16.75 eV as listed in
Table I. In this case the energy resolution is too poor to
allow separation of the sublevels.

Typical enérgy spectrum obtained in the C** + He col-
lision is shown in Fig. 4(b). Only a single peak is observed
at the energy gain of 13.6 eV and it corresponds to the
one-electron—capture process

* C3*(1s)+He(1s)—C*(1s30)+Het(1s)+ Q .
% (11)

The Q values are distributed from 12.98 to 15.44 eV for
the 153/ states as listed in Table I. The observed peak re-
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FIG. 6. (a) Typical energy spectrum of C** ions in the for-
ward direction from the C** + He collision at 0.31 keV/amu.
(b) Typical energy spectrum of C2* ions in the forward direction
from the C** + He collision at 0.31 keV/amu.

sults from these states, though the preferentially capturing
sublevels cannot be definitely assigned.

C. C** 4 He collision

In the energy gain spectra of the charge-state-changed
C3* jon in the C** + He collision, two peaks are 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 collisions with
background gases because it is still observed without the
He target gas.

The latter peak at 31 eV increases with an increase of
the target pressure of He gas and is originated from the
charge-state-changed C3* ion in the one-electron—capture
process by C** from He. The energy spectrum of the
product C** ion reveals clearly that an electron is not cap-
tured into the C**(1s22528) but into the C3*(15%2p2P)
level in the reaction such as '

CH*(1s%)4 He(1s2)—C**(15%2p 2P) + He*(1s)
+31.91 eV, (12}

In Fig. 7 are shown the diabatic potential curves for
one- and two-electron—capture processes. The small value
of the observed cross section® of reaction (12) may be re-
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FIG. 7. Diabatic potential curves for the C** + He collision
and energy diagrams. Solid and dashed lines are for one- and
two-electron—capture  channels into  C**(1s2#))  and
C¥+(1522121") levels, respectively.

lated to the very short crossing distance (1.57 ‘3%). There
are some potential curve crossings at around 2 A for the
two-electron—capture process. The C** product peak is
observed in the C** + He collision as shown in Fig. 6(b)
and it corresponds to the ground state of the C** ion in
the two-electron—capture process

C**(1s?)+He(152)—C* (152252 1S) + He+

+33.37 V. (13)

The two-electron—capture process takes place more effi-
ciently than the one-electron capture at the low-energy re-
gion as reported by Crandall.” From the comparison be-
tween the peak heights of the C3* and C?* product ions
we estimated that the total cross section of two-electron
capture by C** from He is about thirty times larger than
that of one-electron capture at 0.31 keV/amu. This ratio
agrees roughly with that calculated by Shipsey et al.'® '

Finally, we add mention of the O’* + He and
N7+ 4+ He collisions which have been reported in connec-
tion with the transfer ionization process.® Patterns 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 in the diabatic potential curves
concerned. Dominant peaks in the energy spectra are ob-
served at the energy gains of about 17—18 eV and they
correspond to the one-electron capture into the n=4 shell
of the product O%* and N®* ions. The reaction energies
Q and the crossing distances R, in the related channels are
listed in Table 1.

IV. CONCLUDING REMARKS

In this paper. we classified the experimental results ac~
cording to the ionic charge state g rather than the isoelect-
ronic sequence of the incident projectiles. There is good
similarity among the energy spectra for ions having the
same charge state g. This is quite natural because the dia-
batic potential curves are not very dependent on the num-
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ber of core electrons of incident ions and, as a result, are
very similar for ions with the same charge stateq.  *

It is clearly demonstrated that all the observed peaks in
the energy spectra obtained in the forward direction are
originated from the exothermic channels in the electron-
capture processes without the excitation of the He* ion,
and no signals 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, 9%, N7+, and C?*, from the neu-
tral He atom, it is confirmed experimentally that an elec-
tron is captured selectively into only a single shell of
charge-state-changed projectiles. As summarized in Table
I1, the principal quantum numbers n of the capturing lev-
els of charge-state-changed ions are determined as n=4
for 0%+, O’*, and N’* + He collisions, n=3 for Q%+,
N&+ C8+, N°*, and C** + He collisions, and n=2 for
the C*+ + He collision.

It is interesting to compare these results with the predic-
tion by the classical one-electron theory.? The theory
characterizes an internuclear 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. In other words, the R, gives the outer limit of the
internuclear distance where the one-electron—transfer re-
action is possible. The R, is given by

R, =[Z} +2AZ3Z5) /Iy, (14)

where Z7 and Z3 are the effective charges of He*-ion
core and of g—charge-state ion core of the praojectile, and
I'y. is the ionization energy of He atom in atomic units.
The values of R, given by Eq. (14) are listed in Table I. It
is noted that most of the levels determined experimentally
have the crossing distance R, which is smaller than the R,
but is the largest inside the R,. In some cases including
O’* and N7+, however, the R, is slightly larger than the
R,."" This discrepancy may be due to the crudeness of the
classical theory and the inaccuracy of the potential curves.
For other cases the classical theory correctly predicts the
principal quantum 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

TABLE II. Principal quantum numbers n of selectively
capturing levels of charge-state-changed projectiles 4'9~!+ jn
the 47+ 4 He collision.

(o] 4 4 3
N 4 3 3
C 3 3 2

*The classical model (Ref. 1} predicts n=3.

most interesting to see what relation exists between the
cross sections and the R, of the reaction channels deter-
mined. Unfortunately, the present data are not enough for
a discussion of this subject and an effect to accumulate
sufficient data for discussion of this subject is now under
way.

Transfer ionization process producing a
(g — 1)—charge-state ion of the projectile via two-electron
capture into autoionizing levels was observed in some
cases; for example, the O'* 4 He and N’* + He col-
lisions.* The two-electron—capture process was found to
be much more dominant than one-electron—capture pro-
cess in the C** 4+ He collision. In the cases of one- and
two-electron—capture processes by C** not only the prin-
cipal quantum number n but also the orbital quantum
number / could be determined because the energy separa-
tion of the sublevels becomes larger in low-n shells.
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GAIN CHARACTERISTICS OF A MICROCHANNEL PLATE AND A CHANNEL-ELECTRON
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Pulse height distributions are measured when multiply charged ions of S, Ne, F, O, N and C are incident on a microchannel plate
of chevron type (MCP) and a channel electron multiplier (CEM) in the velocity range of 3-4.5x10° 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 gain is observed with an increase of the charge state of incident jons
irrespectively of ionic species. Such behavior is discussed in connection with secondary electron emission yield at the input and

electron multiplication mechanisms in the channels.

1. Introduction

A channel-electron multiplier (CEM) has 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 detector also has inherent advantages such
as high gain, and low background noise. Therefore, the
CEM is now a common instrument for the detection of
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 channel-electron multipliers parallel to one
another, it has good spacial resolution and rapid time
response in addition to similar advantages as the CEM.

Both the detectors were operated in a pulse counting
mode. In such a counting operation, the detection ef-
ficiency and the gain are the most important character-
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 been given by Macau et al. [2].

Recently, collision processes involving multiply
charged ions have been of great importance in connec-
tion with thermonuclear fusion research. The character-
istics of the CEM and MCP for multiply charged ions,
however, has received little study to date. Fricke et al.
reported the detection efficiency and gain characteris-
tics of the CEM for multiply charged A7*( g < 6) ions or
rare gases in the incident energy range of 4 -15 keV [3].
Meanwhile no investigation has been reported on the
characteristics of the MCP.

In the present paper, we describe the gain character-
istics of the MCP and CEM for multiply charged S, Ne,
F, O, N and C ions at the incident energies from a few
keV to a few tens of keV.

2. Experimental procedure

Fig. 1 shows a schematic of the eaperimental
arrangement used in the present study. Multiply charged
ions are produced by an electron beam ion Ssource
(EBIS), called NICE-1 [4]. Ions extracted from the
source are accelerated to a desired energy and mass-
analyzed by a 60° sector magnet. The ion beam is then
collimated by a series of apertures, A;(1 mm in L.D.),
A,(I mmin LLD.), A;(0.8 mm in L.D.) and A,(] mm in

. LLD.), and it then enters a parallel plate electrostatic

analyzer, By applying an appropriate voltage 1o the
analyzer, the ion beam was received with an MCP, while
the ion beam was received directly with a CEM without
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Fig. 1. Experimental apparatus.

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 the MCP
and the exit aperture plate of the analyzer were
grounded.

The CEM used in the present experiment (MURATA
EMS-1081B) has a cone-shaped input of 10 mm aper-
ture and a spiraled amplification section with 1 mm in
I.D. and 100 mm in total length; the operation voltage
was 3 kV. The MCP used is of tandem type (HAMA-
MATSU TV F1158-11) having an effective aperture of
20 mm diameter. The diameter of each pore is 12 pm
and the ratio of the length to the diameter is 45. The
front and rear plates of MCPs have the same bias angle
of 8° to the input surface normal and the plate separa-
tion is 0.03 mm. The operation voltage was 0.9 kV per
plate. For the present experimental arrangement, the
ion beam passing through the exit aperture (5 X 8 mm?)
of the analyzer was incident on the MCP at an angle of
60° to the plate normal.

The MCP and CEM were operated in a single pulse
counting mode. The charge output of these multipliers
for each input event was fed through a charge-sensitive
preamplifier to a main amplifier-discriminator system.
The discriminator threshold, however, was kept at zero
throughout experiments. The output pulse was fed to a
scaler and a multichannel analyzer. The gain character-
istics of both the detectors were investigated by record-
iag the output pulse height distribution (PHD) with the
multichannel analyzer for a number of multiply charged
S, Ne, F, O, N and C ions in the incident velocity range
of 3-45%10° m/s. The background pressure was
maintained below 1 X 10~8 Torr throughout the present
study.

3. Results

3.1. Pulse height distribution and the relative gai;1

In fig. 2 is shown a typical pulse height distribution
(PHD) observed for the Ne®* jon incident on the MCP;
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Fig. 2. Pulse height distribution for the Ne®* ion incident on
the MCP. The incident velocity is 3.4 X 10° m/s and the count
rate is 1354 cps.

the incident velocity was 3.4 X 10° m/s and the count
rate was 1354 cps; the channel number illustrated in the
figure is proportional to the output pulse height. The
PHD observed contains pulses from thermal. back-
ground noises as well as true signal 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 observed at a low pulse height side in the PHD
when no ion was incident on the MCP. This fact ena-
bles one to discriminate easily and surely between true
pulses and background noise pulses.

Except for the background noise, the main feature of
the observed PHD was a quasi-Gaussian shape for all
the ions studied, as expected from the space-charge
saturation effect [S]. Such a quasi-Gaussian shape in the
PHD was also observed with the CEM.

The gain is usually defined as the ratio of the num-
ber of output electrons to the number of incident par-
ticles. Due to statistical fluctuations of the secondary
electron emission, the gain 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
of the MCP to be the modal (niost probable) number of
output electrons per pulse. Therefore, we define the
relative gain to be the pulse height value at the peak in
the observed PHD (see fig, 2).

3.2. Gain characteristics of MCP

The measured reluiive gain of the MCP is illustrated
in fig. 3 as a function of the count rate. In order to get a
general feeling, the data for almost all the ions studied
are shown in this figure. It is quite remarkable that the
gain decreases when the count rate exceeds about 1000
cps. Such gain reduction may be due to the dense
injection of the incident beam [6,7] (beam diameter ~ 1
mm" /2500 pores). If the incident particles are injected
widely over the surface of the MCP, that is, the current



S. Tukagi et al. / Gain characteristics

300 ———rrrmmy Y —
L ® L]
o [
200 © a9 “% -
(o]
= 100l * N o 0B
E O Ng' O nNg o o
3 AN X N3 °]
> 0 NPTV ST T I ST SO S
E 300 YT T YT T T
el
-— - (]
5,00k ‘®#n I,
S 200 oo, s
- b e a -
g 100 0 0% 0O 0%* Q =
b AO’*X os#
@ 0 PPN | L asade e
>
Pt 300 \AM ¥ T vy T T T
[=]
S ! ]
@ 200} 408 ¢ o .
%
! g @,
100 OF% O N*a ¥ % T
[ AF™ x N c*
0 e aaans] teat sl AR ETT ] . *
10 102 10% 10

.

Count rate (1/sec)

Fig. 3. The measured relative gain of the MCP as a function of
the count 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 single burst 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 longer than 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 less than 500 cps.

The relative gains measured for Ne-3* F7+ 0%-5+,
N** and C** ions are shown in fig. 4 as a function of
the incident velocity; each data point is an average of
several measurements and the statistical error is esti-
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Fig. 4. The relative gain of the MCP as a function of the
incident velocities.
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Fig. 5. The relative gain of the MCP as a function of the ionic
charge. The incident velocity is about 3.5% 10° m/s.

mated roughly to be +6%. The measured pulse height
distributions show no significant dependence of the
relative gain on the incident velocity, though the present
velocity range is rather narrow (3-4.5 X 10° m/s). Then,
the relative gains reasonably interpolated at a velocity
of 3.5 X 10° m/s are displayed in fig. 5 as a function of
the ionic charge state g for all the 49" ions observed. As
seen in fig. 5, the rciative gains increase with the charge
state ¢ and seem to line up on a straight line irrespec-
tively of ionic species.

3.3. Gain characteristics of 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 mea-
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Fig. 6. The measured relative gain of the CEM as a function of
the count rate.

— 87 —



210 S. Takagi et al. / Gain characteristics

:200

c

3 o

>

— - (s} a

2 398 +
a x o

S 100

£ O Ne

4 i oo

g X N

= + S

-Qg) o 1 1 L o 1 1
@ 2 4 6 8 10 12 14

lonic charge

Fig. 7. The relative gain of the CEM as a function of the ionic
charge. The gains are measured in the incident velocity range of
3-4.5%10% m/s.

sured PHD shows no significant dependence of the
relative gain on the incident velocity. In fig. 6 is shown
the relative gain 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 using the data obrained at a count rate less
than 1500 cps, the relative gains are plotted as a func-
tion of the ionic charge state in fig. 7. Here the statisti-
cal error of each data point was approximately 4 11%.
In contrast to the case of the MCP, the relative gain is
nearly independent of the ionic charge state for the
CEM.

4. Discussion

The present result of the gain characteristics ob-
tained with the CEM is in agreement with that reported
by Fricke et al. [3}; the gain depression with the count
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 output pulse height distri-
bution changes from a negative exponential to a quasi-
Gaussian shape with increasing gain levels and such a
peaked distribution is the result of space-charge satura-
tion near the channel output [5). Therefore, the modal
gain is expected to be independent of the charge state,
velocity and mass of incident ions, as far as the CEM is
operated in the space-charge saturation mode. This is
verified by the present and Fricke et al. experiments.

The next problem, then, is why the gain of the MCP
does depend on the charge state, although its pulse
height distribution is quasi-Gaussian. In order to re-
move ion feedback and to get stable operations at high
gain levels, the MCP used was a chevron type which
consists of front and rear plates. Secondary electrons
emitted from each channel of the front plate fires several
channels of the rear plate owing to the space charge
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effect. Wiza observed that the PHD from a MCP (not a
chevron) is nearly a negative exponential [7]. His result
suggests that the space charges do not saturate at the
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 is still possible at the output of the front section.
This increase results in an increase in the number of the
fired channels in the rear section and finally in an
increase of the gain.

In a non-saturation mode as expected in the front
section of the MCP, the space charge density should be
closely related to the secondary electron emission yield
by impact of ions. As is well known, the secondary
electron ejection is explained by two mechanisms,
potential ejection and kinetic ejection [9]. We observed
no significant dependence of the gain on the impact
velocity. This fact suggests that the contribution of
potential ejection dominates that of kinetic ejection in
the velocity range studied.

Now consider the dependence of the electron emis-
sion yield at the front surface on the charge state of the
incident ion, based upon the potential ejection mecha-
nism. The secondary electron is ejected by Auger neu-
tralization or Auger deexcitation. As the multiply
charged ion comes close to the surface, the Auger pro-
cess is expected to occur several times at one impact. As
a result, the secondary electron emission yield at the
input surface of the front section may increase with the
charge state of the incident ion, which in turn causes an
increase of the gain with the charge state.

On the other hand, such an increase of the gain
could not be expected for the CEM, because it consists
of a single channel and its gain is limited by the
space-charge saturation in one continuous channel.

5. Conclusion

Relative gain characteristics of a CEM and a MCP
have been measured for various kinds of incident ions
in the velocity range of 3-4.5 X 105 m/s. The relative
gains for both detectors are independent of the impact.
velocities of the incident ions investigated here. As for
the dependence on the charge state g of the incident
ions, the relative gains of the CEM are almost similar
for the various kinds of the incident ions, but those of
the MCP increase with g. This g-dependence of the
relative gain for the MCP is interpreted in connection
with the g-dependence of secondary electron emission
yield at the input and the electron multiplication mech-
anism in channels of the MCP.

The authors are grateful to Mr. Y. Kawasumi for
helpful discussions and Mr. T. Hino for his technical
support and assistance.
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Measurement of Relative Population between B2*(2s)
and B?>*(2p) in Electron Capture Collision
of B** with He
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One-electron capture processes into B2 *(2s) and B2 +(2p) have been investigated
in B3*-He collision at low velocities (1.3-2.3 x 1¢7 cm/sec) using a translation
energy spectroscopy. Energy dependence of the relative population between
B2+(2s) and B2*(2p) is obtained and compared with the theoretical result of

Shipsey et al.

Recently collision spectroscopy has become
a useful means, as well as optical spectros-
copy, to obtain a better understanding of
electron capture processes by multiply charged
ions from neutral atoms. We report here a
measurement of 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 for
the 'one-electron capture by B** ion from He
atom have been measured by scveral au-
thors.! ™ Their data are roughly in agree-
ment with each other, and the measured
cross section has a broad maximum at the
collision energy of around 20 keV (see Fig. 1).
Shipsey et al.® calculated the electron capture
cross sections for the present collision system
by means of a molecular state close-coupling
method; their result is in agreement with
the experimental data as seen in Fig. 1. They
also evaluated the comntribution of electron
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Fig. 1. Cross sections for one-electron capture by
B** from He. Closed circles-Zwally and Cable
(ref. 1), open circles-Crandall (ref. 2), squares-
Gardner et al. (ref. 3), triangles-Iwai et al. (ref. 4).
Solid curve is the result for total cross section of
Shipsey et al. (ref. 5) and dashed curves are the
partial cross sections for B2+(2s) and B?**(2p)
states calculated by Shipsey et al. (ref. 5). Arrows
indicate the energy points at which the present ob-
sevation is made.

capture into the B2*(2s) and B?*(2p) states.

_Therefore, it is worthwhile to compare the

present energy-spectroscopic data with the
calculation of Shipsey et al.

The apparatus used and the experimental
procedure have been described previously.®”
The energy spectra of the charge-changed

-~ 901 —
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Fig. 2. Observed energy gain spectra of forwardly

scattered B2+ jons in B3*+He collisions at col-
lision energies of 0.9, 1.5 and 3 keV,

boron ions were observed at the collision
energies of 0.9-3 keV, and the observed
spectra are shown in Fig. 2, together with the
energy profile of the primary B** ion. Two
peaks are observed at the energy gain of 13.4
and 7.4 eV. By referring to the book of Bashkin
and Stoner,® the two peaks are found to
correspond to the following reactions:

B3*(1s*)+He

—B2*(1s%2s) + He™ (1s)+13.4eV, (A)
and

B3*(1s*)+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 !3S) .jon possibly
contained in the primary ion beam does not
contribute to these peaks. The present resuit
reveals that an electron is captured selectively
into the n=2 state, and this evidence is in
accord with the prediction of the classical
model discussed in the previous paper.*

- 92

The relative peak intensity for 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 determined from the
best fit to the observed spcctra by decon-
volution with the energy profile of primary
B3* ions. The ratio I(2s)/I(2p) obtained in
this way is plotted as a function of the col-
lision energy in Fig. 3, where the ratio of the
respective cross section ¢(2s)/o(2p) calculated
by Shipsey et al. is also presented for com-
parison. The tendency that the ratio increases
with an increase of the collision energy is
seen in both the present experiment and the
calculation. The measured ratio, however,
increases more rapidly with the collision
energy than the calculated result.

According to Shipsey er al., the B2*(2s)
state is populated via the radial coupling at
the crossing distance R, =~4.7a, (a,: the Bohr
radius), meanwhile the B2*(2p) state is popu-
lated through two rotational couplings be-
tween the X states and the IT state; the rota-
tional coupling at the inner crossing R, =~2a,
contributes at low energies and the coupling
at the outer crossing R ~7a, does at high
energies. As a result, the populaticn iu the 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 product ions may not be always scattered
into the extremely forward direction. There-

4

3 e

2 -
1(25) o ’v"'"
I(2p) /,,,

| - 9'a

o i 1 i

(o] | 2 3 4
gt Energy (keV)

Fig. 3. Ratio I(2s)/I(2p) as a function of the col-
lision energy. Circles are the present data and the
dashed curve is the theoretical result of Shipsey
et al, (ref. 5).
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fore, a part of the discrepancy between the
observation and the theory mentioned above
may arise from the imcomplete collection of
the product ions.* Optical measurements of
the energy dependence of light emission from
B2*(2p) waquld be complementary to the
present work.

To our knowledge, this is the first observa-
tion which shows strong energy dependence
of one-electron capture into the same n but
different / states for multiply charged ions by
the translation energy spectroscopy.
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Abstract

A report is given of recent activities at NICE Nagoya in atomic collision
research, The measurements of the total and partial cross-sections for
one-electron capture in collision of highly stripped light ions with helium
are. presented,

1. Introduction

Charge transfer recombination of highly stripped ionic species in
collisions with atomic hydrogen and helium is an important
atomic process in (D-T) burning plasmas where it may influence
the particle and energy balances by lowering the ionization
states and by leading to proauction of high energy photons. A
detailed understanding of these processes is surely needed for
the development of the fusion research.

On the other hand, the knowledge of state-selected, partial
cross-sections for electron capture serves for plasma diagnostics.
The intensity enhancement of a particular line emitted from
impurity ions during the injection of neutral hydrogen or
helium beam gives us information on the spatial distribution
of such ions in a hot plasma.

In the course of experimental investigation on atomic
processes at Institute of Plasma Physics (IPP’), Nagoya Uni-
versity, 2 research program was started at the erd of the summer
1977, for studies of collisional processes involving highly
stripped ions, as a joint research program by guest staffs and
collaborators in the IPP. The group consists of 16 physicists:

T. Iwai (Kansai Medical Univ., Guest Prof. of IPP)

Y. Kaneko {Tokyo Metropolitan Univ., Guest Prof. of IPP)
M. Kimura (Qsaka Univ.)

N. Kobayashi (Tokyo Metropolitan Univ.)

K. Okuno (Tokyo Metropolitan Univ.)

H. Tawara (Kyushu Univ.)

S. Tsurubuchi (Tokyo Univ. of Agriculture and Technology)
A. Matsumoto (1PP)

S. Takagi (IPP)

S. Ohtani (IPP)

The research program done by this group is called the NICE
project. NICE means Naked Ion Collision Experiments.

In the present paper, we will report on some recent activities
of NICE; the measurements of total and partial cross-sections
for one-electron capture processes of highly stripped, light ions
in collisions with helium atoms.

2. Ionsource

The ion source we have constructed is of EBIS type [1]. In the
early stage of the NICE project, we built a prototype EBIS
having conventional solenoids of about 50cm in length, and,
using this proto-NICE, we accumulated various experiences

Physica Scripta T3

on EBIS operation and got information on some characteristics
of the ion source {2].

Based on these experiences, we have built a new ion source,
called NICE-1, in 1979. A schematic view of NICE-1 is shown in
Fig. 1. The NICE-1 has a superconducting magnet (SCM), which
is 1m in length and 10cm in inside diameter. The magnetic
field can be varied up to about 2T. A surface of the liquid
helium can of the magnet works as a cryogenic pump to reduce
the background gas pressure in the ionization region. The
background pressure measured at the outerside of the vacuum
vessel of the NICE-1 is usually around 1 x107°torr and is
expected to be less than this pressure in the ionization region
inside the helium can. A very small amount of sample gas is
continuously injected through the gap between the first and
second drift tubes. A typical potential distribution applied to
each element of the ion source for collision experiments is also
shown in Fig. 1. All the potentials applied to the drift tubes
(DT) are constant during the operation time. We call this
operation a ‘continuous mode”. Further details of the ion
source are described in [3, 4].

G
=N Mass Analyzer

I.—eaw

DY -

Fig. 1. Schematic view of NICE-1 and potential distribution applied to
each element of the ion source.
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Fig. 2. Typical spectrum of **N9* jons extracted at V; = 2.5kV from the
NICE-1 under the condition that electron beam intensity is 10.5 mA at
the V¢ = 2.5kV and beam diameter is less than 0.5 mm.

A typical charge state spectrum of SN extracted from the
NICE-1 at the acceleration voltage of 2.5kV is shown in Fig. 2.
As mentioned above, the NICE-1 is operated in a continuous
mode, where sample gas atoms and the electron beam are con-
tinuously supplied and, also, ions produced in the ion source
are extracted continuously. Therefore, the charge state of ions
exiracted is widely distributed from 1+ to 7+. Their distri-
bution is strongly dependent on the gas pressure in the ion
source and on the energy and current of the electron beam.
The intensity of the fully stripped N7* jons is usually about
10000 cps.

3. Collision experiments
3.1. Total cross-sections for one-electron capture

Using the ion source called NICE-1, we have recently measured
cross-sections for one-eiectron capture by highly ionized atoms
of B, C, N, O, F, Ne and S from He, at low energies [4, 5]. The

loo - 1 [ i | ] 1 ) 1 l ] L) [ .
+ F ]
o |
o L i
b
Jé N J
o°
0 10F E
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3= r ]
S N 0.8 keV/amu
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© . A Charge State q _
R TR JOE TN N TRSNN NUNY SRR RN SN SN B P

] 234 56 7 89101121314

Fig. 3. Measured cross-sections 6 q., at 0.8 keVamu™' as a function of
the ionic charge ¢ of projectile B, C, N, O, F, Nec and S ions. ¢: fully
stripped ions, o: H-like ions, a: He-like ions, »: Li-like ions, X: B-like
ion. The dotted line is obtained from the empirical formula of Miiller and
Salzborn [15).
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measured cross-sections are riearly independent of the collision
energies investigated with only a few exceptions. When the
cross-sections at 0.8keVamu™ are plotted as a function of the
ionic charge g of isoelectronic projectile ions, strong oscillations
in the cross-sections are observed for all ions (Fig.3). This
oscillatory behaviour is interpreted using the classical one-
electron model [6] and the outline is as follows. In the one-
electron capture processes at low energies, an electron is
captured selectively into a level with a particular quantum
number n. Such a level drastically changes from # to n +1
with an increase of . This level-change results in an increase
of the crossing distance of the potential curves: it causes a
significant increase in the g-dependence of the cross-sections.
Similar oscillations in cross-sections have been reported in other
collision systems [7-9].

In order to see whether the electron is really captured into
a single level and whether the oscillation is caused by the change
of such a level, we have measured translational energy spectra
of charge-changing projectile ions scattered in the forward
direction for the collision systems mentioned above [10]. These
measurements give us information on the level into which the
electron is transferred in the collision system.

3.2. Translational energy spectroscopy

The experimental set-up for the translational energy spec-
troscopy is shown in Fig.4. The ion beam extracted from
NICE-1 is focused, mass-analysed by a sector magnet (MS), and
well collimated by a pair of apertures of 1 mm in front of the
target gas cell. After passing through the gas cell, ions are
decelerated by electrostatic lenses before entering a 127°
cylindrical analyser. The mean radius of the analyser is r=
125mm and the slit widths are S; = 1.0mm and S, = 1.5 mm.
The deceleration voltage Vg is so adjusted that the energy of
the ions passing the analyser is between 30-60(x g)eV. The
energy spectra of ions are obtained by scanning an additional,
variable voltage superimposed upon the deceleration voltage
Vg, while the deflection voltage Vp of the analyser is kept
constant.

In Fig. S is shown a typical energy profile of O%* projectile
ions extracted from NICE-1 at the continuous mode. The
energy spread of the incident ions is usually 0.8xqeV,
depending a little on the current density of the electron
beam and other parameters of the ion source. Further details
of the experimental procedure for the translational eneigy
spectroscopy are described elsewhere [11].

GAS
¥
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ANALYZER mmnu 7
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EIII

T. PUMP

Fig. 4. Schematic view of the apparatus used for translational energy
spectroscopy.
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Fig. 5. Typical energy profile of O®* projectile ions extracted from
NICE-1.

In Fig. 6 is shown the energy spectrum of scattered C** ions
from C® + He collisions. Calculated energy levels are also
indicated, corresponding to some principal quantum numbers n
of the product C™* ions for the process: C® + He(1s*)~>
C5*(n) + He*(1s). In this figure, only a single peak is observed
which corresponds to the energy of the n = 3 level in C*, and
this is in good agreement with the prediction of the classical
consideration in [4].

For the case of O® + He collisions, as seen in Fig. 7, the
electron is selectively captured into the n=4 level of the
product ion O™. This change of the level from n=3 to 4
should give rise to a significant difference in the cross-sections
for one-electron capture by C®* and O® ions. Actually, as seen
in Fig. 3, the cross-section for 0% is about three times as large
as that for C5*,

An energy spectrum obtained in C* + He collision is shown
in Fig, 8. It is clear that the electron is captured into the n = 3
level of C**. In this case, some population distribution among
the sublevels in the n =3 level is observed. The population

product
c>
n=4 n=z=3 n=2
| | !
P~ 0 torr .
P - ID'Jlorr
20 0 20 40 60 80 100

Energy Gain (eV)

Fig. 6. Typical encrgy spectrum of scattered C** ions at forward direc-
tion from C** + He collisions at a collision energy of 6 keV, No peak was
observed without target He gas (Py ~ 0 torr).
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Fig. 7. Energy spectrum of product O’* ions from O®* + He collisions at
a collision energy of 8 keV.

distribution [12] is more clearly seen in C** + He collisions, as
is shown in Fig. 9. As for the principal quantum number, even
in this case, the electron is captured only into the n = 2 level
of C¥*,

Similar observations have been made for other fully stripped,
H-like, He-like and Li-like ions of C, N and O incident on He, at
collision energies of 1 xg and 2 x gkeV. In all cases observed,
it was clearly demonstrated that the electron is captured selec-
tively into a single level with a particular quantum number x
of the product ions [13], and that no signals due to endothermic
processes and excitation of target He* ions are found. In Table I
is listed the level n into which the electron is captured for all
ions investigated and the energy gain AE measured in the energy
spectra. As seen in Table I, it is found that, for the incident ions
with the same charge state g, the electron is captured into the
same n-level, and the measured energy gains AFE are similar to
each other, This similarity among the same g projectiles is due
to the fact that the potential energy curves for A?* + He

product
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Fig. 8 Energy spectrum of product C** jons at a collision energy of

C** (1s) + He — C**(1s2) + He*
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Fig. 9. Energy spectrum of product C?* ions at a collision energy of
3keV.

C**(1s*2s) + He — C™*(1s*22l") + He*

collision systems are very similar for larger values of principal
quantum numbers in the final state [14].

The results summarized in Table I are in rather good agree-
ment with the prediction of the classical consideration. How-
ever, there are some discrepancies between the prediction and
the measured data. For example, acccrding to the classical treat-
ment, the change of the level from n =3, for C**, to n =4 for
N™ should cause a significant increase in the g-dependence in
the cross-sections. But, in point of fact, as seen in Fig. 3, the
measured cross-section for N7* is very similar to that for C**,
Accordingly, it is imaginable that there should be another rule
in the determination of the g-dependence of cross-sections for
one-electron capture, in addition to the selection and variation
of the capturing level. In order to search for this additional
rule, we arranged the measured total cross-sections 0, 4 as a
function of the crossing distances R, at which an electron is
transferred in the potential energy curves (Fig. 10). As seen in
Fig. 10, where R, of each collision system is derived from the
observed energy gain, the R.-dependence in the cross-sections
seems to have a peak structure, This fact implics that the
electron capture vrocess prefers states of the product ions
which correspond to crossing points at some suitable inter-
nuclear distances, It is very interesting to find out the relation

Table 1. Principal quantum number n and measured energy gain
AE(eV) for the collision systems:

A%+ He = A9 4 He* + AE(eV)

A q=3 qg=4 q=35 q=6 q=17" q=8
c n 2 2 3 3
(AE) (1) (31) (14) (29)
N n 2 3 3 4
(AE) (24) (16) (30) Q%))
o n 3 3 4 4
(AE) (18) (30) (18) (30)
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Fig. 10. Measured cross-section o4, ¢, as a function of crossing distances
R_ in potential curves for various collision systems, A?* + He.

between the total or partial cross-sections and the crossing
distances, but, unfortunately, the present data studied here
are not enough to derive the selection rule for one-electron
capture processes at low energies, such as the preference of
certain crossing distances, and to discuss this subject. It is
urgently needed that a sufficient amount of data is accumulated
for the various collision systems,
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LETTER TO THE EDITOR

The dependence on R, of cross sections for one-electron
capture by S'*, $*** and Kr** (g =7-25) ions from He
atoms

TIwait, Y Kaneko#, M Kimura§, N Kobayashif, A Matsumoto, S Ohtani,
K Okunot, S Takagi, H Tawara and S Tsurubuchi||

Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan'
Received 1 December 1983

Abstract. Total cross section measurements and translational energy spectroscopy have
been performed at collision energies of 1q keV for one-electron capture processes by $''*,
$'3* and Kr?* (7= g<25) ions from He atoms. When the measured cross sections are
plotted as a function of the crossing radius R, deduced from the observed energy gain, it
is found that the cross sections in general increase with R, and almost all of them lie
between the 37RZ and wR? curves. This dependence on R, is very different from previous
results for ions with relatively low q (g <10).

We have systematically studied one-electron capture processes by highly stripped ions
such as C?*, N7, O%", F?* and Ne?" ions (¢<9) from He atoms 4t low collision
energies. One of the important conclusions obtained from a series of our experiments
(Kaneko et al 1982, Iwai et al 1982, Ohtani et al 1982, Tsurubuchi et al 1982, Kimura
et al 1982, Okuno et al 1983, Tawara et al 1983) is that when the measured cross
sections 0,4, are plotted as a function of the internuclear distance where electron
transfer takes place predominantly, i.e., the crossing radius R, of the diabatic potential
curves deduced from the observed energy gain spectra, the cross sections do not follow
the 2wR? rule expected from the classical one-electron model, but seem to have a
maximum around a particular crossing radius R,=3.5 A (Tawara et al 1983).

A similar dependence of the cross section on R, has been reported by several
investigators for various collision systems and various collision energies (Winter et al
1977, Smith et al 1980, Huber 1983, Winter 1983), and it has often been called the
reaction window. However, as pointed out by Tawara et al (1983), it is questionable
to assert that this window is universal for all the collision systems.

Concerning the dependence on R., all the measurements reported so far are
restricted to projectile ions h&ving the charge of ¢ <10; no experimental work has
been done for projectile ions of g > 10 at low energies. When the charge state g of

t Permanent address: Department of Liberal Arts, Kansai Medical University, Hirakata, Osaka 573, Japan.
1 Permanent address: Department of Physics, Tokyo Metropolitan University, Setagaya-ku Tokyo 158,

Japan.
§ Permanent address: Department of Physics, Osaka University, Toyonaka, Osaka 560, Japan.
||Permanent address: Department of Applied Physics, Tokyo University of Agriculture and Technology,

Koganei, Tokyo 184, Japan.

0022-3700/84/040095+05%02.25 © 1984 The Institute of Physics L95
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the projectiles is increased, the corresponding R. is expected to become large. There-
fore, we extend a series of experiments to further high-g ions in order to see what
happens in such cases of high-q ions. 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-electron capture processes by S''*, $'** and
Kr?" (g=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 al 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 et al (1982) and its
details will be reported elsewhere. The cross section of the O’* + He collision measured
in this system agreed well with the previous result by Iwai et al (1982). All the present
measurements were performed at collision energies of 1q keV.

The measured cross sections o, 4, for Kr?* jons are shown in figure 1 as a function
of the charge state g of the projectile ions; in this figure, other experimental results
obtained by Cocke et al (1981) and Kusakabe et al (1983) are also shown for
comparison. Though the erergy ranges studied are different in these papers, and
though the range of g concerned is quite different, all the resuiis can be connected
smoothly with each other. Wz note.in figure 1 that strong oscillation of the cross
section with q is observed for low-q ions as was seen in our previous measurements
(Kaneko et al 1982, Iwai et al 1982), and that for high-q ions the oscillation tends to
diminish and the q dependence of o,,-, becomes very similar to that derived from
an empirical formula of Miiller and Salzborn (1977) which is shown as a broken curve
in the figure.
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Figure 1. Total cross sections for one-electron capture o, ,_; as a function of the charge
state g of projectile Kr?" ions. @: Cocke er al (1981) at 0.78q keV, B: Kusakabe et al
(1983) at 0.286 keV amu™', O: present results at 1q keV.

Figure 2 illustrates typical examples of translational energy gain spectra of the
product Kr'“""* jons. in all the cases studied here the energy spectrum has a strong
peak with rather a narrow width, and in some cases the spectrum seems tc have a
weak peak in addition to the main peak. Unfortunately, we can not assign the electron
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Figure 2. Energy gain spectra of product Kr'%V* ions at 1q keV for ¢ =12, 14, 15, 16
and 18.

capturing level corresponding to the observed peak because of lack of information on
the energy level of the Kr'% V* jon. However, as seen in figure 2, the quantity
AE/(q—1), where AE is the observed energy gain at the main peak, becomes small
with the increase of ¢ in general. This means that the crossing radius R. becomes
large with the increase of g. The R. is obtained from the observed energy gain AE
through the equation: R.(A)=14.4(g—1)/AE(eV), where only Coulomb repulsion
is assumed for the diabatic potential.

In figure 3 we summarise all the measured cross sections o, ,-; as a function of
R_ for S''* and S'** ions as well as Kr'""* jons, together with the result obtained
previously (Tawara et al 1983). In contrast to the previous results for relatively low-g
ions, the cross sections obtained here do not have any maximum around a particular
crossing radius; almost all the present data points lie between the ;7R 2 and 7R curves.

For high-q ions, an electron should be captured into the high Rydberg state of the
product ion in which the ! sublevels are nearly degenerate and around which the
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Figure 3. Dependence on R, of total cross sections o, ,;. O: present results for Kr?*
ions; q is indicated by the number in the figure. @: present results for S*!* and S'3* ions.
"M: previous results of Tawara et al (1983); in the figure, C4 means C** projectile ion, NS
means N** projectile ion, and so on. Lower broken curve is 1wrR2, and upper broken
curve is 7R2. Uncertainties in the determination of 04.4-1 and R, are denoted by bars
for some cases for Kr?™".

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 is not good enough to separate
such closely located levels, and the AE and the R, deduced from the peak 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
mR? with the increase in the number of crossings as pointed out by Kaneko (1983).
Olson and Salop proposed the absorbing-sphere model for these cases (1976).

In conclusion, the multi-level crossing is responsible for the R, dependence of cross
sections observed in the present work. Detailed discussion will be given 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 collisions with He atoms
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The electron-capture processes of highly stripped ions of F¢* (g =6,7,8) and Ne?* (g =7,8,9) in col-
lisions with He atom were investigated using the energy-gain spectroscopy technique. A single dominant
peak is observed in most of the energy-gain spectra except for the Ne”+ and Ne9* spectra, in which two
peaks are observed corresponding to the one-electron capture process into levels with different principal

quantum number n

I. INTRODUCTION

In our recent measurement of total cross sections for
one-electron capture processes by highly stripped heavy ions
from He atoms at low energies, it was found that the cross
sections show significant oscillations when plotted as a func-
tion of the ionic charge of the projectile ions.!»? This can be
explained quantitatively by the classical one-electron model?
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
measurements of the energy gain of various projectile ions
such as C9* (g =3-6), N9* (g =4-7), and O?* (g =5-8)
in collisions with He atoms using the translational energy-
spectroscopy technique.’~ In fact, most of 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 is valid for these collisions at low ener-
gies. However, in some cases such as in the C3* +He col-
lision, four peaks are observed.® It was found that they cor-
respond to electron capture into levels with the same princi-
pal quantum number n but different orbital angular quan-
tum number . Similarly, the energy-gain spectra in N**
and O°* ions become broad indicating the-contribution of a
number of peaks corresponding to levels with different L

It has also been found that there is good similarity among
the energy-gain spectral patterns obtained for different pro-
jectile ions with the same ionic charge g, irrespective of the
ion species: such similarity is considered to resuit from the
similarity among the diabatic potential curves for 49* +He
collision systems.$

In the present paper, we present new results of our con-
tinuing investigation on the electron-capture processes of
highly stripped F?* (g =6,7,8) and Ne?* (¢=7,8,9) ions
on He atoms. The present experimental principle and tech-
nique were already described in detail.®

In the following, first, some features in the collision sys-
tems investigated are described. All the following experi-
ments have been done at the energy of g x1 keV, where ¢
is the ionic charge of the ion. The energy levels of each ion
are taken from the book of Bashkin and Stoner.”

II. EXPERIMENTAL RESULTS

(i) Ne’*+He [see Fig. 1(a)l: Three peaks are clearly
seen. The strongest peak at the energy gain AE =20 eV is

29

found to be due to the following one-electron-capture pro-
cess into the n =4 level:

Ne™*(152s) +He — Nef *(15s2s54)) +Het +AE . (1)

It is not possible to assign any particular single level because
there are a number of closely spaced levels in Nef* ions.

The second peak at AE.==38 eV is due to the following
one-electron capture into the n =3 state:

Ne7*(152s) +He — Ne®*(15s2p30)) +Het +AE . (2)

It should be noted that this process (2) involves two elec-
trons; that is, one 2s electron in the projectile ion is excited
into the 2p state and the other is captured into the excited 3/
state of the projectile ion from the target atom. A similar
two-electronn  process has also been observed in the
N** +He collision which results in N3+(1s2p?!8).5 This
observation is the first clear evidence that the electron is
captured into levels with different n, in contrast to the clas-
sical one-electron modei which assumes the involvement of
only a single level in the one-electron-capture process at low
energies.

The very weak peak at AE =68 eV is thought to be due
to the transfer ionization, as discussed previously,* as fol-
lows:

Ne’+(15%s) +He — (Ne’*)**(1s2s3/nl") +He?* +AE
— Nef+ +Helt +¢ , 3)

though it is not possible to assure this because no informa-
tion on the energy levels of such doubly excited states of
many-electron systems is available presently. By comparing
the integrated areas under peaks with total cross sections
previously measured, it is estimated that the cross sections
for processes (1), (2), and (3) are 26.1, 49, and
1.0 x 1016 cm?, respectively.

(i) Ne®*+He [Fig. 1(b)]: The dominant peak at
AE =31 eV is found to correspond to the following one-
electron capture into the n =4 state:

Ne?*(1s?) +He — Ne’*(15%4)) +He* +AE 4)

The weak peak at AE =63 eV may be due to the transfer
ionization

Ned*(15?) +He — (NeS*)**(1s%inl') +He?* +AE
~Ne’* +He?* +e . (5)

1529 ©1984 The American Physical Society
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FIG. 1. Energy-gain spectra in (a) Ne’* +He, (b) Ne“+He
and (c) Ne?* +He collisions.

The intensity for process (5) is roughly 10% of that for pro-
cess (4). ‘

(iii) Ne?* +He [Fig. 1{c)]: At least two peaks are seen.
The stronger peak at AE ==20 eV is due to the following
one-electron capture into the n =5 state of Ne®* ijons:

Ne?*(1s) +He — Nef*(155)) +He* +AE . 6)

The second peak at AE =44 eV is due to the one-electron-
capture process into the n =4 state:

Ne®*(1s) +He — Nef+(154)) +He* +AE . (@)

The partial cross sections for processes (6) and (7) are
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roughly 14.5 and 5.5x10~%cm?, respectively.” The very
weak peak at AE =70 eV may be due to the transfer ioniza-
tion as discussed previously.*

(iv) Fé* +He [Fig. 2(a)]: The observed peak at AE =29
eV is thought to correspond to the following simple one-
electron capture:

F8*(15%25) + He— F**(152s3) + He* +AE . (8)

It should be noted that this peak is broader because of the
contribution of the levels with different /, with the highest
intensity for the 1s5*2s3d 'D level. The weak shoulder at
AE =18 eV is thought to be due to the following two-
electron process, similar to process (2) in Ne’* +~He col-
lisions:

FO*(1s%2s) +He—F5+(1s2p3) +He*+AE . (9)
(v) F'*+He [Fig. 2(6)]: The stronger peak at AE =18

F% He— F™% 1’
primary
Fh product
() ) F™
n=4
n=s n=3
1 ]
" 0 40 80
F0+
F™*+ He — F%h) +Helis) m? i ?lg ?

F7+

J

(b)

0 40 80 O 60

6 + Fe*
F*'% He—F>"tan + He'
Fe* n=4 ne3
—_—
e triplet
singlet

(a) e Iu'

(o) 40
Energy Gain {eV)

FIG. 2. Energy-gain spectra in (a) Fé* +He, (b) F'* +He, and
(c) F&+ +He collisions.
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eV is due to the following process:
F'*(1s?) +He —F¢*(15%4)) +He* +AE . (10)

The weaker peak at AE =66 eV is probably due to the
transfer ionization

F*+(1s?) +He — (F5+)**(1s%3/3/') +He?* +AE

—Fé+ +He?" +e . )

By comparing spectra in Figs. 1(a) and 2(b) with previous
spectra for N’* and O+ ions,® the observed spectra are
found to be very similar for all the ions with ¢ =7 except
for Ne’* where two different 2 levels contribute. This sim-
larity of the spectra among different ions with the same ion-
ic charge has been already discussed in detail.5 However, it
should be noted that the transfer-ionization process is much
stronger for F'* ions and its intensity amounts to about
20% of that for the main one-electron-capture process (10).

(vi) F?* +He [Fig. 2(c)]: Only a single peak at AE =28
eV is observed which corresponds to the following one-
electron capture into the n =4 state of the F’* ijon:

FE*(1s) +He — F'*(154)) +He* +AE . (12)

As discussed above [see (v)], the very good similarity in the
energy-gain spectra is observed in all ions with the ionic
charge of ¢ =8 and is understood to be due to the similar
energy-level diagrams among them.

III. DISCUSSION

Comparing the observed energy-gain spectra with the en-
ergy levels tabulated by Bashkin and Stoner,’ the principal
quantum number n of the electron-capturing levels can be
deduged for collision processes and are summarized in Table
I which includes our previous data. Data for Ne!* +He
collisions are taken from the work of Mann eral,® where
their collision energy was lcwer than ours. As can be seen
in Table I, the electron-capturing levels are the same for
projectile ions with the same ionic charge, irrespective of
the ion species. From the observed energy gain AE, the
curve crossing radius R, for the one-electron-capture pro-
cess in the quasimolecule can be deiermined as shown in
Table II through R.=14.4(q -l)lAE (q: the ionic charge
of projectile ion; AE: eV; R¢:

TABLE 1. Principal quantum numbers n of the electron-capturing
levels in A9% +He collisions.

q 10 9 8 7 6 5 4 3
Ne 5 5(4)® 4 43t

F 4 4 3

o} 4 4 3 3

N 4 3 3 2
c 3 3 2 2

®Data of Mann ez al. (Ref. 8).
YThe number in the parentheses is the principal quanium number n
corresponding to the weak peak in the energy-gain spectrum.

1531

TABLE II. Crossing radius R for the one-electron-capture pro-
cess in A9+ +He collisions (A)

q 10 9 8 7 6 S 4 3

Ne 4.6 57 33 4.3

F .6 4.8 25

0 34 4.8 2.4 31

N 5.1 24 3.6 1.8

C 25 4.2 1.4 2.6

2Data of Mann et ai. (Ref 8)

In Fig. 3 are shown total .one-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. In the figure, only data for stronger
peaks are shown. The solid line is drawn through data
points just to guide the eye, whereas the dotted and dashed
curves represent the classical cross sections, that is, mRZ2
and = 'rrR,,., 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 projectile ion exceeds the binding
force for the electron jon target atom.5

From Fig. 3, it is seen that the observed cross sections do
not follow the classical cross section ch’ rule. It should
also be noted that they do not exceed wR2 for all the range
of R, but are smaller than --n-R, for R, <25 A and de-

crease for R, >4 A. The existence of a maximum in the
cross sections at a particular crossing radius has been report-

30

?)
N
(o]

1

cm

<16

oan'l (o

o
]

FIG. 3. Total one-electron-capture cross sections ve the crossing
radius R, in 49* +He collisions at around 0.7 keV/amu. Expern-

- mental data for C9*, N®*_ and O%* are 1aken from Refs. 5 and 6.

The dotted and dashed lines correspond to the classical cross sec-
tions. The solid line 1s drawn through experimental data to gwde
the eye.
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ed by some investigators for various collision systems at dif-
ferent energy ranges® and is often called the ‘“‘reaction win-
dow.” This window shape seems to be similar for the vari-
ous cases reported and it tends to be believed to be
“‘universal’ for all the collision systems. I is, however,
necessary to look at and analyze more carafully the ob-
served data before comirng to such a conclusion.

Only in the single crossing system can we theoretically
analyze the data relatively easily. In such a single crossing,
a Landau-Zener model calculation predicts that the depen-
dence of the cross sections for the charge transfer on the
crossing radius R, is indeed similar in shape to the observed
curve (solid line) shown in Fig. 3.'9 It is noted, however,
that the R, dependence of the cross section is strongly
dependent on the shape of diabatic potential curves at R, 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 crossing in the diabatic energy diagram.
In fact, we have no accurate idea of how many crossings do
contribute to the observed ‘‘apparent™ single peak in the

BRIEF REPORTS 29

energy-gain spectrum because of the limited energy resolu-
tion used in the experiments. For example, the sublevels
having the same r but differert / should result in many
crossings closely located in the diabatic energy diagram.

On the other hand, if a number of crossings exist at larger
crossing radii, many of them may contribute to the total
charge-transfer process. Therefore the total cross section
could increase with the number of crossings and finally
reach the maximum cross section wR2. If there are only a
limited number of crossings available in the collision system
under investigation, the cross section may not reach the
maximum value, as in the present case.

Systematic studies of the [ distribution of the electron-
capturing levels of higher charge state ions would make it
possible to discuss the R, dependence of the cross section
for electron capture-in more detail.

As 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. Unfor-
tunately, at present there is no accurate data on the energy
levels of such doubly excited states of heavy ions.
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Cross sections for single electron capture from He atom by highly stripped, C9*,
N+, O%*, F9*, Ne?* (g=4-9) and Kr** (¢=10-25) ions have been calculated
using the multichannel Landau-Zener m«:del. The coiiision energy is 600 eV/amu
except for Kri*, whose energy is g x 1 keV. The selective electron capture into a
single or at most two n-shells is predicted tor the cases of g<9. The n-distributions
obtained by the present calculation are quite consistent with our earlier observa-
tion and the total cross sections agree reasonably well with the measured data in
spite of the simple model. In the case of Kr?*, where ¢q is larger than 10, more and
more shells can be populated and the total cross sections incre4se monotonically

with the increase of q.

Introduction

§1.

Recently we have measured total cross sec-
tions for one-electron capture processes by
highly stripped ions A" (¢ <9) from He atoms
at low energies;

A" +He—AW~D*(nl)+ Het + 4E, (L.1)

where A?* is fully stripped ions of C, N and O,
and H-like, He-like and Li-like ions of C, N,
O, F and Ne.! =2 We have also measured the
energy-gain 4E spectra from which the dis-
tributions over the final state quantum number
n and, in some cases, the distributions over /
were also determined.®~7) In almost all the
cases except for Ne’* and Ne®* it was found
that the electron is transferred into a particular
single n-state and the capturing levels n are
the same for projectiles with the same ionic
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** Permanent address: Department of Liberal
Arts, Kansai Medical University, Hirakata, Osaka 573.
**¥*  Ppermanent address: Department of Physics,
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158.

ET I

Permanent address: Department of Applied
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charge irrespective of the ion species.

If we assume that the interaction of the sys-
tern is only the pure Coulomb repulsion be-
tween the product ions, the crossing radius R,
of the potential curves between the initial and
final states can be estimated through

R(A)=14.4(g—1)/AE (4EineV). (1.2)

When one-electron capture cross sections are
plotted as a function of R, there seems to be a
maximum at around 3.5A.7 Similar results
have been reported for various collision systems
and the region with maximum cross sections is
sometimes called “‘reaction window”.®) When
higher charged ions, such as Kr?* jons with
7<q<25, were employed as projectiles, the
cross sections have shown no peak structure as
a function of R, but both the cross sections
and crossing distances which give dominant
contributions increase almost monotonically
with ¢.%) In general, several product channels
can contribute to the reaction and the number
of possible channels increases with the increase

"of q. Accurate methods to calculate the cross

2224

sections, e.g., large basis molecular-orbital-
close-coupling method, need enormous com-
putation. When the number of channels is very
large, a simple approximation called the
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absorbing-sphere model was proposed by Olson
and Salop to predict total cross sections.'®
They assumed the unit probability for reaction
inside some critical distance R, and that the
charge-transfer cross section is simply given
by Q=nRZ. Such an R, is determined through
the condition that the probability p of electron
remaining on the diabatic curve at the crossing
R, becomes 0.86. This model is applicable only
when the density of the curve crossings is high
at internuclear distances in the vicinity of R,.
The number 0.86 was empirically deduced
- irrespective of the final state distribution.

In the present work we calculate both total
and partial cross sections of one-electron
capture processes using the multichannel
Landau-Zener model and compare the results
with our previous measurements.

§2. Survey of the Landau-Zener Model

2.1 Method of calculations

According to the Landau-Zener model, the
probability of the diabatic transition at a single
potential crossing is given by the following
formula:

p=exp (—2nH?2,/v,4F), @.n

where v, =0v(1—b%/R%)!/? is the radial velocity
of projectiles at the crossing, v being the rela-
tive velocity, b the impact parameter, H,, the
one half of the diabatic splitting at the curve
crossing and AF the qifference in slopes of the
diabatic potential energy curves at R..
Analytical expressions of the coupling matrix
elements H, , for one-electron capture processes
by multicharged ions were proposed by several

One-Electron Capture by Highly Charged Ions 2225

authors. Olson and Salop obtained an-analyti-
cal fit to the coupling matrix elements for ionic
charge g=4-54 by calculating the potential
curves for a large number of stripped-ion-
atomic-hydrogen systems and extending to
systems of the targets other than atomic
hydrogen.!® The expression obtained by
Butler and Dalgarno does not depend on
g,'" and is a factor of 4 smaller at g=4 than
that of Olson and Salop. Another expression
was also obtained for 4<4 by Olson, Smith
and Bauer.'? Their formula also gives values
of H;, much smaller than those evaluated
from Olson and Salop. After several trials, it
is found that H,,, reduced by 409% from the
matrix elements of Olson and Salop’s H,,,
shows a good agreement with a series of our
measurenicats. Therefore, we adopt the follow-
ing expression throughout our present calcula-
tions:

H,,=5.48¢" 2 exp (—1.32dag " '?R)), (2.2)

where H,, and R, are in a.u., a=(2/)!?
and 7, is the ionization potential of the target
atom in a.u. When there is only one crossing,
the total probability of the electron transfer
at a given impact parameter is given by

P=2p(1 —p).

This expression can be generalized to the case
of multichannel crossings. The general ex-
pression of the probability P; for a particular
preduct ionic level / when there are N crossings
is given by Salop and Olson assuming that
there are no couplings between the adjacent
exit channels as follows:!?

(2.3)

Pi=pipy--pl=pl+(Pis1Pir2 - Px)*+(Pisv1Piv 2" Pr-1)(1 ~py)?

+(Pis1Pivz Py-2 (1 =py—y)2+ - +pH (1= pis ) + (1 —piy 1))

The partial cross section Q; is dbtained by
integrating over the impact parameter and
then the total cross section Q is obtained by
summing up over Q; as follows;

Q,=2n j Pb db,
0=20; (2.6)

In the present Landau-Zener calculation we
use the linear trajectory model and the crossing

(2.5)

- 112 -

2.4)

radius R, for each product channel is estimated
using eq. (1.2). The energy gain 4E; of the
reaction is determined by

AE,=I (A" Y)~I(He)—E;  (2.7)

where /,(A?"') is the ionization potential of
the charge-changed ion AY~D* E; the excita-
tion energy of the i-th level of the ion A@~ 1+
and /,(He) the ionization potential of He atom,
The values of /, and E; are taken from the
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’

table of Bashkin and Stoner.'4?

2.2 General characteristics of the Landau-
Zener cross section for a single crossing

Before going into the detailed calculation, we
consider the general characteristics inherent in
the present Landau-Zener model for the simple
case of a single crossing.

As seen in eq. (2.2), the coupling matrix
element H, is dependent on ¢q as well as on R..
In order to see the features of the cross sec-
tions calculated by using Landau-Zener for-
mula eq. (2.1) for a single crossing with H,,
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 g at a fixed
collision energy of 600 eV/amu. In Fig. 1(b)
are shown the crcss sections for g=8 at
different energies. The R -dependence of cross
sections has more or less similar shape of curve,
e.g., there is an optimum region of R, for the
cross section have to an appreciable magni-
tude. The reason is that when R, is too small
H,, is so large that p is very small and then P
is small, whereas when the R, is too large H,,
is so small that p is close to unity and then P is
again small. In the region where p~0.5, P
has a maximum. These features are common
for all cases and, therefore, such a shape of the
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R.-dependence is often called ‘“‘reaction win-
dow”. It is noted from the present analysis,
however, that such a reaction window has a
definite meaning for collision systems with the
same q and the same collision velocity.

For low-g ions, the cross section has rather a
narrow peak; this means that the cross section
is large only when the crossing radius in an
actual collision system hanpens to fall into such
a narrow region of R.. Because of the narrow
R, region, and also because of large separation
of the adjacent n-states, the electron is trans-
ferred selectively into a particular single n-
state whose crossing is located on the reaction
window. On the other hand, for high—g
ions, the shape becomes wide, and also the
maximum of the cross section increases. This
fact suggests that several n-states can be
populated and the total cross section increases
with ¢q.

2.3 The Landau-Zener model for multi-curve
crossings

Roughly speaking, the above-mentioned
model for a single crossing explains qualita-
tively the results obtained from a series of our
experiments. Actually, however, there are
many crossings between the diabatic potential
curves of the initial and final states. The next

T T U i ; ¥ L I

(b) / q=8

4

Re (A)

Fig. 1. The calculated single-crossing Landau-Zener cross sections for onc-electron capture by multicharged
jons A?* from He as a function of the crossing distance R, of potential curves. (a) The collision energy
is fixed at 600 eV/amu and q is varied from 4 to 22. (b) Projectile charge ¢ is fixed at 8 and the collision

energy is varied from 50 to 3200 eV/amu.
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Pi3 05t O
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Fig. 2. Probabilities P, of one-electron capture into
various projectile levels (n, [) as a function of the
impact parameter b at a collision energy of 600 eV/
amu, (2) 0%+ +He, (b) N7+ +He and (c) Ne®*+
He.

step is to extend the single crossing model to
the multi-curve crossings and to see how the
model does work.

Three typical examples of actual collision
systems are shown in Fig. 2(a), (b) and (c).
In these figures, the transition probability P,
for the i-state of product ion is calculated by
using eq. (2.4) for multi-curve crossings at a
fixed collision energy of 600 eV/amu.

(a) O°* 4+ He collision system (Fig. 2(a))

The dominant one-electron capture process
has three final channels leading to the 1s523s,
1523p and 1s523d states of product O** ion.®
The crossing radii corresponding to these n=3
states are, respectively, 2.10, 2.33 and 2.41 A,
all of which are Tairly smaller than the optimum
radius (3.2 A) shown in Fig. 1(a). The coupling
matrix elements for 1s23/ states are so large
that the diabatic transition probabilities p are
very small. In that case, eq. (2.4) tells us that
the two transitions at inner crossings are
suppressed by the transition at the outer-most
crossing, which has a dominant influence on
total cross section. Other crossings correspond-
ing to the 1524/ and 15?2/ states are located
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outside the reaction window and their con-
tributions are negligibly small.
(b) N* 4 He collision system (Fig. 2(b))

The dominant process is the electron transfer
into the 1s4/ (/=s, p, d and [) states of product
N°* ion, and the corresponding crossings are
located at fairly large distances zr..ond 5 A in
contrast to the case (a) above. As u.e coupling
matrix element H,, between the initial and
final states is very weak for such large R, the
radial velocity v, should be small at the crossing
(see eq. €2.1)) to give a favorable value of p.
Therefore, the transition at larger impact
parameter is more favored. Since p is close to
unity except for the glancing collision, it can be
seen from eq. (2.4) that the inner crossings
contribute to the reaction without being
influenced strongly by the outer crossings.
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.

() Ne’* +He collision system (Fig. 2(c))

This is a case of a wide reaction window (see
Fig. 1(a)). Two groups of the crossings cor-
responding to the n=4 states and n=3 states
of product Ne®* jon 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=35 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-gain spectrum.” It is
clear that the inner transitions (n=4) are not
affected significantly by the outer transitions
(n=15). This fact can 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 crossing
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 of charge transfer process
from the point of view of the potential crossing
radius R.. In the following sections, we calcu-
late individual cross sections and compare
them with the experimental results.



2228

§3. Landau-Zener Cross Sections for Highly
Stripped C, N, O, F and Ne Projectile
Ions

As mentioned above, eq. (2.2), a revised form
of the Olson-Salop’s expression, is adopted as
the coupling matrix element H,, and the
excitation energies of product ions are referred
to the book of Bashkin and Stoner.!*) Some
excitation levels such as 0% *(1s4s), F®*(1524f),
Ne’*(1524f) and Ned®*(ls5s, 1s5g and 1sds)
are not listed up in the book; these excitation
energies are determined by extrapolation from
the known sublevels.

Calculations of the cross sections have been
carried out for almost all of the fully-stripped,
H-like and He-like projectile ions of C, N, O,
F and Ne. We did not calculate cross sections
for two cases of F®* and Ne’* projectiles,
because the dominant electron transfer is not
one-electron process, but two-electron process
leading to doubly excited states 2p3/ of praduct
F°* and Ne®* ijons.” In the case of A7*
projectiles (A=N, O and F), we observed
transfer ionization process where two electrons
are captured into autoionizing levels of product
A®* ions.*") We neglect this process in the
present calculation, because of its minor con-
tribution to the electron transfer process.

In Table I are listed the calculated cross
sections and the capturing levels n at the
collision energy of 600 eV/amu together with
the experimental data. Contributions from the
levels which are not listed in the table are
found to be negligibly small. The most impor-
tant capturing levels deduced from the present
model are quite consistent with our experi-
ments. The agreement of the cross sections is
almost satisfactory except for C**, C¢*, N¢*
and O°%*, all of which have the crossing
distances smaller than 2.5A. In such small
distances our simple assumptions on the
potentfal curves are invalid and the coupling
matrix element H,, becomes inaccurate. The
calculated partial cross sections for the two
n-states in Ne®*+He collision are also in
reasonable agreement with the experiment.

In Fig. 3 are compared the calculated total

*  Contributions of transfer ionization are subtracted
from the measured total cross sections for g=7.
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Table I.

(Vol. 53,

One-clectron capture cross sections for
A% +He collisions calculated using the multi-
channel Landau-Zener model (MLZ) arc compared
with the experimental data (Exp) of refs. 1 and 7.
The capturing levels n are also listed. In parentheses
are partial cross sections. The collision energy is
600 eV/amu, It should be noted that all the collision
energies where experimental data are taken are
not exactly the same, but vary from 430 to 780
eV/amu.*

Cross sections (A2)
MLZ

A q n Exp
C 4 2 0 0.3
5 3 14.9 15.2
6 3 5.5 9.0
N 5 3 12.8 134
6 3 6.1 14.2
7 4 8.1 9.5
o 6 3 55 9.0
7 4 14.5 10.9
8 4 25.5 27.3
F 7 10.3 14.4
4 (10.2) (14.4)
3 (0.1) 0}
8 4 26.7 26.7
Ne 8 4 26.0 28.0
9 17.2 16.9
5 (10.6) (12.7)
4 6.6) 4.2)
3 T T T T T
! /
=
s 1:C i _
*:0 -
*F ! Vs
— v: Ne 'll /’
(:S 20 ,’l l/ .
& P
g | /’l / -
ll/‘b I/ £ 5 Q\ o
6 7 9
o N\ &, v
;2 :
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- /7 -~g o
s
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Fig. 3. The total one-electron caputre cross sections

versus the crossing radius R. in A?* + He collisions
calculated using multichannel Landau-Zener model
(black symbols) are compared with the experimental
data in ref. 7 (open symbols). Projectiles charge ¢
is written beside the symbols. The collision 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 of the crossing radius R,. For the
cases where several 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
figure. When several sublevels were not re-
solved in the observed spectra, R, is estimated
from the peak position or from the weighted
average of AF which contribute to the peak.
An observed maximum in the cross section at
R, around 3.5 A is reproduced fairly well with
the present model.

One-Electron Capture by Highly Charged Ions 2229

§4. Landau-Zener Cross Sections for Highly
Stripped Kr?* Projectile Ions (q =10, 15,
20 and 25)

In the case of Kr?" ions the accurate levels
of Kr® D* are unknown. We assume then
that Kr~ D* jons have the H-like energy levels.
This seems to be a reasonably good assumption
for large g where an electron is captured
predominantly into high Rydberg states. We
further assume that each n-state has » sublevels
corresponding to possible /.

In Fig. 4 are shown the calculated partial
(P and total (P) transition probabilities for
the possible channels as a function of the

a)10+» 9+

1

0.5

-0

8 P
b) 15+>14+

40.5

A, 0

—

T T

n=10 P -
c)20+->19+

0.5

A n=12
\ N d)25+>24+

7|

0.5

0

Fig.4. The calculated probabilitics P, of one-electron capture into various states i of Kr@@—** for Kr?* 4 He
collision system as a function of the impact parameter b. The collision energy is g x 1 keV. Total proba-
bilities £ are shown by the broken lines and its scale is shown on the right-hand ordinate. Crossing points
between the product A“~ 1+ L He* system and the initial system are shown by the vertical arrows. The
dotied arrows indicate the absorbing-sphere radii R, proposed by Olson and Salop (ref. 10). Projectile

charges ¢ are (a) 10, (b) 15, (c) 20 and (d) 25.
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impact parameter at the collision energy of
g% | keV. As seen in Fig. 4, the most interesting
features in these cases are that the number of
the states contributing to the charge transfer
processes increases with increasing ¢ and that
the collisions at large impact parameters have
appreciably high reaction probabilities. These
are due to the increased width of 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@~ D+
ions. When only a limited number of the
states with large crossing radius are available
as in the cases of N’* and O’ * + He (Fig. 2(b)),
only the near-grazing incidence to the crossing
sphere can lead to the charge transfer reaction
with considerable probabilities. This fact makes
the total cross section relatively small in spite
of large R.. Contrary to those cases, it is shown
when ¢g=>15 that all collisions at the impact
parameters smaller than a certain radius
have appreciable probabilities of the reactions,
i.e., not only the cressings located at large
distances inside this sphere but also the cross-
ings at smaller distances participate in the
reactions. Especially for ions of ¢>20, the
collisions with the impact parameters smaller
than a ceriain distance make the charge
transfer probability nearly constant. In fact,
the probabilities are generally larger than 809,
which may be compared with the absorbing-
sphere model proposed by Olson and Salop.'®
They defined the radius R, from the condition
that the diabatic transition probability p (b=0)
becomes 0.86 at R, and assumed that the
probabilities inside this sphere are unity. The
radius of the absorbing sphere was calculated
by using eq. (2.2) and indicated in thc figures
by the dotted arrows.

Partial cross sections are shown in Fig. §,
meanwhile total cross sections are shown in
Fig. 6 with other experimental data and an
empirical scaling law proposed by Miiller and
Salzborn.'®) No experimental data on partial
cross sections are available. Since the separa-
tion of the energy-gain peaks corresponding to

different n-states for these systems becomes so -

small in our energy-gain spectra, even the n-
distributions could not be determined experi-
mentally.®’ Therefore, the effective crossing
distance R, was deduced from the observed
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Fig. 5. Calculated distributions of one-electron

capture cross sections over the principal quantum
number n for Kr?* (g=10, 15, 20 and 25)+He"
collisions. The collision energy is gx 1 keV.
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Fig. 6. Total cross sections for one-electron capture

Oq4.4-1 as a function of the charge state g of pro-
jectile Kr** ions. @: Cocke et al. (ref. 16) at g x
0.78 keV, W : Kusakabe ¢z al. (ref. 17) at 0.286 keV/
amu, Q: Iwai et al. (ref. 9) at gx1keV, x:the
present calculated results at gx 1 keV/amu. The
dashed curve represents the empirical scaling law of
Muiiller and Salzborn (ref. 15).

peak position of the energy-gain spectra using
eq. (1.2). On the other hand, the theoretical
effective R, was evaluated from the weighted
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Fig. 7. Total one-electron capture cross section
versus the effective crossing radius R, in Kr?* 4- He
collisions. Xx: present results at gx1keV. @:
experimental results by Iwai et al. (ref. 9) at gx
1 keV. Two dashed curves represent #mwR2 and
R2, respectively.

average of the calculated energy gain 4E. The
results are compared in Fig. 7. It is clearly
seen that both the calculated cross sections
and effective crossing distances increase with
q in agreement with the observed results and
that both cross sections are between 1/2nR?
and nR?. Though more and more channels
belong to higher n-states, our calculations are
based on the assumption that there are no
couplings between the adjacent channels. This
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 simplifications. We assumed,
as the coupling matrix element H,,, an Olson-
Salop’s expression multiplied by a factor of
0.6 (eq. (2.2)). We neglected the interference
between the neighboring channels. For high-¢
ions where no levels are known, the number of
the channels was assumed to be proportional
to the principal quantum number n. The
Landau-Zener probability p (eq. (2.1)) becomes
inaccurate in near-glancing collisions. No
correction, however, was made for this
case. We also neglected the orbiting effect
in the present calculation. In spite of these
assumptions and simplifications, the agreement
between the present calculations and experi-
ments is systematically good. Therefore, the
present model helps us to get an insight of
ohysics of one-electron capture processes by
highly stripped ions from He atoms.
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ONE-ELECTRON CAPTURE BY HIGHLY STRIPPED IONS
FROM HELIUM ATOMS
—— FINAL-STATE ANALYSIS —

S. Ohtani
Institute of Plasma Physics
Nagoya University
Nagoya 464, Japan

One-eléctron capture processes in collisions between highly
stripped ions and He atoms at low energies are discussed.

For lower charged ion collisions, the cross sections oscillate
strongly with increase of charge state, while for higher
charged 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 on electron capture processes

in slow collisions between highly stripped ions and atoms has been accumulated.

At XI ICPEAC in Kyoto and XII ICPEAC in Gatlinburg, we had symposia of collisinal
processes involving highly stripped ions and there both theoretical and experi-
mental situation of electron capture collisions was reviewed [1,2]. There are a
number of excellent review articles and proceedings of the symposia which have been
devoted to the collision processes involving highly stripped ions: see, for example,
Gilbody [3], Dalgarno [4], Janev and Presnyakov [5], de Heer [6, 7], the IAEA
Technical Committee Meeting on Atomic and Molecular Data for Fusion [8], the Sympo-
sium on Production and Foysics of Highly Charged Ions in Stockholm [9], and the NATO
Summer School of Atomic Physics of Highly lonized Atoms at Cargese [10].

As for the electron capture processes by highly stripped ions from multielectron
targets, Salzborn and Miller [11] 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 increasing interest of this field. Therefore,
we will focus on a part of this field and discuss the progress in the recent
experimental studies of final-state-selected one-¢liectrom capture by highly
st;ipped, slow ijons from He atoms as the most simple multielectron targets as
follows,

+ 1)+ +
AT e — ATy 4 et
These collisions may take place very effectively in reactions of moderate 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. .

ION SOURCES
As one of the reasons of a rapid growth in this field, we would like to mention

successfull progress in the development of "new generation" (named by Crandall
[12]) ion sources for slow ions.
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Recoil ions, formed when fgst heavy projectiles extracted from an accelerator
jmpact gas atoms (e.g. Xe29* at 4.5 MeV/amu on Ne gas target), are very slow and
highly stripped. These slow ions (2 - 20 eV) extracted from the target cell can be
used for collision experiments. Such experiments are being performed by Cocke et al.
[13], Mann et al. [14], Kusakabe et al. [15], Aarhus group [16] and by some other
groups. The property of providing localized, suddenly-charged in a short time,
slow ions is uniquely suited to ion trap experiments of very slow collisions such
as done by Sellin et al. [17] and Prior et al. [18]. The most powerful sources

are considercd te be an electron cyclotron resonance ion source (ECRIS)[19] and

an electron beam ion source (EBIS)[20] for collision experiments in the low energy
keV region. There are a number of new experiments using these ion sources. The
present situation of these "new generation" ion scurces and other important ones
are summarized by Crandall [12], and the recent progress of the ion sources is
reviewed by H. Winter [21].

TOTAL CROSS SECTIONS FOR ONE~ELECTRON CAPTURE

During the last years, systematic investigation of charge transfer collisions 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 general feature of
the total cross sections for one-electron capture oq,q-1 in the various collision
systems with the same target atoms at low energies are as follows:
1) The cross sections are almost independent of impact energy, excepting low q
projectile systems.
2) The cross sections generally increase with the primary ion charge state a*
As an example,.Fig. 1 shows total cross sections oq,g-1 in collisions of Bi® ions
with He atoms as a function of the collision energy, measured by Schrey and Huber
[24] uiing a miniature EBIS of Redhead type. In this figure, the cross sections
for Bi“"are very small and show a marked energy dependence in comparison with other
9q,q-1 in the energy range studied.
Among a large rumber of one-electron capture cross sections investigated, such a
behavior always occurs with high atomic number projectile with Tow 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
(endothermic) in almost cases.

For higher q collision systems, the cross sections 0q,gq-1 show the weak energy
dependence. This behavior is understood by the involvement of a lot of electron-
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 involved partial cross sections with maxima at different collision energies
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 increasing q.
The number of open channels in the reaction becomes so large 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 final states, this process becomes
quasistationary in character. Under these conditions, a scaling law of the cross

sec?ion with q becomes possible since the decay concept remains valid in a wide q
region.

In the above circumstances, many attempts have been made to find a general expres-
sion for the charge state q dependence of the one-electron capture cross section by
scaling in terms of power laws. -According to the scaling laws derived from systematic
investigation of measured cr?s§7sectiqns, the cross sections obey roughly a scaling

of linear dependence of q: q'*'/ by Muller and Salzborn [25], qV-1 by Huber and
Kahlert [26] and q]-O by Bliman et al [33]. The theoretical consideration of the
scaling laws was discussed by Janev and Hvelplund [28]. They showed the reduced
representation of the cross sections in a wide region 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-
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Fig. 1. Cross sections for one-electron capture oq,q-1 by Bi%* jons
incident on He. From Ref. [22]. ’
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Fig. 2. Reduced cross sections for electron capture ¢/q vs. reduced
energy E/JG. Solid lines are fits to the experimental data
(g25). Refefences to the original data can be found in Ref.[27].
From Ref.[28].
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electron capture by highly stripped ions (q35) from H and He targets together with
their fitted curve. In low energy region, linear dependence of q is also seen. They
also mentioned that the decay process of the initial channel plays an important role
to discuss the scaling law for the collision systems involving many electrons at low
energies and investigation of electron transfer in a quasimolecular system at the
various crossings is necessary. for further understandings. Meanwhile, in order to
understand a detailed meachanism in the electron capture processes between highly
stripped ions and multielectron atoms at low 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 electronic structure is simple encugh to treat theoretically.
As a typical example, hereafter, we would like to show the experimental work recently
done by NICE group [29 - 37] in order to investigate the electron capture processes
by highly stripped ions from He atoms. NICE group was organized by Kaneko and Iwai
at Nagoya 1977 [34]. NICE means Naked Ion Collision Experiment.

We have measured cross sections for one-electron transfer from a He atom into +
fully—stripped, hydrogen-1like, helium-1ike and lithium-like ions of Ba™, c9%, NOT,
097, FA% and Ne%* at collision energies below 1.5 keV/amu. In Fig. 3, the total
cross sections for one-electron capture at 0.8 keV/amu are shown, including highly
stripped S collisions. The lines are drawn to connect data for ions having the
same iso-electronic sequences. The cross sections oq,q-] osci]‘at strongly with

q, around a dotted line which shows an empirical g-dependence q -1/ [25].7 Similar
oscillations of ¢ q-] in the g-dependence have been observed by many investigators
for the more comp?fcated collision systems. This oscillatory behavior is inter-
nreted in terms of the classical one-electron model [38], which becomes familiar

at present.

According to the classical model, in the cne-electron capture processes at low
energies, an electron is captured into a selective level with a principal quantum
number n. Such a level drastically changes fromn ton + 1 at a particular value
of q when the q is increased. This level-change rasults in an increase of the
crossing distance of diabatic potential curves: it causes a significant increase
in the g-dependence of the cross sections. When the quantum number n is the same,
the larger q gives the smaller interaction distance, causing gradual decrease in
the cross section. After all, the g-dependent cross sections show a saw-tooth type
oscillation. Though the classical model may be crude, the model has been found to
be adequate for the case of He target [29, 30].

FINAL STATE ANALYSIS

In order to see whether an electron is captured selectively into a favored level

and whether the oscillation is caused by the change of such a level, we have measured
translational energy spectra of charge-changed incident ions. The final excited
state of the ion after electron 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 crossing in the potential curves during collisions, and the
translational energy generally is increased, i.e., the potential energy difference
between initial and final states is converted to translational energy. We have made
a series of measurements of the energy gains of almost all the incident ions shown
in Fig.3 at low energies (1 and 2 keV/q), to analyse the final states after electron
capture. The measured energy gains A E are compared tc the reaction energies calcu-
lated from the book of Bashkin and Stoner[36], and the final states of the charge-
changed primary ions are determined.

Figure 4 shows thgstranslational energy-gain spectra for low energy (1 keV/q), fully
stripped ions of * and 08 incident on He. In this figure, calculated energy
levels arg+also 19dicated, corresponding to some principal quantun numbers n of the
product C°% and 0’* jons after electron capture, and it is clearly shown that only
single peaks are observed which correspond to the n=3 for the product C5* and the
n=4 for 0/*. Selective electron capture into these levels is in good agreement

with the prediction of the classical consideration in [29, 30]. The change of the
final state, n=3 for C% + He collision to n=4 for 08* + He, should give rise to a

124 -



Electron Capture by Highlv Stripped lons from Helium 357

l()() - T T L] [ ¥ T v ¥ l  { T 13 :
~ F o]
T r L Xgl3e ]
Ot b gli+

“ ® '

°°

s C p

s [ :

3= i

g : 0.8 keV/amu J

w

g 3 -

9

© L A Charge State q _
i T N WA N SN N WA SN SN SH N N
I 234 56 7 89 1011121314

& (F.S): B CNO

o (H) B C N O F Ne

A(He): B C N O F Ne

o(Li) : C N O F Ne S

x(B) : S

Fig. 3. Measured cross sections ¢ q-1 at 0.8 keV/amu as a function of the ionic
charge q of projectile 1035 Dotted 1ine is obtained from an empirical
formula of Maller and Salzborn [25].

C%+ He = C*'tn) + He'tin)

prlmurv

product

CS.
na‘ r‘ll3 na2
|

B= 0 10T e

P« 10707 IJ \

0 4 60 60 00

Energy Gain (eV )

0% ¢ He =+ 0""(n)+ He" U3
primary product

oh oh

ns6 nsSneb
[ |

Ul

tal
i

st

0 40

Fig. 4. Typical

&0 120
Energy Gan (&)

rgy gain spectra of forward scattered ¢5* and 07+ jons in cb+s

ne
He and 0g+ + He collisions at 1 keV/q.

- 125 -



358 S. Ohtani

91gn1f1cant difference in the total cross sections for one-el
and 08+, Actually, as seen in Fig.3, the cross section for 0%*
times as large as that for C6*,

gctron capture.by cb*
is about three

In a series of systematic observation of energy spectroscopic work, we have found
that, in almost cases studied here, the electron is captured into a selective level
with a pdrticular quantum number n of the product ion, and also found that there

is good similarity among the energy spectra for ions hav1ng the same charge state

q. As an example, energy spectra for A6+ + He (A =C, N, 0, F) collisions are shown
in Fig.5. 1In each spectrum only a single peak is observed at the energy gain of
around 30 eV and it corresponds to the one-electron capture into the n=3 of the
product AS*. This similarity is considered to be dug to the similarity of the
potential curves for the co11i51og systems between A®* and He. The diabatic potential
curves are present in Fig.6 for A" + He (A = C, N, 0, F). This figure illustrates
good similarity among tge potent1a] curves of these co]1151on systems, that is, for

the final channels of A%*(n1) + Hé(ls): > 3, these curves are dependent little
on the number of core electrons of 1nc1dent ions and, as a result they are very
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Fig. 5. Energy gain spectra of forward scattered product ions ASt in
Ab* + He collisions at 1 keV/q (A =C, N, O and F).
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similar. Therefore, such similarity should give the similarity in the erergy spectra
for the one-electron capture précesses by various projectiles having the same charge
state q=6 from He. For other collision systems, similarities in the energy spectra
for different ions with the same g are seen in almost cases.

50 - Product ions
[eV] (0°-He 1 IN*“Hel (C*-Hel (F-HE)
251

[Z\] Input channel
0 /

0 2 4 B*\*Q

) + -ty 1541 4l 1s22s41
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Fig. 6. Djabatic potential curves for one-electron capture process,
06t(1s2) + He(1s2)—05+(1s2ne) + He*(1s), and energy d1agrams
for channels of one-electron capture into 05+(1s2ng), NS*(1sne),
c5*(ne) and F5+(1s22sne) levels. b

Therefore, we will classify and summarize the measured spectra according as the
charge state q rather than the iso-electronic sequence of the incident projectiles.
In Table 1, 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 R;(A) in the diabatic potential curves. In a few cases studied,
there are weak peaks observed in the energy-gain spectra around the dominant peak.
In this table, are shown the values of n, AE and R; corresponding to such the
dominant peaks. Good similarities of n, AE and R _among the same q are also shown,
in this table, for the various A" + He systems. Furthermore, with increasing q, the
n increases stepwisely, while the Rc shows non-monotonic increase. This behavior
is shown in Fig.7. The dashed line is drawn in order to visualize the strong
oscillation with q. As described earliier, the oscillation of the one-electron
capture cross sections is thought to be caused by the capturing-level change and
resultant drastic change of the crossing radius Re. This prediction is seemed to
be confirmed here qualitatively by observing Rc-oscillation with q.

However, there are some discrepancies between the prediction and the measurements.

For instance, the changg of the level from.n=3 for C®* to n=4 for N7*, and from n=4
for F&* to n=5 for Ne®"¥ should cause a significant increase in the g-dependent cross
sections. But the cross sections, as seen in Fig.3, change little and/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
capture, in addition to the selection and its variation of the final capturing state.
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Table 1 Principal quantum number n, energy gain AE(eV) and crossing radius
Rc(R), obtained from the dominant peaks in the energy gain spectra
for the collision systems:

A9* + He = AlG-1)+(n) + He* + aE.
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Fig. 7. Crossing radius R;(A) of one-electron capture processes in A9t 4
He collisions as a function of the ionic charge q of projectile
jons, (A =C, N, F and Ne). Principal 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 R¢. 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 prefers the final states of the product ions which
correspond to crossings at some suitable internuclear distances.

The existence of a maximum in the cross sections at a particular crossing radius

has been reported by some investigators for various collision systems at different
energy ranges [40, 41, 42, 43] and is often called the "reaction window". This

window shape seems t bhe similar for the various cases reported. Accordingly, it

tends to be believed co be universal for all the collision systems. This behavior

is qualitatively understood by considering the exponential decrease of quasi-
molecular-coupling with the crossing radius. It is, however, necessary to analyze

more carefully the observed data before coming to such a conclusjon, because there
should always exist multicrossings in the diabatic potential curves for the collision
systems. Even though the observed energy-gain spectrum consists of a single peak,

this does not always guarantee the single crossing in the diabatic potential curve.

In fact, the energy-gain spectra in the collision system, for example, between Li-Tike
ions and He become broad indicating the contribution of a number of peaks corresponding
to the levels with different orbital quantum number 2. We have no accurate idea on
which and how many crossings 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 having the same n but different &£
result in many crossing closely located in the potential curve, an optical measure-
ment can be a powerful complemental work, as described later.

qutheq experimental studies have been in progress for the collision systems of
s+ s13* 3nd krd* (=10 - 25) with He in order to observe what happen in higher q
projectile collisions. The measured energy spectra are shown in Fig.8 for some
cases in the Krd* + He systems at low energies (1 keV/q). Though the energy levels
for highly charged Kr%" ions are not known, it should be noted that the energy
spectrum in all cases studied here consists of the dominant "apparent" single peak
with a relatively narrow width, and, in general, the values of 2E/q-1, the observed
energy gain divided by the product charge state, becomes smaller with g, that is,
the derived crossing radius R¢ where an electron is transferred in the potential
curves becomes consequently larger 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 result of the former arrangement for the collision systems
involving relatively lower charge (q < 10) projectiles, the measured cross sections
do not have a maximum at a particular Rc but seem to follow the classical cross
section R rule.

I3

We cannot clearly understand this phenomenon but may roughly consider as follows:

At a given q and energy in slow collisions, there should be a favored region of R¢

in the diabatic potential curves where the cross sections have large values, and when
the proper crossings fortunately exist in this favored region, electron capture
effectively occur in the A9" + He system. The maximum R, of this region becomes
larger and the width of the favored region becomes wider with increasing q.

In the cases of lower q (q < 10) projectiles 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 preduct (q-1) ion and is accidentally
afforded for particular projectiles, since the final states of such product ions
should be located discretely for the smaller principal quantum number (n < 5) into
which the electron is captureg. In Fig.9, the projectiles whose cross sections
are much smaller than 1/21 R_“ may have not suitable final states for electron
capture with their g and co]fision energy. According to multicrossing consider-
ation of Landau-Zener type, for small Rc the cross section for electron transfer
is much §ma1]er than MR-, because, even if there are several crrosings available,
only a single outer-most crossing becomes effective. This should be reason why
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the existence of maximum in the g-dependent cross sections was observed for the
lower q projectiles at low energies.

On the other hand, higher charged (q > 10), but partially stripped projectiles may
have abundant opportunities to capture an electron from He during collisions. For
these projectiles, the electron should be transferred in the larger Rc¢ region and
into a larger principal quantum number around which a number of levels including
sublevels are densely located. And the number of crossings increases with R¢ and

q. Under this situation, there are a fair chance in higher gq collision for several
final 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 transition probability is small for a single crossing, the total
cross sections should be larger with the pumber of the crossings. Therefore, for
the observed collision systems between S*, Kr9% and He where there should be a

number of crossings available, the total crgss section may increase with R; and tend

to come up to the maximum cross section IIRc .

For the higher q collision systems where the electron is transferred into the densely

- 130 -



Electron Capture by Highly Stripped lons from Helium 363 .

located levels of large n - simulated to quasicontinuum, it is expected that the

total cross sections obey the scaling 1aw as described earlier. The total cross
sections for one-electron capture by Kr9%* from He are shown in Fig.10 as a function

of the primary charge state q in slow collisions, together with a emprical scaling

law of MiUller and Salzborn. As seen in this figure, strong oscillation in the cross
section is observed for lower g, but it tends to diminish toward higher q and the
q-dependence of the measured cross sections becomes in good agreement with the empirical
scaling of the cross sections.

In discussion of the electron capture process into quasi-continum states, we want

to refer to the width of favored region at large R, for higher q c011151ons For
each energy spectrum of Krd* + He system, the observed energy spread seems to be
narrow. From a simple deconvolution, the half-width of favored %5 Jregion is less
than 1 A at R=4.7 A for the collision system: Krld+ He — ke 1% (product). This
width seems to be much narrower than that expected from Landau- Zener calculation.

This shows that the crossings in the narrow region at a given R, in the diabatic
curves of the collision system should be very effective and make an important contri-
bution to the total cross sections. Such a conclusion is very similar to that of
"absorbing-sphere model" of the multicrossing systems [46].

Above consideration is one of the possible discussions to pursue knowledge of elec-
tron capture process in the complicated collision systems such as highly stripped
ion-multielectron atom collisions, through a series of our recent investigation.
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Fig.10 Total cross sections for one-elctron capture as a function of the
ionic charge q of projectile ions. Dotted line is obtained from
a empirical formula of Miiller and Salzborn [25], e: Kusakabe et al.
[15], @: Cocke et al. [44], m: present results.

Very recently, many laboratories have engayed in intense investigation of final-
state-selected electron capture processes by highly stripped ions from atoms in
slow colisions, by aid of the translational energy spectroscopy %ethod. Earlier
studies of this kind was carried out by Panov et al. [46] for Ar-" + He in slow
collisions below 120 keV. They measured %he partial cross section for electron
transfer into 4s, 4p, and 3d states of Ar Recently Mann et al. [47] observed
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selective electron capture by Ne?* and Ne]0+from rare-gas targets at energies below
500 eV using recoil ions. They continue doing a systematic work of electron transfer
collisions. McCullough et al. [48] and Huber et al. [49] have observed the state-
selective electron capture processes for low q collision systems in good energy
resolution.

One of the advantages of this method is the small necessity of the primary ion
intensity. Intensity of 103 counts/sec is sufficient to determine the energy spectra.
Another is that the electron transfer into the ground state of the product ion can

be observed. However, in order to observe the closely located final states such as

£ states, it is hard to separate them in the energy spectrum at the present energy
resolution as yet. As described before, spectroscopic studies of the radiative decay
of the excited product ions may be used to obtain information on %-state-selective
capture processes.

Of course, if %-states in the same n are discretely located in energy, it is possi-
ble to observe these states separately. Kimura et al. [33] observed f#-distributions
of captured electrons in the reaction at 1 keV/q,

C3+(15225) + He — C2+(1szn2n‘z') + He+(ls)

It is found that an electron is captured selectively into particular states of C2+
(1522222'). The measured partial cross sections were compared with the Landau-Zener
cross sections. Recently, Lennon et al. [50] measured these partial cross sections
as a function of co]&isio% eagrgy (3 - 18 keV). They observed that electron capture
processes into the C¢*(1s42p¢) states involving a change in the electron-core con-
figuration of the primary ion, contribute significantly to the total cross sections
at higher energies. For the N4* + He collision, the reaction of electron transfer
involving a change of core configuration is predominant compared with simple
one-electron transfer in slow collisions [33].

The measurement of the 2-distributions in electron 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
g~distributions in the cross sections. However, the measurements of the %dependent
cross sections have been scarecely performed for highly stripped ion collisions at
low energies, because we could not have an intense slow ion beam with higher charge
state, by use of which it is possible to detect photons emitted after the collision.
Recently, Afrosimov et al. [51] could measure the emission cross sectgons for the
characteristic X-ray radiation accompanying the electron capture by C * and 08% from
Ho at low energies, using EBIS source, "KRION-2" at Dubna. Bliman et al. [52] also
measured the partial cross sections for electron capture into g-sublevels in n=3 by
C4+ and 05 from Ho, using their ECRIS source "MINIMAFIOS" at Grenoble, from optical
spectroscopic measurments.

Very recently, 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
Groningen, using the MINIMAFIOS-type ion source. The cross sections for electron
capture into different ng state for AS*(A = C, N, 0, Ne) + He, H2 collisions at low
energies have been measured. They measured the absolute intensities of the various
emitted lines corresponding to the transitions between different ng levels of the
product A5t jons, and deduced emission cross sectionsoem . From the ogmvalues they
obtained the cross sections for electron transfer into n% states, Tngs g& taking
into account all possible cascading effects. I% Fig.11 are shown the deduced oy,
together with o, = Zjope and oy = Zpeop,, for NOF and 00 + He systems as a function of
collision velocity. As seen in Fig.fl, the deduced cross sections otare in good :
agreement with the previously measured results by Crandall [54] and Iwai et al. [30C].
For AB* + He collisions, it is found that the electron is do%inant1y captgred inte
the n=3 state and that there are good similarities between N°' - He and 0°* + He,
both in the absolute value and in the velocity dependence of the cross sections.
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These similarities among the same q are also in good agreement with the results
before [35] (e.q. see in Fig.5 and 6). It is remarkable that o, and o  do not show
significant dependence on the collision velocity, while oy, show a strong redistri-
bution of the ¢-sublevel population over the studied velocity range. At present,
theoretical calculations which can be compared directly with the observed data do not
exist, the only available calculations dealing exclusively with fully stripped ion-
atomic hydrogen collisions. However, the observed strong redistribution is rather
unexpected. The theories predict more or less fixed &- distributions over a wide
velocity range. At a point of experimental view, since it is not easy to measure
separately radiation lines from different & states of the H-like product ions of the
fully stripped ions-He collisions systems, we expect the theoretical calculation of
the 2-dependent cross sections for electron capture by a simple, highly stripped ion
from a He atom.
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Fig.11. Partial ong, op and total ot cross sections for one-electron capture
as a function of velocity in N6+ and 06+ + He collisions. From
ref. [52]. a: o Iwai et al. [30]., o: ot Crandall et al. [54].

FURTHER REMARKS

One-electron capture processes in collisions between highly stripped ions and He
atoms at low energies are discussed. The cross sections are very sensitive to the
details of the potential curves of the quasimolecular collision system. Electron
capture may take place effectively through the favored region of crossing radius R..
For the lower q ion and He system, the crossing points are discretely located in
the potential curves. Therefore, the value of the cross sections are determined by
the coincidence of the specific crossing with the favored R.. It may cause the
drastic change of the gq-dependent cross sections. On the o%her hand, for higher

q collisions the system may have a large opportunity of overlapping each other
because of the quasicontinuum state of the final channles. Therefore, the cross
sections for electron capture by higher q ions become quasi-stationary in character
and tend to agree with the cross sections derived from a scaling law.

Finally, we would like to refer bliefly to the transfer ionization processes, which
are intensively investigated by several groups, and are reviewed by Niehaus [55],
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Kishinevskii and Parilis [56] and by Miller [64]. Transfer ionization -
processes are essentially important for the multielectron target systems and may
make a large contribution to other electron transfer processes. Final states in
these processes have been analyzed mainly by measuring the energy spectrum of
emitted electron during or after collision [57 - 61]. Winter et al. [57] have
determiied the total cross sections for electron production, o,, for rare gas ions
and rare gas targets systems. Their results showed that oq vafues become larger
for high q ion collisions, when the relevant transfer ijonization processes become
exothermic. Recently, Justiniano et al. [62] and Groh et al. [63] have measured the
transfer ionizaticn processes applying coincidence in charge state selection of
both the-projectile-and target-ion. In their measurements of charge state distri-
bution of target ions from two-electron capture, target ions with high charge state
are formed in the transfer ionization process, with increasing q of projectile ions.
Autoionizing states of the projectile formed after two-electron transfer or capture
of inner-shell 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 collision system.

In Fig.12, the translational energy spectra are shown for the collision system:
AT+ He —) A6+(nl) + (product).

It is also seen in this figure that there is good similarity among the spectral
patterns for the same charge state of projectiles (q=7), irrespectively of ionic
species. The dominant peaks at around 20 eV of energy gain observed in all the
energy gain spectra are corresponding to the one-electron transfer into tlie n=4

of the product final state. This similarity results from the similarity among
diabatic potential 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
systems, these peaks are assigned as being due to the following trgnsfer ionization
via two-electron capture into the autoionizing states of N5+ and 0°*[32],

N+ He(1s2) — N5**(3030') + HeZt + oE
— N6* 4 el 4 e

07* + He(1s2) — 05***(1s343¢') + He?' + &F
- 00% 4 He2+ + e,

From 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
charge state (q=5,6,7,8), the weak peaks at around AE=70 eV for F7+ and Ne’* colli-
sions are thought to be due to the transfer ionization processes via two-electron
capture into F5H1s23¢32’') and Nedt(1s22s323%'), respectively, though it is not
possible to assure this because no information on the energy levels of such doubly
excited states is available presently.

Thus the translational energy spectroscopy may give us useful information regarding
the final states of the transfer ionization processes, though we can not distinguish
perfectly between transfer ionization and direct ionization. Further experiment
such as a coincidence experiment between an energy-analyzed projectile-ion and a
charge-separated target-ion would supply more detailed information.
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Translational-Energy Spectroscopy of One-Electron
Capture Processes in He**-H, and -N, Collisions
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Translational energy spectra of He* ions produced by one-electron capture
processes in collisions of 0.8 and 2 keV He?* with H; and 0.8 keV He2?* with
N, have been measured with an electrostatic energy analyzer. The spectra show
only a single broad peak with the energy gain of about 11 eV for all the cases,
The peak in each spectrum becomes broader with the increase of the collision
energy. It is found that the product He* is in the ground state and the capture
process is associated with the dissociation and/er ionization of the product
molecular ion.

Electron capture processes of He?* jons in  lational energy spectroscopy has provided
collisions with atoms and molecules are of  valuable information for understanding elec-
great importance in the fields of thermo-  tron capture processes by highly charged ions.
nuclear fusion research and astrophysics. The  In the present work, as one of the serial studies
cross sections for such processes have been  of such electron capture processes, we have
widely measured by many workers, and a  measured the translational energy spectra of
number of data have been compiled.! For  He™ ions in collisions of He?* with H, and
better understanding of the electron capture = N, at the collision energies of 0.8 and 2 keV.
processes, translational energy spectroscopy of He?* ions are produced in an ion source of
product ions provides useful- information.  EBIS type (NICE-I)® by introducing *He gas.
Panov? studied the electronic states of the He*  The ion beam of “He?* extracted from the
ions formed in collisions of He?* with noble  source is contaminated with H; ions, and
gas atoms, He, Ne, Kr and Xe, using a trans-  therefore, cross section measurement has not
lational energy spectrometer. As far as we  been made. However, translational energy
know, however, such a study has not been  analysis of the product He* ions can be made
made with molecular targets. with an electrostatic analyzer, because the

We have systematically studied electron  energy of the product He* ions is roughly
capture processes by highly charged ions, 2V_.(eV) while that of HJ is 1V, (eV),
including fully stripped ions of B, C, Nand O,  where V, is the acceleration potential of the
in collisions with He.® Especially, the final  ions in the ion source.
state analysis of the product ions by a trans- In Fig. 1(a) and (b) are shown the transla-
- tional energy spectra of the product He™ ions
in the He? *-H, system at the collision encrgies
of 0.8 and 2 keV, respectively. The full width at

** Permanent address: Department of Liberal  half-maximum (F.W.H.M.) of the energy
Arts, Kansai Medical University, Hirakata, Osaka 573. -spread of the primary beam is about [.5eV.

*¢¢ Permanent “ddrels(s’ De‘:(“"s’ggm of Physics,  The spectra of the product He* jons show only
Ol Unverdy Toyont, 00 S0 agpia 3 5108c peak and have @ maximum at the

encrgy gain of about 11 eV. The tails of the

Physics, Tokyo University of Agriculture and Tech- A
nology, Koganei, Tokyo 184. spectra at low energy gain side scem to be ex-

* Permanent address: Department of Physics,
Tokyo Metropolitan University, Setagaya-ku, Tokyo
158, :
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Fig. 1. Translational energy spectra of He* in the He?*—H, system at the collision energies of 0.8 keV (2)
and 2 keV (b), and the potential energy curves of H, and H; (c). The potentia! energy of 54.4 eV, cor-
responding to the ionization potential of He*, is joined to the origin of the lower energy gain spectra.

tended down to the negative energy gain
(energy loss). In (b) of this figure, weak but
appreciable signals are seen at the energy gain
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
the introduction of the target gas.

If the product He* and HJ are in the ground
electronic and vibrational states, the exothermi-
city of the reaction will be 39.0 eV. However,
no peak has been found at such a large energy
gain. On the other hand, if the electron is
captured into the excited statec of He™, for
example n=2, the process must be endother-
mic and the excess energy is —1.81 eV for the

140 —

production of the ground electronic and
vibrational state of HJ. In the spectra, no
appreciable peak has been observed at the
energy loss side.

Nutt et al.*) 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 10716
cm? at 15 keV and gradually decreases down to
0.8x107*%cm? at 0.8keV. On the other
hand, Shah et al.’’ and Khayralla and Bay-
field® measured the cross sections for the for-
mation of He*(2s) in He?*-H, collisions in
the energy range from 10 to 80 keV. Their
results show that the cross section has 2 maxi-
mum of about 9x 1077 cm? around 60 keV
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and sharply decreases with the decrease of the
collision energy. From these results, the cross
section of the formation of He*(n=2) is 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™* is considered to
be in the ground staie. This means that most of
the excess energy is converted to the internal
energy of HJ.

The internal energy converted to Hj is
estimated by subtracting the translational
energy gain of the product He* (about 11 eV)
from the excess energy of the reaction (39 eV).
This energy is so much that the product Hj *
cannot be stable and is dissociated to H* + H*,
Besides, the energy 39 eV is much larger than
the sum of the ionization energy of H atom
(13.6 eV) and the dissociation energy of HF
2.6 V). Therefore, one-electron capture proc-
ess in the He?* +H, system can be associated
with ionization in addition to dissociation of
H7 ; namely,

He?* + H,»He* + Hi*+ 4E, 0
LHY+HY, Q)
He?* +H,—»He* +Hl* +e+4E, (3)
LHY+H*.  (4)

As a reference, the potential energy curves of
HJ are shown in Fig. 1(c). In this figure, the
origin of the potential energy is taken to be at
the ground state of H,. If all of the excess en-
ergy were converted to the internal energy of
Hj7, that is to say 4E=0, the energy just equal
to the ionization potential of He*(54.4 eV)
should be transferred to the target H,. The
potential energy of 54.4 eV is, then, joined to
the origin of the energy gain spectra. There-
fore, the potential energy corresponding to the
peak of the translational energy spectra means
the energy transferred to the target.

In Fig. 1(c), the Frank-Condon region of H,
molecule is shown with two dashed lines. If
the Frank-Condon vertical transition is im-
portant in the present case, the product mole-
cular jons should be dissociated and H* +
H(n>2) are expected to be produced through
the repulsive state of H3 * (eq. 3). On the other
hand, if the Frank-Condon principle is not
held, the one-electron capture process in the

1 i

0 10 20 30
Energy Gain (eV)

Fig. 2. Translational energy spectrum of He* in
the He2*-N, at the collision energy of 0.8 keV.

He?*-H, system can be associated with the
ionization (eq. 4).

When the potential curve of the left hand
side of the reaction (3) is represented simply by
a flat line, and that of the right hand side by a
curve of 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 crossing within 3-5 A can give
large cross section of the order of 107!% cm?
and the channels whose crossing points are
outside of this region cannot have appreciable
cross section.” This is considersd to be the
reason that Nutt et al. reported a small cross
section, 0.8 x 10716 cm? at the collision energy
of 0.8 keV, for this reaction.

In Fig. 2 is shown the translational energy
spectrum of the product He* by 0.8 keV He?*
incident on N,. The shape and the peak posi-
tion are almost the same as those for H,
target. From the energy consideration, the
product He™* is considered to be in the ground
state. Since the ionization potential of He™ is
54.4 eV and the translational energy released
to the products is about 11 eV, the energy of
about 43 eV is considered to be transferred to
the internal energy of the target molecule. The
appearance energy of N2* is about 43 eV.
Therefore, the one-electron capture process in
the He?*-N, system may also be associated
with ionization as well as dissociation of Nj.

Search for the ionized electrons or analysis

of the charged products from target molecules

is needed for further studies.
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ELECTRCN CAPTURE IN I¥* (g = 10-41) + He COLLISIONS AT LOW ENERGIES

H. TAWARA. T. IWAIL * Y. KANEKO **, M. KIMURA *. N. KOBAYASHI **, A. MATSUMOTO.
S. OHTANI, K. OKUNO **, S. TAKAG! and S. TSURUBUCHI **

Institute of Plusma Physica, Nagova Universuy, Nagova 464, Japan

One electron capture processes in 19* (g =10--41)+ He collisions at low energies have been investigated. It is found that total
cross sections for one-electron capture processes increase roughly linearly with increasing charge ¢ of the incident ions and also
increase with the square of the crossing radius R, of the diabatic potential energy curves where the elegtron transfer takes place. These
smooth increases are in contrast to those observed for ions with low charge ¢ <10.

1. Introduction

Recently the electron capture processes of highly
ionized ions at low energies have been recognized to be
important in many fields. A number of experimental [1]
and theoretical [2] studies have been published. How-
ever, most of the experimental works have been limited
to charge g <10. Oriy few experimenal results have
been treated for ions with ¢ > 10. Justiniano et al. [3]
have recently reported their results of measurements of
total cross sections for electron capture processes for
Kr?* and Xe?* ions with the charge ¢ up to 14. We
have also presented our recent results of total cross
sections for one-electron capture for Xr?* jons with ¢
up to 25 {4]. A significant difference has beer. found in
electron capture processes between ions of g <10 and
those of ¢ >10. In the former, total cross sections for
one-electron capture oscillate significantly as a function
of the charge ¢ and have a maximum at a particular
crossing radius (R, ~ 3.5 A) [5]. On the other hand,
total cross sections for the latter increase smoothly with
increasing the charge and also with increasing R_ [4].

The present work is concerned with measurements of
total cross sections for one-electron capture processes of
19* (¢ = 10-41) ions in collisions with He atoms at low
energies.

* Permanent address: Department of Liberal Arts, Kansai
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0168-583X /85/$03.30 © Elsevier Science Publishers B.V.
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2. Experiments

The experimental apparatus is practically the same
as that described previously [6]. HI gas is introduced
into an electron beam ion source, NICE-1, up to 1 x
10~? Torr. Using an electron beam of 9.1 mA /3.6 keV,
19* jons with g up 1o 42 are observed with a very weak
trace of 1***, In the present work, two types of mea-
surements have been done. Firstly, total cross sections
for one-electron capture processes are measured by ob-
serving the intensity of charge-changed ions (I‘9~1*) as
a function of the target gas pressure. Secondly. by
measuring the energy gain in collisions, the crossing
radii of the diabatic energy levels where electron trans-
fer takes place are determined. It is found that the
observed results are nearly independent of the collision
energy investigated over 0.75 X g t0 2.25 X ¢ keV.

3. Results

3.1. Dependence of total cross section on incident ion
charge

The total cross sections of one-electron capture
processes in 19" + He collisions measured at the energy
of 1.25 x ¢ keV are shown in fig. 1 as a function of the
incident ion charge g. together with results for Kr?* by
Iwai et al. [4], Cocke et al. {7]. Kusakabe et al. [8] and
Justiniano et al. [3]. It is clearly seen that all these data
for different ions with the same charge tend to lie on a
single curve. The oscillation of the cross sections is
noticed for ions of ¢ <10 as discussed before and can
be explained in terms of a similar mechanism found in
relatively light ions such as C, N and Ne ions, where a
particular single or very few levels are found to play a
key role in electron capture processes. On the other
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Fig. 1. Cross sections of one-electron capture processes in
19* + He and Kr?* + He collisions at around 1X ¢ keV as a
function of the ion charge 4.

hand, the cross sections for ions with ¢ > 10 increase
relatively smoothly with increasing the incident ion
charge g. Also in fig. 1 is shown a curve based upon a
semi-empirical scaling law by Miiller and Salzborn which
was derived using data of ions with ¢ <10 [9].
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Fig. 2. Energy gain spectra in 19* + He collisions. Stronger
peaks correspond 10 one-electron capture processes and weaker
peaks possibly to transfer ionization,
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Fig. 3. Cross sections of one-electron capture processes in
19" + He and Kr** + He collisions as a function of the crossing
radius R..

3.2. Dependence of total cross section on crossing radius

The energy gain spectra have been observed for 19*
ions with ¢ up to 38 and it is found that the observed
peaks shift toward smaller values of AE/q (AE: the
energy gain) with increasing . Using the observed
energy gain AE, the crossing radius R in diabatic
energy levels of quasi-molecules can be determined by
RC(A)= 14.4(g —1)/AE(eV). It should be noted that
all the observed energy gain peak looks like a single
peak but, because of the limited energy resolution of the
present experimental apparatus, corresponds to that
averaged over a number of the possible levels contrib-
uting to the electron capture processes (see fig. 2).

In fig. 3 are shown the measured total cross sections
for one-electron capture in [19*+ He collisions as a
function of the observed crossing radius R, together
with our previous results for Kr?* + He collisions. From
this figure it is clear that most of the observed cross
sections increase roughly with the square of R, and lie
between the classical cross section (jmRc?) and the
geometrical cross section (wRc?), indicating that the
classical picture is valid for one-electron capture of ions
with very high charge. This smooth increase of the cross
section with increasing ¢ is in significant contrast with
those previously observed in ions with g < 10 [5].

4. Remarks

In the present work we have extended the previous
measurements of one-electron capture processes for ions
with ¢ up to 41 and found that total cross sections are
nearly constant over the energy range investigated and
increase smoothly with increasing incident ion charge ¢
and also with increasing the crossing radius R.. This
smooth variation is quite in 8 rast to that for ions

1. COLLISION PROCESSES
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with g < 10 and can be understood qualitatively, assum-
ing that a number of the excited states .are available in
one-electron transfer processes in heavy, highly ionized
ions.

Unfortunately, little is known on the energy levels of
ions in such a highly ionized state and it is not possible
to get accurate information of the electron-capturing
levels which are located mostly in the Rydberg states.
However, the energy levels in which the electron is
captured in such highly ionized ions can be assumed to
be hydrogenic and, then, some estimation on the elec-
tron-capturing levels can be made. Typically, the elec-
tron is captured into n =5 for I'°* jons and into n =15
for 138* jons which are in fairly good agreement with
the classical model [10].

Based upon the hydrogenic energy levels, we have
also tried to calculate total cross sections using the
multi-channel Landau-Zener model [11] which is found
to be able to reproduce quite well the present experi-
mental results. We should also note that theoretical as
well as experimental works are still limited for ions of
g > 10. The fully detailed description will be given in a
forthcoming publication.

This work was made as a part of the Guest Research
Program at the Institute of Plasma Physics, Nagoya
University.
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states (412 ¢ = 10) in collisions with He atoms

H Tawara, T lwaif, Y Kanekof, M Kimura§, N Kobayashif,
A Matsumoto, S Ohtani, K Okunoi, S Takagi and S Tsurubuchil|

Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan
Received 29 June 1984, in final form 14 August 1984

Abstract. One-electron capture processes of iodine (I9*) ions with very high charge q up
to 41 in collisions with He atoms at low energies have been investigated using energy gain
spectroscopy. It is found that total cross sections increase with increasing charge of ions
g, and also increase roughly with the square of the crossing radius R_ of the diabatic
potential curves in the quasi-molecules where the electron transfer takes place. This smooth
variation, in contrast to that in ions with low charge where only few crossings play a role,
can be understood from the fact that a number of the crossings closely located in a relatively
narrow region of R_ contribute to one-electron transfer processes in ions with high charge.

1. Introduction

Presently much attention is being paid to the investigation of electron capture prccesses
of highly ionised ions at low energies, particularly because these processes are found
to play a key role in high temperature plasmas. A number of experimental (Winter
1982, Mann et al 1982, Phaneuf 1983, Bliman et al 1983, Yan et al 1983, Lennon et
al 1983, Nielsen et al 1984) and theoretical (Greenland 1982, Lin 1982, Janev et al
1983, Gallagher et al 1983, Janev 1983) works have been reported. Because of the
limited availability of ion sources capable of producing high charge state ions, most
of the experiments made so far are concerned mainly with ions with charge ¢ =< 10 and
very few experimental results have been reported for ions with ¢= 10 (Bliman et al
1981, Justiniano et al 1981, Groh et al 1983, Phaneuf 1983). Recently Justiniano et al
(1984) have measured total cross sections for one-electron capture processes of Kr?*
and Xe" ions with g 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
of these experimental works only total cross sections have been measured and again
only a few results on the final-state distribution measurements have been reported so
far (Ohtani 1984).

In order to understand the mechanism of electron transfer processes involving
highly ionised ions, we are concentrating our effort on investigating the following
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one-electron capture process by highly ionised ions A?* from He atoms at low €nergies
A" +He->AY"""+He ' +AE (1

through measurements of total cross sections by observation of the charge-changed
iorts A'““"1* and of the final-state distribution and crossing radius R. by observing the
energy gain AE. R, is determined through the following equation:

R.(A)=14.4(q—1)/AE (eV) (2)

where only the Coulomb repulsion is assumed to be important in the diabatic potential.
A series of our recent works have been published for relatively light but highly ionised
ions including the fully stripped ions such as C**, N’* and O®" ions (Ohtani et al
1982, Tsurubuchi et al 1982, Kimura et al 1982, Okuno et al 1983, Matsumoto et al
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
of the ions as well as on the collision velocity (Tawara et al 1984, Kimura et al 1984).

Through these works it has been found that there are some distinct differences
between electron capture processes of high-g ions and those of low-gq 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, g (Iwai et al 1982). These results
clearly indicate that the one-electron capture into few levels is a dominant mechanism
which is supported with a single peak observed in the energy gain spectrum in most
of the ions investigated. Also the cross sections, plotted as a function of the crossing
radius determined from the energy gain AE, have a maximum at R.=3.5 A (Tawara
et al 1984). This latter behaviour had previously been observed in various ion-atom
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
of the ions as well as on the collision velocity (Tawara et al 1984, Kimura et al 1984).

On the other hand, it was found that, for high- g ions, a number of crossings closely
located in a relatively narrow region of R contribute to the electron transfer processes
and, then, the total cross sections increase smoothly with increasing g and roughly
with the square of R, (Iwai et al 1984).

In the present work, following the previous work on Kr?" ions (Iwai et al 1984),
we report results of measurements on total one-electron capture cross sections and on
crossing radii in collisions of 19" ions with very high charge states (up to g =41) with
He atoms. To our knowledge, this is the highest charge state ever to be investigated
at low energies.

2. Experimental apparatus

The experimental set-up used in the present work is shown schematically in figure 1
and is practically the same as that described in detail in a previous publication (Okuno
et al 1983). Hydrogen iodide (HI) gas up to about 1 x107° Torr measured with an
ionisation gauge is introduced into an electron beam ion source, NICE-1, whose base
pressure is typically 2X 107'® Torr. A typical charge spectrum of 1% ions produced in
the impact of 9.1 mA, 3.6 keV electron beams at a pressure of 8 X 10™'° Torr is shown
in figure 2. In addition to impurity ions such as C**, N** and O%*, very highly ionised
1* ions up to q =42 are clearly seen. A weak trace of 1*** jons is also observed on
the tail of a big peak of m/q =3 ions in an expanded scale. In fact since the ionisation
potential of I*** (i.e., I*** > I3 +¢) is 3.2 keV (Carlson et al 1971), 1*** ions is the
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Figure 1. Schematic drawing of the present experimental apparatus.

highest charge state of iodine ions which can be produced by 3.6 keV electron beams.
Itis noticed in this ion charge spectrum that the charge distribution changes significantly
at g =25 because of the drastic change in-the ionisation potential of ions at g =25.
I1*** (Z = 53) ions have the electron configuration of all O- and N-shell electrons ionised
and only K-, L- and M-shell electrons left un-ionised. From this result, it is found
that one of the keys relevant to producing such high charge ions is vacuum itself in
the ion source which should be as low as 1 X107° Torr. The ion beam intensities used
are typically a few to ten thousands of 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 for measuring total electron capture cross sections
is introduced which is retractable when the energy gain spectrum needs to be measured.
This retractable system, shown in an insert of figure 1, consists of four meshed

19" spectrum
x1/10
I -
30 q=10
35
15
20
25
40
JU AR
2 3 4 6 8 12 14 16

mlq

Figure 2. A typical charge distribution of 19* ions produced in an EBIS (electron energy
3.6 keV, intensity 9.1 mA, source pressure 8 X 10" Torr).
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electrodes, each having 90% transparency, and an ion detection system. The first mesh
is grounded and on the second and third meshes, connected together, is applied the
retarding positive voltage V,. The ions retarded between the first and second meshes
are accelerated through the fourth mesh at —2kV and detected with a multichannel
plate (Mcp). The fourth mesh also serves as a reflector of secondary electrons produced
at the surface of mcp. It should be noted that, in principle, no electron originating in
these meshes can reach the mcp in the present configuration. By applying the retarding
voltage on the retarding meshes, the variation of the number of ions arriving at the
MCP is observed as shown in figure 3(a). The first flat part (on the left) of the intensity
variation corresponds to the intensity of primary A?" ions and the second flat part to
that of the product (charge changed) A““""* and A'“"? ions. Also seen in figurs 3(a)
is the third weak flat part corresponding to the double charge changed A““"?* jons
which is confirmed to be produced through two-step processes. It is found that the
third flat part due to double charge changed ions is negligibly small, compared with
that due to single charge changed ions, at the pressure range investigated in the present

(a)

2
= 2k
c
<
S
— 1 -
/123o
0 1 ] i L d
2200 2300 2400

Retarding potential V. (V)

/

(b)

-

1%**10n ntensity

1 1
0 5 10
Target density ( 10%em?)

Figure 3. (a) lon intensity variation as a function of the retarding voltage V, in 1*** + He
collisions. The accelerating voltage is 2.25 kV. The flat part on the left corresponds to
intensity of primary I”** jons while the flat part in the middle to that of the charge changed
1** and 1?** ions and the flat part on the right to that of the double charge changed 1***
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 of 1*** jons as a
function of He target density.
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werk. To determine the growth rate of the product ions, the retarding voltage is fixed
at the middle of the second flat part (shown by arrow). Then the growth curve of the
product ions is obtained as a function of the target gas pressure shown in figure 3(b).
From this growth curve, total one-electron capture cross sections are determined in
the usual ways. It is confirmed that the cross sections determined in the present set
up are in good agreement with our previous results (Iwai et al 1982) for O’*, O°* + He
and N°" + He collisions. Most of the experimental errors in the cross section measure-
ments come from instabilities of the primary ions, 1etermination of the slope of the
growth rate curve and the target thickncss determination. Total errors for the absolute
values of the cross sections are estimated to be £30%.

19 + He—s 10071

Primary product
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@95 2 "R (R
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Figure 4. Energy gain spectra for 19" + He collisions (g = 13, 19, 27 and 34). Strong peaks
correspond to the one-electron capture process whereas weak peaks on the right probably
to the transfer ionisation process (see the text).

The energy gain spectra of 1% ions (¢ =13, 19, 27 and 34) at forward directions
in collisions with He atoms at the energy of 1.25q keV are shown in figure 4. A detailed
description of this energy gain spectrometer was given previously (Okuno et al 1983).
The strong peaks in these energy gain spectra, which are only slightly broader than
those of primary ions, are due to the one-electron capture processes of the incident
19" ions and the second weak peaks (shoulders) at higher energy gain, though not well
separated from the main peaks because of the limited energy resolution of the pesent
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system, are believed to be due to indirect processes such as the transfer ionisation (see
discussion later on). In this figure, the crossing radii determined are also shown.
Uncertainties in the energy gain AE are estimated to be £15% (Iwai er al 1984).

f

3. Experimental results

£y

The measured total cross sections and the crossing radii for one-electron capture in

19" + He collisions are summarised in table 1(a) and also those in Kr?"+He are in
table 1(b).

3.1. Total one-electron capture cross section

3.1.1. Energy dependence. The energy dependence of total cross sections for one-
electron capture processes in 197+ He collisions is shown in figure 5 for ions with
g =10, 15, 20, 25 and 30. As expected, the variation of cross sections with the collision
energy is small and it can be assumed that the cross sections are constant over the
energy range investigated in the present work, namely, 0.75¢g-2.25g keV. In the follow-
ing, all the cross sections and crossing radius R, are referred to at 1.25q keV.

3.1.2. Charge dependence. The present results on total cross sections of one-electron
capture. processes for 197+ He collisions are shown in figure 6 as a function of the
charge of the incident ion g. Also for Kr?" ions our experimental results (q<25)
(Iwai et al 1984) and those by Cocke et a! (1981) (¢ =<10), Kusakabe et al (1983)
(g =<9) and Justiniano et 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 g =10,
the oscillation of the cross sections is clearly seen. In particular, the dips at g =2 and
4 are significant. These dips can be understood in a way similar to those observed for
light ions such as C, N, O and Ne, which had been discussed in detail previously (Iwai
et al 1982, Tawara et al 1984, Kimura et al 1984). On the other hand, data for ions
with g = 10 increase relatively smoothly with increasing charge of ions . Some structure
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Figure 5. Energy dependence of cross sections for the one-electron capture process in
1" + He collisions (q =10, 15, 20, 25 and 30). Total energy is represented by gF,
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Figure 6. Cross sections for the one-electron capture process as a function of the charge
g of ions: O, in I?* + He collisions at the energy 1.25q keV; @, Kr?* (Iwai et al 1984); O,
Kr?* (Kusakabe et al 1983); A, Kr?* (Cocke et al 1981); V, Kr?* (Justiniano et al 1984);
+, the McLz model calculation; - -~ -, empirical formula of Muller and Salzborn (1977).

around g =25-35 is seen in these data. Although we have no clear understanding of
these structures at preseht, we suppose these are caused by different mechanisms from
those observed in low g ions.

In figure 6 calculated cross secticns (broken curve) based on an empirical formula
proposed by Miiller and Salzborn (1977) are also shown. Except for those with low
g, this empirical formula (o, .., =2.07x107'¢"'" (cm?) for He) can reproduce these
experimental results. This is somewhat surprising because this formula was derived
from a number of experimental data for ions with g=<10.

Though a number of calculations of cross sections for electron capture processes
in collisions between highly ionised ions and atomic hydrogen were made based on
different approximations (Greenland 1982, Janev et al 1983), they are concerned mainly
with those for ions with g < 10. Very few theoretical calculations of these cross sections
for ions with g = 10 in collisions with He atoms have been reported (Suzuki et al 1984).

3.2. Energy gain measurements

3.2.1. Crossing radius R.. The observed spectra of the energy gain, as shown in figure
4, seem not to differ very much for different 17" ions over the charge states 41 = g = 10.
However, the shift of these peak positions toward smaller AE /g with increasing charge
of the primary ions, g, is clearly observed. It should be noted that the energy resolution
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Figure 7. Cross sections for one-electron capture processes as a function of the crossing
radius R_in 19" + He collisions. O, I9"; @, Kr?*. The full curve represents the geometrical
cross section (7R?2), whereas the broken curve represents the classical cross section (3#wR2).

of the present energy gain spectrometer is not good enough to separate possible peaks
contributing to the observed peaks which correspond to the average energy gain spectra
over a number of the capturing levels of ions. From the observed energy gain AE, the
crossing radius R, in quasi-molecules where the electron capture takes place is deter-
mined by equation (2). For high g ions the polarisation effect should become important.
However, this effect is neglected in the present analysis. However, as seen in the
present results the crossing radii for high-q ions are generally large. Fhus the polarisa-
tion effect can be assumed to be minor. Therefore this polarisation is neglected in the
present analysis.

The crossing radius R has been found to increase with the charge of primary ions
g. The cross sections for 19" ions are shown in figure 7 as a function of the crossing
radius R, thus determined, together with the previous data of Kr?* ions. Though data
are scattered, the cross sections increase roughly with the square of the crossing radius
R, thatis 0,,., RZ. 1t should be noted that almost all the observed cross sections
lie between the geometrical cross section wRZ and the classical cross sections 37wR2.
This behaviour indicates that the classical picture of one-electron capture processes
prevails for the ions with very high charge state investigated in the present work. As
discussed previously, this smooth behaviour of the cross sections for ions with high
charge as a function of R, is quite in contrast with that for ions with charge less t%an
10. This difference can be understood from the fact that the cross sections for high-q
ions increase with increasing R, because there is not a single crossing but a number
of densely populated crossings at large crossing 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 al 1984).
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3.2.2. Electron-capturing level. As mentioned before, no accurate information is avail-
able on the energy levels of 19" ions with such very high charge. Therefore, it is not
possible to accurately determine the levels where the electron of the He atom is captured
in collisions. However, in such highly ionised heavy ions their energy level structure
can be assumed to be hydrogenic and the energy of their excited states is given by
13.69%/ n*2, n* being the effective principal quantum number of the excited level. Thus,
using the observed energy gain AE and the known ionisation potential of target atom
Vi, n* of the electron capturing level can be determined through the following relation:

AE =13.69%/n**-V, (3)

where AE and V; are givenin units of eV. Inthe present case, V;=24.59 eV for He atoms.

Typical correlations between the energy levels and observed energy gain spectra
are shown in figure 8(a) and (b) for 1" +He~I'** and I***+He~ I*** processes,
respectively. These energy levels are calculated by assuming only the Coulomb interac-
tion between the product ions, namely 1'""* and He*. Clearly, the electron is
captured mainly into the n* =6 state for g =13 ions, whereas that for ¢ =35 ions is
captured into the n* = 14 state. Note that the electron is captured into the fairly narrow
region of n* of the ions. This fact is aiso noted in the energy gain spectra shown in
figure 4 where the widths of the product ions are only slightly broader than those of
the primary ions, indicating that a limited number of 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 I1'9~®* and He”* ions results in sharp variation of the potential
energy curves which often cross those corresponding to single electron capture proces-
ses. As seen in figure 8, the shoulders at higher energy gain may correspond to two
electron capture processes into the autoionising states (transfer ionisation) which,
followed by one-electron emission, result in the same charge state as that in single
electron capture (Tsurubuchi et al 1982). Unfortunately no information is available

Ui(qg-1) (ev)

Figure 8. Encrgy diagrams compared with energy gain spectra in 1'** + He and [** + He
collisions at an energy of 1.25¢ keV.
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presently on the autoionising states of such highly ionised I ions. As discussed by
several investigators (for example, Kamber and Hasted 1983), it is known that the
energy gain spectra depend significantly on the scattering angle. However, the present
energy gain spectra are obtained in a very forward direction of scattering. Therefore,
processes other than the transfer ionisation can be responsible for the observed shoulder
at higher energy gain.

In figure 9 the average quantum number n* of the electron capturing levels is
shown as a function of the charge of primary ions g. With increasing g, the principal
quantum number n* of the electron-capturing level becomes large, showing that the
electron is captured into a higher quantum state ranging from n*=35 for =10 to
n*=15 for q =40.

It is also possible to estimate the principal quantum number n based on the classical
model for electron transfer described previously (Ryufuku et al 1980, Iwai et al 1982).
In the present work, the high Rydberg states are found to be responsible in the electron
capture in highly ionised ions and, therefore, the effective charge of the core nucleus
can be assumed to be equal to the real charge of ions; Z¥ = q. The results estimated
in this way are shown in figure 9 by a full curve. These results are in agreement within
An*=+£1 with those determined from the observed energy gain, indicating that the
classical model is valid in estimating the electron-capturing levels in very highly ionised
ion collisions. Asymptotically the following classical formula is obtained for large g:

n*=v2(q/ Z,)°" (4)

where Z, is the effective charge of target atom, meanwhile the experimental data fit
for He by

n*=0.764%%". (5)

3.2.3. Multichannel Landau-Zener model calculation. As’demonstrated previously, the
multichannel Landau-Zener (McLz) model is quite useful in understanding the one-
electron capture processes involving highly ionised heavy ions in collisions with He
atoms at low energies (Kimura et al 1984). For 19" + He collisions, we have also tried

15 T T T T 1
19 I!q-‘l)‘ (n*)

T T T T

-
(=]

Capturing level n*
wn

r o
RN

s 1
0 . A : ! .
10 20 30 40

Charge g

Figure 9. Average principal quantum number n of the electron capturing level as a function
of the charge of ions g in 11" +He > 1'9""*(n*) + He* processes. The full curve represents
the classical estimation.
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to reproduce the observed results using the McLz model. The calculated results of
partial cross sections of one-electron capture in 17* + He collisions for g =20, 30, 35
and 40 are summarised in table 2. In the present calculation, the following assumptions
are made as they were in the previous work: (i) the energy levels are represented to
be hydrogenic, (ii) each state of the principal quantum number n has n sublevels, (iii)
no interference among the neighbouring crossings takes place and (iv) the iransfer
ionisation processes are neglected. Roughly 100 levels are taken into account in the
calculation. These calculations are found to be in good agreement with the observed
results as far as the electron capturing levels are concerned. For [*** ions, the principal
quantum number n* of 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 figure 8(b). In all the cases, the calculated results on the
electron capturing level reproduce the observed results quite well.

However, it should be noted that some discrepancies exist in total cross sections
for one-electron capture processes (see tables 1 and 2). One of the important origins
for these discrepancies might be the effective number of the sublevels which is assumed
to be equal to the principal quantum number n*. The overestimation of cross sections
suggests that the number of the levels actually contributing to electron transfer is

Table 1. (a) Measured cross sections and crossing radii for one-electron capture process
in 19" + He collisions. (b) those for Kr?* + He collisions (Iwai et al 1984).

(a)

Cross section (107'* cm?)t

q 0.75kV 1.25kV 1.75kV 2.25kV R.(A)f
10 4.56 4.25 4.25 3.88 3.81
13 5.70 4.31
14 6.65 4.75
15 6.20 6.45 6.60 7.33 5.01
17 6.92 5.18
19 8.16 5.05
20 8.48 8.74 7.98 7.78 5.20
22 9.53 5.06
23 10.3 6.68
24 6.72
25 10.2 10.3 9.98 10.1 6.31
26 10.8 5.69
27 5.69
28 10.5 5.84
29 1.2 6.00
30 123 10.6 1.7 1.7 6.08
31 10.7 6.40
32 8.04
33 12.7 5.95
34 1.4 7.20
35 1.7 8.16
36 16.6 9.27
37 16.0 : 8.22
38 18.9 7.89
40 18.7

41 19.6

~157 -
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Table 1. (continued)

(b)
Cross section (107" em?)*
[ 4
qg 0.75kV 1.OKV 1.25kV R.(A)z
7 2.64 3.73
8 2.47 3.61
. 9 3.19 3.79
10 3.74 4.22
1 4.02 3.78
12 4.24 4.13
13 4.84 -4.65
14 4.94 4.70
15 5.70 5.29
16 6.16 5.76
17 6.12 5.69
18 5.74 5.76
19 753 6.39 6.54 5.45
20 6.92 6.30 5.76
22 7.33 6.86
23 8.57 6.22
25 8.86 5.74

+ Errors £30% (see Iwai et al 1982).
i Errors £15% (see Iwai et al 1984).

smaller than assumed or the coupling potential has the I dependence or the interference
among the neighbouring crossings is not negligible. A part of 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 which is clearly indicated in figure 4 to be significant in such highly ionised
ion+ He collisions, whereas the calculation is purely due to the one-electron capture
processes. In fact, contribution of the indirect process is estimated to amount to
15-20% in 19"+ He collisions, being enhanced with increasing the charge of ions g
(see figure 4). To clarify this contribution more experiments are needed such as the
scattering angle dependence of the energy gain spectra and ejected electron spectro-
scopy and also accurate information on the energy levels of such highly ionised ions.

Table 2. Calculated partial cross sections for one-electron capture in 1"+ He collisions
at an energy of 1.25¢ keV using the MCLZ model. The numbers on the extreme right show
experimental values.

Partial cross section (10~'®cm?)

q n=6 7 8 9 10 11 12 13 14 IS5 16 17 18 19 Total Expt
20 0.06 23.0 68.1 9.0 0.08 100.1 87.5
30 04 206 812 592 1.3 09 1749 106
35 0.05 5.87 534 88.5 46.8 10.7 1.2 206.5 117
40 1.7 27.3 837 831 37.6 9.0 1.4 2439 187
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4. Summary

In the present work we have demonstrated that our EBIS, NICE-1, with a relatively
weak, continuous electron beam of 10 mA can produce 1" ions with the charge as
high as g =41 whose intensity is high enough to work on energy gain spectroscopy
and found that one of the keys relevant to producing such high charge ions is vacuum
in the ion source. Using these ions we have measured total cross sections for one-
electron capture processes in 17"+ He collisions at energies ranging from 0.75q to
2.25g keV and found they are nearly constant over the energy range investigated. In
contrast to resuits for ions with low charge where significant oscillations are observed
(Iwai et al 1982), these cross sections have been found to increase smoothly with the
charge of the ions, agreeing with an empirical formula, and to increase with the square
of crossing radius.

It should be noted that the observed energy gain spectra are only slightly broader
than those of the incident ions, indicating that the electron is captured into the Rydberg
states in a relatively narrow region of the principal quantum number n*. This means
that the electronic states with a limited number of the principal quantum number n
are involved in one-electron capture process, though there should be a number of
states closely spaced available. It should also be noted that, for He target atoms, the
indirect processes like the transfer ionisation processes contribute significantly to
one-electron capture processes in such highly ionised ion collisions.

It has also been found that there is a distinct similarity in both the size of cross
sections and the electron capturing levels for the same g of ions irrespective of the
nuclear charge of ions when the ion charge g is very high, as found in low q ions by
Okuno et al (1983). Then, 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 of He atoms with highly ionised metal ions like Fe, Mo, W, etc,
which are most important in nuclear fusion researches.
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Design and Construction of a Horizontally Placed
Superconducting Magnet and its Cryostat for an
Electron Beam Ion Source.
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M. Kimura, H. Tawara and T. Hino

NICE Group for the Guest and Visiting
Research Program

Institute of Plasma Physics
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Abstract

An electron beam ion source nicknamed NICE-I ( Naked Ion
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 1s placed horizontally and coaxially with a
liquid nitrogen (L—Nz) reservoir and a vacuum vessel. 1In order
to fix their axes inmovable even when the reservoirs are cooled
by L-N2 and He, a structure having spokes strained uniformly like
a wheel is used between the vacuum vessel and the L-N, reservoir
and also between the L-N2 reservoir and the solenoid bore. The
electrodes, such as the electron gun, the drift tubes and so on,
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 mm.

The evapolation rate of L-He is about 1.4 2/h, which is not
so much larger than the estimated value. This provides a contin-
uous operation for 16 hours with a charge of 50 2 L-He including
the precooling of the reservoir. The ultimate pressure 4}(10-10
Torr is achived in the vacuum vessel, and the residual gas
pressure in the ionization region is expected to be much lower
than 1)(10-10 Torr. The consideration for mechanical strength
and the heat conduction of the materials related to the design
are described as well as the details of the structure.

Furter communication about this report is to be sent to
the Research Information Center, Institute of Plasma Physics,
Nagoya University, Nagoya 464 Japan.
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C WHEERARLETHERINDPHOBEE < 7% » OB, K VIZER L, Bk~
VAT 27 —HIZENEERLTHERINIGEGH D, REVH L LTIEHRFEDIFEERMN
BHOZNLEHEVRESATNIIMZHEALTI LV, 703144, ER, , A7 vrA
ERERINDIH, ZOFTE 7% v tOBE(DZDICIT L IESBELEREIND,
Cryo—NICE T3 K £ vORIIRBEEZE T, ZOFLEE - AFBZDTEE Vi~ Y v
LABO—EERZ LTS, FEVICERRAR7 7 vOREBLOBRELT Y, ThT, A
V, BEBDUIBBERBHRAT VVARBERTHILIZ Lo AT YV AL LT SUS 304 3
AFE LTV, YBIMITHEOLTITIHEVBRERDOHEKBEADND,

Bxid, 2VEBMTEHEBEDOI I RBARBV R NBEREDIBEN TS SUS310-5 % H
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DAR—AZED, Cryo-NICE DFEAFEVERIE 24 1R 1000mmIZZDAR—AL 7 T
YOEEMATIONN &Eolce ZDEICRVAEE VIZAT vV AMEMHRA LizBE, »
EODERELEZOTY LCRHAEZEL LWL ZATHS, LirLHIBEOREN LW
EAEVIIEERUVBRHADESL Tlzbir, X, R OBIZIX, FIE CRNZL S LB#EHIZR
THAROBEEBE DD, BkgDENENT TEL OTHEM OB L - THE vER
B#ET Do Cryo-NICE DA, HICHIEDF &€ v bAIB OB DOIbA L/ - THET S
E— ADRRERDRERE DR D PRV, TDhANEDRE L THFRENDINIZONT
&iﬁﬂ%ﬁ@fﬂfﬂﬁmiﬁjﬂéfn\m, E—ALBEBPROLZ0 1 mm OBE T—HI®D L) BEEDN
BLTO002mmICBEADILIC LI, ZTOREBRE VORER 10mme 2D, HE vEED
Eﬁmswg&&okoLmLmﬁwowfm&KﬁNéIW%EOﬁmB%%i0%(#6
T LiEHERLD T,

SUS 810— S % SUS 804 ICHB LTHEMTHD L LBICMIERELE D, L LLIEKE
BRWVER, BFICAE VYR - ARORLBE—F LTHORWEAICE, 24 vid~Y v & i
MOLNTWTHRP LR DT LBHRRLNDT, 24 rBALERETDIZ LiFrT L,
DEVOTERBICBEFACOHBITERE LRGP LERETIZLIRETHD. TH
BAEVYAROHRLE 24 ARl ERY, LR TRESTLLED LY, FEVIfERH
> TIEAARDOFLL = 0.05mm OFET—HTHILEZEER L, 1mz#i 5 SUS3I0-S
DAEVIFEZDOLIR -ARLICHBETITIZLREIRERZ TR, IF
IBB LISV OEEBUNBETH oz, £ VHDOSUS 810-S i3 IS EEMNE LR 2 A
L, LF3EROE LRMBRR ST o 72,

FEIRE LLBREMBYEEAL TE~) 7 2BLOBELTH. A€ VYRUEREE
2 VAVEE 2T, BHE~NY Y ABOMERE 3RICRT, BILBARBZ LS ICaM LR
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BEOBOBIIL > TIDROEWEM PRV TAEZITEA TR L2 EENH D, ZZ
THRERT 50O THLAUCIINAAE LT ANT 7 7 vC>ORBEL2#E LT, FE V&
DELBEE NS TIL LBV TRIZOEMTIZITD X HIZ L,

24 41342 KIEAHLTHERTIOT24 L R3KE»SHEAZRETHERATSZ LIZERT
HB. LichoT3RIZREND L5 Cryo-NICE DETIE, 24 VAU TOAR—R|ZE
BATHD. WENY YV 2FEMTHINT, BHT v FAR—AZFELTILHREXE L, %
DEIBEERBRAR-ADPBVBREUZNCEDEE—BER 2 FAF A2 9 FOFIZ AR
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KR, BAZUY O) B0 L 5 BHBROBEHE LT, 24 VRERWICHDIZHEN
mﬁﬁﬁét@ﬁm%%%@gé%ﬁfé:&ﬁnmewtbm3ﬂm%tt%&@%wa
72T,

~Y Y ARSI DRI~ Y Y MISED BOBIEAIL L > TRATHIELTH20 5, &
BRIIE 5 e b I IIBE 4 ~ ) ¥ & BT LA AUEH Brv, BEAHICTIRT 5 = &Rk
THI2DT2ALDBREG > THERIET D, HIEZE a4 vOBFE, TOFENIHNR D 2
DHOALEI THDIHO—ERRE L OREMEREELED Z L8 E L\, SRR
i~V 7 2 BOGBELERE~Y) 7 20ERRERICL >~ TR ED. BMAED S HENITEIZ
PELSTELAE, 29 TRVWBRICIRESEED 2B LV, BAFBB~Y 7 20ERBEE 10
hBELRE 70T, 1K 1EORELLTaM VAU EOBERHEIL 230 & Lz, £
V, af vERLNVY ABEERIT Bke 2D, BESE /0L LTEMRVABEOED
&R oTz,

REVERR—FKLE>TNT, 2241 VRORWESICIIERILLEGH LT LI
LEP-BIZAHENB I SCERLATER BBV, BAR—E TRV SHET DR
BIRIBIC L > TOTARBET D, AEVEFBONED—TTDADN 42 K £THEAIND
LEEX 1/800 DINFRRRB T 5. ZOMEENRAE v LBOBERIZ2» ), BEREEIH
TLE ). BE, Cryo-NICE DEE~Y 7 2BIRER L BIKBERBRETDY -7 7 A
BT -k, ) REBEMNT TERH LS 0bbOTHEERICZ 7 v 7BAB VI EK
B oic. TNERE, BOMU»SREER LI DT DIcA e viZBHAshT, B0
AR Lic7ed THEZ LHBHA Liz, BESEZEETILICH-ICBASNhDILIEER
TRZELILE-T, ZOHID LI REFHRIIRE LTV, BIZBRRD X I, BiE~Y v
ARFIBT A, RBARGEERBEED? S 42 KETTATHIDICETIRENY 7 2DRIX
LBHBR) ELHEBILEIDCL>TRKNMERD, Lizh->T. 24 vRUBHR—RICHAS
NP OGEHAHRD L VKEA M 7OREIRKAXY)TH S, Cryo-NICE TiE, RiZ2HIZrAEh
TWB a4 v EBOBE~Y T 2BEAAT 7ZF0 52804 72T 6T, 24 L3
Bl VROHLEDAED 24 v TEHASEAENDS, ELTERE LY AT 214 VR
BBt Lz A an s,

FEV, WEY Y LBORART 24 VEARILTIEEZREK.KTHW. BHEIEERREZE
TETT -7,



5. 744 X2y b
.1 254 A#AR& v FOWEE

774+ A%y b (BRERE) ORFETRIBEELZZ LT YROZ LAXLEELH S
EREADBBAZRPBICBEALDZLTHD, RILBEE 21 vOXIICHELTWHE
Y 7 ADHHE, ~Y U ADERBEBPENWHIZ, bThRBRACL > THEOKE
~NY Y AREET D, —BHUERA2 K 751 4A2A%y VIRBE~NV Y ARBHAT =27 —Th
B, HERBENY YA - FaT7 —TiE~N) Y 2BEREESKEEDOES v — v FTHW, =
NEEEARBICBEDTH B,

KERER =214 vOFFIZEBNTYH, BEL7 M4 RAZ s PELTE 4BICRLELS
2, WE~Y Y 2 BEBES Y -V FTCHEVW IS - BEREBRICAMNT LIV, B2/, &
Br—nF, ~V Y ABOEERIE 2 ~8mmbNT L VS, EFCHETIWTEEER S H
FOVRELL LTI, ARICAROND LI, BFE, BE~Y Y ABIESAE2 S 0BIEA
ENESLTRDICREZODOMN S PRD A 7ORIZE > THEFEENTWSD, LEdisT
BERRICIE5 Ve XSTERE 24 vl E Tk 500 ~ 1000mm DR I23H 5 72 i BB
EEARTHARFZ 24 vE 1.6 ~3mmBE) T8, SBHICZDOBENE 7 9144 A% v O
BEL>TEFOBBEERSZVA SR oW AMBETH S,

Cryo—NICE Tid 2 ETili X7z 912, BEBPLERHFICBNTSH 0.1 mm LIADKE CH
ESEDILEZABLLADT, ZOLIREBBER M TIZEZ 2D TFARIE LAV,
ZIZT BTHAORELE LT, REH, RESFRBLABMBICLT=24 v 8¢ v L AEIC
REL, FHOCR-TZLAR-ZILL>TETEER 75 VoL OEXEBE, RICEXZEBHIDS
A NHEEVERBTTBIE L Lite ZOEI BEAMICE - AKX - 210520 TIF &
Sl B, BHICE BRI ER R~ 2 ICHERENL LTH I ohLrBRsE3 N LR
BORVETTHD, EBOBRIZLETINDAE-2IZL-TEL, FBOLLUDORPICITN
P2 ANTIFBIZE D EANGIE LT LS LT3RV 1LSENESIZ L,

AR—7EFRAVTRT LASEICE, ERENOBERAGZSULLEDFIZIDAFE-I715
DEBMHEPHOHRDET AR -7 I LEBEEIPELIBEI ATV, AXR—-IDEABRY
BEIBTCLELAEICL > TREDIILHIBEEDREVLETH S, BILEREML LAY
VEDBIDDAR—- 7 FIEL D, Ebizaf vEE VYRS ERICOEH L- & 5 RIERFF
BEBRO~NY 7 2 BEEHINCRE I AXE -7 TRTT205, EBERATRNREL LY NS
NS DEBIIRERdN LD, EEBIZTREABRIPIVARBWL, D 2LIELDH
#d&H T Cryo-NICE HAEZEHEONERIZ 596mme &7 -7z, W5 > — o FBREEFEBIC
DNTIR LR R EABBICHRTEVEN LR EE 7,

BE~NY Y 2BREOICOWTULEFE S UL THEETS, LALSED L) RAFE -7k
BETRADTORATH), BEETHIC L 5 7404 Lo s LAOE Shik, 2hik
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SUHIZHDNWTEREERD 75 v 2HARDOETHG - §AY THTERZEEIC Lz, &RIZ -
BE Y — 1 F, S UOBEIZOVWTHRS, '

5. 2

By —IL K

A. REEEE

~) Y ABOESIZISRIERERTWA LS 24 vLD S 285 mm THD, 24 LD
PEHEEORLIZREBETZE, ~V Y ABESLAZHANEL OMRIZ 61mm THDH, ZDMHE
CABBORGERBLRE L. HEM» A H— 7 2E-T OB LB T 5RBIA,
WHEERBIABOLEF L 62N IVRY, ZOLICERE LISAREZLEET~Y v 4BE2E

5k512LC, ABOARIZI60mme IZBE Xz, SRS ZOEMERT,
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WHERGE D RUH AR O HE L OBAORE LREHRICHE LTS, 2L,
BBSEEEA LTRESRS SMESHRE E TTRTHHIC, KR/ ACLBHHIRE
LT3 DB OLBOWE TS 723 bETH D, —H ¥ A oZBoM B O
G LCHD, BKE LicH ARBAE—i LTI LEBAB~BH S 1D,
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VOERBXVIEDTR, HOZN7 I VOIZES12mm OFARERY Dk, TNXIICLT,
BRENZE -TEWR LIEBAIZ b AR-7BER7 7 vOIREBETICER 2R 2 LRKIC,
SRBFRITEGE~Y v 2BOTEYA FEFEI Dbl - THHY - FEFERRTN D,
REZFRBIAEHIC L TERBED VM o72/edIc~)V v 2 BOTHICHETSZ L LA -
Teo BHEEBHRBIIAGCEROKRERRAM L 528, Cryo-NICE 0B EBEEELZERTEHNT
BEETHOOY — 2 208 LTEERDLIWAT vV ABE Lic, A7 vV ADBEHERII
NEWHDS, BBEEEIFED LTRAEXRTHR - EC ERORERLEA TS, £Z THEHAR
KR % AN TEIREFRIBEIER > T3 L5 LTERBRED EAZBIWE,
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WHEEBE M VICH BB Y — v FRO—FICIRETH, RafliziEay—+F, &
FE—2a2 VI -RUAAVVVARBBEIND, XA VAOBENE, BH -1 VD
TDY—VFRIZE > THEREND, BHY— v FROFEMZ TRIC, A VvHOBREZ K
2, BFE—2aVv 22 -—RUAA VvV vXFHEIRIIKRT,

BH Y~V FRIE~NY Y 2BABER 1A Ry 7L LTEEREABSEER2D > TS
PHLEEEIZIVWEEALND, LEL, By -V FLELEEEOMOEMOEEENENL,
BHBEIZOEEHAUZEM LSRR > TR DICBEIER? BRB 7 ABHNAAAL + V1L
FROBEEEZAEEhAEV, —AIDOEMEMOEZER Y 7ZHAVWTHR LE 5 L Thids
BYORBOBEEEEBEINEL RS, 22T, WEH Y — 1 FIRIZ 60mme DR % 8 2
DH16FTHIT. ~V v ABNED 7 FA ARV FEREFA L CHEEHEAEHOBEICFE
FTBHTLE L, IR EH T 7273 TREZEREDL SOBERABEAVALO T KiCREh
TWBEHET T4 VY FEBWTEH Y- F2LTWS, Z0bbi ) KX EER
‘Bon i ndl, 5008sec BENDHSHEE IC/L D LHiEENB, 450sec D2 —FHG5FHV 71
BICX »T 5x107° Torr £ TFHiBER Lictk, WGE~) vV ARUVKBERBEBRGER TEHE
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LR R CHZEEIIZ 6x107° Torr IZ782%, &BIZ~Y Y ARBICEENY v 22 FRIB LN
BHEBEZ 4x107Tor ZET 5, CORBTE—AGFRY 7DV T RAUTHHEEE
LA EE BV,

FEVRIBESOIERERZBLSTAOLENRDSH,D, REEALEBTHENIENL I 8K
RARTEIET 7 v Y= b7y BTFERWTERLTHS, FE v 75 vo LS
Y= FREDOBRIZ 2mm &®L, 2 vEF 2 2 VARNILKLTHEIDT, v— FREER
NEELTEABARE Y A TFHRADRATH A€ VYRANZEE LAY, BEIEO—F DR
IRE T2 LODMsiciZrE 10mmg OV F=—4—2EA LTBEHE L EE#EM L
DavFIEVACGEPNELABIATVD, BEHEADHLEIBHETERBOBKBRDO = v 57
FYVACERBLTIT )0 LI - TBBHERAOEZEEPIAEEMNOEEELZ PLLTRE Y
NORZEEZ+5 IvweThud

P=Cijc, P
TRED, QGIZBFE—22 Vv 22 —fDY) Fa—-Hh—TREZN, ABEDO7 2 —F+—L{K
ETHEH 8sec THD, —HBBHBEOEATI10,MHY, BKIEX 3mm TREBHEAR
iX 34mm TH B, EHEWN7 7 v ¥ 5 IIEHEB FTLEPN TS, TOBRICHAFED
A4 THBATOD LRET D LC I3 1508sec LRE BN B, Ci/g, <1710 THBH B
F MLERDELEE P<4x107" Torr T, UEPDOHE P<107° Torr KEEL TS LHE
sha, _

IOBE, BHELOAC VEPBEERASIHBPEE LV, HILXAEAVABATIHS
FEVRBORERESEEYEEFERTIZ LANES, T LDITEBHET IREERE
ERAHENTVWAILELBRTHD, SERVEFROBEHEL SOBH v — 1 FHELBL
BoTHIEEIIBEICHA LTLE S, Cryo-NICE TEH Y — LV FRIZBBELZET
BILICE-T, BRHIBELHHLTHEY VEOBES > — 1 FIZEBHERLI X LTHD. £
EDIDICBTHMEDHEE v~V FTE->THD. i22L, BFH, BBHFCIXEEN D
PEDTHEEEN LTEET D, Licdio TIORBEYOBMEEE DU LOBFEA, fl i
BFE— 2D —BTHBEBTCHIDLo2al hdbdl, BHEORENL LR TN,
ZFDL ) BBEEPENL SEBKLEBTH S,

5.3 BEAVYLBUOEE

TR IRTI TR LXK 2YAIHY, TNENRBED, BRBEARLARE->TWVS,
HIZF U TH B0 TRBE IOV TIRICTRY, URICIRER L7 5 Vo OME #
Ay o PCRBETVvERAT Vv AQY VI EER LD TZOREERT, L UDOBRHIC
BFENPr—ZANT, BHBOPEENHIHE~Y 7 B2 HEVE IR > TVD. XBIR
B D3T0mmD L T A TEHOBA v~ ViR SERRICRE M, (UHBEHY—1 VL
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5.4 H = 1B

HEMOBEZIT I IMIERLTHS, 14 V7 —ADLKEIF1760mm T, BEH=1 1
FIMLTHBRGD 7 7 Vo NHEIL680mme , 14 VEIEHLE7 5 v AEIX 465 mmg
ThHhbD, TNOHKARTZSVIEDOHAY v MZIRELT Ve AF v VAOQ Y v 7 E24000
(680%),F-465 ®#{ER L7223, 414+ vVHHE 7 5 v 3 BRBEBEHTHBH LV H T LS5 EVAC
Hor5v7  F=2-vBT7TLI0YVIRERLEZ, ZhUAD7 5 v2iEav 779+ 735
vORMBHAL, BESRICIZHIREE 450ec DX —FGFHRY T EER LI, AV EER
LTWBDTH Y 7 DOEBETEEILH 300sec THD, RY7ORIZL D FRBIKORD
BEEZLEITZ 5x1078 Torr THD, -
BEETETHEEEL LTIB30 CREDEHLE LWL ZATHDN, ASICHEEE 21
VAR S W TWBDT, BEl LIREE 100 C T & 2 ATk Siv,

6. AR—VEZBRVW-BEEISIOEE
6.1 {XRAME

TNETILHSVBNTERL ST, 7944 A% 9 POBECBWTIRERA LA 2T
NELBRVWEEIHY, RBIBEELZRL LATHIEESRVWEEIH D, Lichi-TE
Hlgit, BuREGKZS F{ALEDLED I LERETH D, FEMHHIZERICBVTEZNEN
KRB IZEVERTE, 751442 %y PEEMOERERICOVWTIRINETRSH
WA BRFICEDT, TZTHELINTEL LELBEAMBOEEREICOVWTIE
MOLMEBEIZLTEDIZLIC LT, I TRILKADEDOHIHZIOWTZDMEER, #
UEHLERERBEICOWTERAT S,

REM LM BOMRBER L 12KIC, 20C2EEIC LBRMEHREZ BRICRT  BRICBITS
B BE DREELEE 3 IIRT,

REICHONS L) ICBEEREHBICE » TEBICEHTHY, HICERICBHWTEL
B LV, &BTROBABGEERI, HhOROPAICEOND L5, MERTRETRIG
DEEZIC L > TREL RS, LED - THERZ I TIHARBMEDIVHHERSL
R TERICIE 7 = — A 2 LTHEBT 5. —HE&DHEITIR. RMPBELOIDICETO
BEEBADFEIPES LT ERICBWTE 7 + 7 VIZXBEEBEICAD DI, —HRITEH
FEERITPE L POBRENT D LRICABIBI T2, FLBOHEDOREEL 7 + / VIZ
L2305 74/ v=7%7 VEARUTMWEESBEIICZS, Licdi-> THBESLTMY
DA » - EEBOMEBRIIERIZNEV, —F. Kéh, ¥774 Y OL S BMPEHDHGITIE
GEBIIHBRNAE MEBOBADL HSICERTE— 7 2H2, THODEZRTIX 50~
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LI A B I R B B T Ty 1 VT
107 =
TE  99-993%pure .
= ]
e ]
3IF Electrolytic
2+ tough pitch 1
- 99-95%pure>/\ 7
10 = A =
E %4 =
- 4 Indium -
i’ - o s COPPET -
V4 -
I 4 :
21 OFHC.99-%5% I aluminum 9% 3003-F
- pure —"G, aluminium alloy
e 5154-0
= / / L= brass =
= | e, Silver salder mild steel =
- ,-?‘T 3
L o soft Solder -1

N\

Wood's metal

i

Thermal conductivity (watts/cm* K)

é stainless steel (303, 304,316, 347)

E7> - \ constantan .:.
g ~ Mone! (drawn) N
2 -1
- J
10-2 Glass (quartz, Pyrex & borosificate) =
1E v 3
[ g-FRP (0*,90°) -
4 [ ,/—-Nylon :
3 b mz————P.TFE
2r i e ——————Perspex 7]
10- P /L’ N. B. Dotted hnes indicate extrapolated vaiues source of
7 = data WADD Technical Report 60-56 part IV =
5 - Alloy composition =
3 — Aluminum ]
- 3003-F approx N3 1:2% Mn, 98:5% Al 'ﬂ
3 5154-0 approx N5 0-25% Cr, 3-5% Mg, 96% Al
2+ Brass 35:7% Zn,3:27% Pb,1% Sn,60% Cu |-
- Mild steel 0:14% C, -08% Si, -07% Mn -‘
10- Soft solder 60% Sn, 40% Pb -—
= Wood's metal 48% B, 13% Sn, 12% Cd,20% Pb 5
= Stlver solder 50% Ag, 15:5% Cu, 16-5% Zn, 13% Cd | ]
S | Constantan 60% Cu,40% N1, 55% Cu, 45% Ni ]
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10 K THMEOMLA LRENHREER LS D, AL0; OBMREREM Lictd 1 v 7 AR
75774 DX REFERBEOS ORKAZRBENE THIZIEAL LE LVRMEER 28
28, TEVRE TR BVEMERH L 250 T, —BOMAT » F L LTHAENS,
BN L LTIIY I A, 778 vBEDESEHH T TS0, BIEIHEHE
TDIHEN L LTEOEVERENA Y, BEMELTIEAT v v ASIAMHE L3610 I
KABN TV BdREEREND, FEBHEOI 5T, MIIRS 50 MEMRE -
BNTOBEDIZFRPASH D, 75 AL BV G— F.R.P. OB VREIZ AT v L &I
i LTED S 308 BRAE L LeB 8103 dhE Y Zidav., BEBRHE L AV Ve C—F.R.P.AC
DVWTIEAT YV AL D B EE BN OB SN TVD, RBIKRINTWD L
5 IREMAE £ RVEE DB EDAT v L AOLEEEIIH Okgmm? THB., Th
L, RV RRMME SR L LoD RABAES C~ F.RP.OFIRMEE  0kg/mm? TAT
YV ADBEZBICLOVTNS, ERPMRKREHEB vy - 2 v ROy r OBHBREELRY

IZRT .

&4 C-FRPOBMEKEH

28°C ~160°C
kg / nh " ke mh
5l &% @\ B 63 54
E & # © 49 53
#ooW B B 85 84
oW OB @ % 4900 5100

(CINEARBIBIERTE bPrdavsEo b))

F.RP. (I %= 2% v EOHEBETHDTH D05, TOH AHHEE EBIIEO X AR
£, —iZ =¥ YBIEDOH A BHHERE X 10 Torr 8/sec-om? FIE L A&, REHZ P& ITH
EHEVMBICALAVEAEHS L, RALBI L > THRHHEE RN S5 T LAEE
Thd, REBRKBWTEBYTEILIEAONSD. H4id Cryo-NICE DFEHFHIAEYE] A
A= 7 p & LT PRP. O A 2EHE LU EDAIC D0 THIRHT 2 KRBT
REMEL, ATV VvARFEHTHIILIC L, PRP.OFEHFAETHS 2 oI F—BR
NHLOTHE LESEMEZERZAT Vv AD Ly lBEAbh D, AH—27138ELTs 5
A4 A% 5 P OPNRALFARCTFICEE LR TR TR TH D, /X LERK L DIEL
DRANDT Cryo-NICE DL HIRHEHR L LTESRBLEUBTAUESITIIEENLETH D,

..._20.....
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8.2 RMR—ZICLDBIEEAILDRT -

AR— I ERHEDRDDE 75 VCRUARE— IFBAECOVTETTICSRIZR L. £
BDOAX—7 OBRE 14 HIIRT. RBEHR, ~V72BOEZITEZ 4H 100kg THDEH
5, EZEEPLDAKR— 7 200kgDHEEZRTTHILITRD, AKX — 7 ZHEZEERERI 2
BHAIPDILEDAE—=ZIIMNBHEIL 100kgTH D,

148 BTRARR—V0O8R
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A. HEH»ORGEERBOMT .

ERBLESATVAHBAE-IDARBRI 1M T24ETHD, TOLIEFEELEL LE
HIIHELZFBEETEAR-IOFNERPSKBEADDTHS, BESSAHKRE 2
LTV ODERLFGODAX =2 THEM, §TDAKR—I ZHFILKR>T 100kgDHE
REEATBEDEAR -2 IIHhPDBENERDTHD, HFAXR -7 LERVBLTAZILL,
AER—IIEBPO1 006 ETOESRLDLEAR—2ITLPIRATIZ

Zﬁéfosﬂi=100kg
PHF = 18.1kgk 250 LI o TTHAR - 27 JANTE AR -2 ZR-TBE T, £
AR= IR TFHAR= 21N T18 kg RIFENBMDB, AE— 7 B+5KTVEHE
KE2EN2ER LEBIENTHEIZRDZZERHEKD, AXR—I7B1IFHDBIR{KL Lizne
ZAETHBN, Ad—7 bl L THEERBAOREEIKE 2 ) WAERORRBIM L <
155, BARK LBBRGEROERBIIOVTIRERERD TS, ERBAOBRIMAZ 10 7
y PREIREABDIZAR—-7RIZ 23mm? & 72 77,

ATV VADBRRAFESKRENTVAILIIZER T 24kg/mm® THDHH0 5 2.3 mm?
DAX— 7 DER 1T 100kg TH D, BREETE  40kg/mm® X THELHEKT I, &
TEFRIZBRTTO05 100kgdSRAENLR D, 23mmP ODAKR— 27 OFIRIZF HY LT
AN+ CEELZOTR R VHOBENMET T 5. LR >TBRUIRLIZLICAR— 2
WMOBEEHIE Smmg DR LLBLEH, 5Smmg SUS-804 A% v bADEBMIICE -
TV Lice AR - 7DWBGORISIBRGEFRBETHTTom, ~V v 2BET
AT 15mm THD, BBIMIFFHIA >7cOPTAZETAHE—-IBE LTI EERD H D,
Ny, RKOBELHRICH BBHBRE LTWBHBAICIE, Z0F 75 TRENEHLNBRBIY
RF UV, LI o TEHER ) DBERRIENTHBEHEINESED 72 b 2T - TH~E.
BRA, SIRVEERE 4 24kgmm® L S5kg/mm? THLERD bhird o7,

REZEXRBLEH LT L, BRBIUVAX-I/EER7 5 voRIET S, AH— 20
WEAL P CEELLEERTS L, ZORMBIXETAR—2IRENL LTr»5, 1 RIC
RENZTKIZBIF D AT vV ADBIUBHOfE 28x10° Z2HWAH L, BEB75 vonf
EiZ 210 mm THEOFFT 0. 59mmiFlr. TOREEAR—-2TE &L LI LT B L,
800K IZRIJBY v 7/& E=21.1x10° kg/mm®* ZHWT% F/S=(AL/L)x E=(0.59/77) x 21 x 10°
=160kg/mm® L/Z->T, AT VVADF|RVBEZBIIBATAR— 23S TLE ),

TNEBRITDEDIZEAR— 7 O—HIIH A X 2P ERETLEDENZRM S, ERY
DAZY v 7 LTHEFHR, Cu-Be ZBIZOWTHRHRET ~/1h, BRIFZPE EHHE
BV AT VU AT BEEALTTHE CRREIR A DE VM  (SUS—630 H900°C , ity 120 kg/mm?)
PHEETDLI THIBZOHEMIOVTHIZ LAMETERLAFETHIZ LEHRLI -T2,
AR AARLH O 200mm BERE LTRE LA 2MIOBOTTHo T, WMHZIZK.S



MEMA Lz, AE 1mm, 10mmX 25mm DR FHFCT, SRR LELL 5 ASHRE LA
AXEH 100kg/mm , FAFE 200 kg DR * 2BE L,
REORALTORICIERE 77 voLERRB 7 7 vOHOBR L Vb Thicimgniaiz
AELT AXR—270fOMTERBLABOERICOI>T77 vOHMRBE LD L)
KRBT 21T o7 LIER>THEAR— I DRNIFLITHZITE R BV, ERDL I A
AEFERA LIZLICL > TRBIC L PENCH LTEIE A FEHFICUARLSDLHF LT
W5, TNERINC L > THERTBHZLIFZ LTV, Cryo-NICE OE#E EHE& & /v
IHBRZERBEETRE TV,

B. B~V v 2 BOEE
a. AE—2ICLBBT

~V Y ABORTICE L TiE, ERBOBAICHE LTARALT » hEHAkTH
SRV, FOE, a4 AREBIEI Y-V FERETADOT, 24 BESY— FEK
B3N MABI T REECEE LETHER LRV, LD >T ~) v 2 BOBETE
WIIBRBLEIR -TBELH D,

EBOINELIZ1 BRIZR DB Y, T ERTREE—ELLZY 78K & 42K T
BRHEVESARV, Lich-> TERBH SESHOLIZRHOLTZ Lick LTHHENBRAE
BAHBEBNTHE LY. RENCRFTECHABIRNBROBDAR -2 TRITIFS
ZTH, a A rhLOBENIBEREHTED, ZELIOEE TidiRE) LTLE 5 L, Cyo-NICE
DBBECREHIHBRELTVEHIZBNTLE). £T T, TOLIRERBHOBNED
BREN Cldic, 14 BIERSHTOSL HICAK— 2 EEMIC 3K, FHIZ2ADAN—
2 ERWVRITEAMICRD Z LIz L,

AR— 7 REIBEEDOLN 3mmé Tt 23mmp THD, AH—2 28 LTOMKAZN
ABIDITAR— I DEFUIP R LTH B, EMBEDAR—- 21205, MERZSEXD
TmDDENL0kg LREL B ole, EAKR—2% 23mmg & LIBHAIIE, i 100keizxt
LTCZDMEDNTDDES 30kg DEIEHEL, THAX-2 2R TBRITHE I RBH
Vo FE, BOREEHAE—2I12% 23mmg DHDEF - THALTIELEZ A, LiIEHL L
Ta A LR TR TLEIZ LB oz, THETHAR-27 2RI TETCLERBAR—7
DHNEBATLE 2 EDIIBI 2T THD, TDIHAR— IO DEY &) TH
FT2F->TWADNT, BEEEZXLTRLEBOAIL3mmoH N 175kg DS D EHEA Lic,

ZFOELEOMBOHTER L H K FRP.OFANTEICLIE, AR—I7REZEILTY
FAFAE v b OPREBRTEERIEDN Y Thl, AR—IDFREEL LTHSRBEORT
HATEEIC D,

BEEERF~Y v 2B LARKCHHFRISHENE, ECSB~N@E ) 214 10
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NERBIZHTIHERMUBOBEE LV, LEX > TERBRTOBICER Lick 30
FERETRLETHDS, L LARGHIBZETRAVL, HRABEREIBGEELRVHA LR
MEEICE S, ABRCEIERBLLEEG LA TS, ZOLIKARBMCREE 45 Ll
K%%LtwkﬁﬁKﬁTmzﬁ—9@@&@ﬂ%ﬁﬁ&éc%:?ﬁ@t??m%énrw
L5510, BRBOLELA—DHEAFEFER LTUMBRO LBV L o TRBIBAK—IA
DABPEZHEITTVD,

b, #WAT vV ARERWEHER

DET—RE~Y 7 2BOB TR, ZOEETIRAT Vv AT, hthicin
O TEAFEORE L 2ERFHBORYNICH LTS5 THD. ZZTERBL~Y 7 418
NDZBEIZ 08mme DA T v U AR EREADE - THMZ T -7 BFELCH LTIX, £~V
v ABEROLL U 1L.5m DBOFRTHY, TOROERE S PICEVWHNDERE 7 7 v
BT 5. ZOBCREAL PZEEOTTRE, BIALVIOEIEL LBIZF-ED
NEBHE NV OFODT ZRAMTIVIROERY FEFAMERS . BARORE HICIE, ¥
TafvEEVERTEL Ty o0 L 2m DBO LREPEET 5. ZOROMIREEZERE Lic
EHRLIEANNERE 7 5 v PICEETS. ZOMBEL ~TRHED 7M1 A22 92 L L
TR+ RBELS > TEETDIZ LKL, RAXEEDOLESEE AT 08mmp D%
R Ledd, +akEBRL iz ofBARMIC L5BERIIEREERDLILBHEH - KN
BOBEATETH D, EBMLERBOBIZA X — 7 DERD $LHHEBERRE - TS
DT, RAGHEETRbAI ofc, ThLAKREFETHBETAEIVBEDHD 7 71
ARy P OBRENTETH D,

c. HIRBILDa I r-BK v—1 FEIOHER

EBISE A4 vETiH, MBI L->TLELNTWBFE— a3z A EHERIZ2
75 —IlHEEND, 2V 7 2 —TOREHREZRT DT, 2 v 7 2 —EHECER Y —»
FEEWTHEB 2R XY, 2V 72 2 —HHE TIIBEBBELE LA VWIREHSEE LV, Cryo—NICE
TG > — A PS>y — A FRICEZEEhTWS,

AN LR Y~ FOBIBLSINRE~ 2 AV = DL L > TROD LMD, HEHD
—BRES OB DEEFICRINIBESICERT 551 01F

T=4.06x 1078S (H* — H?) (kg)

TEABND, 22T HH Ry v ABM T, HITREEAFENLTH LEFIZBRTY
BRBOBEIEH OH T, Cryo-NICE DK 20kG ARBEFIT ¥ — v FRIZRIR S,
oMb Lk TaE, $=785cm* THBE LT T=1270kg IKET D, TDLILKE
251 N%, BRBLaALKE VRIZKR-708mmp DAT YV ARIXTSS DI LM
iz WEBRARIZ, ZOFNEAFOROBERSLTEEAL) LT HLROER
7 KIZBITBBREDE 45kg/mm? EZEWT, ©=2{1270/@x45xm)}/2=3mm¢ L7253,



—H DL EBIZMTBH, HDEE 1000mnm & L 300 K 2381 5Y v 75 21.1 x 10° kg/mm?
PEROTCHEEZRDTHB L AL=(2-F)/(SE)= 1000 x45/(21 x 10°)=22mm L 7%, TN LI
BEKL B> TESPEBUHEK AL LD L, 2 ALEBEIT S,

TDXHICKRERNEMBOENTESAB Z LIFMANRS V.,  Cryo-NICE Tid, i~
— L FHE ~Y Y ABOBIZER 6mmp DM Vo 2 AXFAE2ERE, a4 LRLEHE
BENEIIZH L TR AMEICBNT. 2o WEIZ LZDFIHESE LTS, —BRICHE
DEMBREEARECDT, Do WVEFRRBRKELTCHCMADZ LBHKRDH, HHROKS
FHEVRESHERVDP DAEBEERONE LS DERIBT IR OBV ZORH 7 Ak
MEBREIEEICPEL, 319D, BT, R UhORE DSV, EMHRELTE 65 kg/mm®
L&y, 6mmp OFIADHBHBSBREIC7 I v b HIe>TED, o241 vOBETN
ALEFRBEEINTNDLETBL, 2ADY 7 ABEDEMICHKTHM T 3.6x10%kg
L72b,

KEDOH T ABOREHEICOPVTRTRIZRLTHS, ABOAL MZ 6mmp DFEZY)
DZDEBIZHT 5 AEERELAALT, B v — AL FROABSZIOEAL FERCRAAT2EDY
S ABNIRTHERNT~Y v 2 BABLETHIE TS, RTRIHLTAILLEI S,
SR L OEMMERIZZ7 I v P TRVWEDIZ—HIZAMVE EBA > TNWD I LAH -7ds,
BEINZZ LR ERLIET ARV, REO—HAEL P EEELTVDHLHI, AL
AUDBICR CNIEL BRI 5WTENDZ LD Tz, BIEDBIZZD LI B Lhisin
PBROEDICL, BHMEESHIC7 5y HCTAEOLEE L. EETEE D OME S
RETDHLEDNLS,

# T AR L VOB BREE DN E W DI, 254 ARy FOREEM L LTI
HEVFREINERY, LBALERDISIEBICEBFIOAB MDD L IICTRTIE, Z0%
AiEk&EVWX2IcBbhd, Iz LERDE IR 2 DOBEHDOEIZA » TODHEITITEHH
FIIZERZ LART TR 72,  Cryo-NICE DOBEIZIE, WREEH O~V 7 2BH» 5
RREBHATHIIENLETH D, BRBHIHOLEEHT D LERBORBEHRZ DN F A izmb
DR OTREEDRH D,

DEDEIKAF— 2 2FRTAILIEE - Ta AL EBEESE, HBRIIBED H DK
FPREB 7 744250 rOBEPKRT Lo BIEE Cryo-NICE OB EFEIZR 5 X 5 il
BEDOMBERE > TRV, LBRLYETOEETH -/, BECLD 24 1 F.LOBEZ 0.1
mm PAIKEBSAD LV RBEABIIERBRZDEIDICO2VTX, DL IATHTH
Do EDEOIRF =9 72 THRBINRVEETERERICRALTLE o/, feidllEnbitatk
FIFFER LI R TRR LI E ZA TR, BUICRE LAE» S0 24 AR LOBEIZER
O oigh oz,
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7. ZHEDOHEHEE _

BEYE A AV BEETIBEOZEAMDOBERIZ2 DX AMNEND, H 1L, WESESHERT ~Y
Y AZBICRERET IR, ETHREOHREERFEE ETTFAPLETHD. TOBICTK
HOEBETHI LR VSREOEATHET S, & 213, BAOTEL THNABI SOBTEA
REBEBRETHD, MiEDOTFHREETIEAOWE TERIIIHERLZBRWRETH DD,
BMAEROTBARURELLT, FABROMEZDOWTRER 2L DR TE L S,
11 RAOME
—BRICBFIRENAEAL LTI, BE~V v &, kK, €%, BRLERHD, Th
SOEADI A A2y VBUELELBLELNIMHEEZERS KART. HHOSHICE - THE
BREIRRBATHD, LPLAR LY ABHB LBZTRTS X5 RBEII, kL
LTRERBL T AD= VAL E—IZ L >THRED, FREOVAD=VvEAE—-RROTHR
KRLTHD. ZRIET 10 OBEBKIALLT 300 K , 1REDHALZR-TLEDNDEREED
bhHT,

xS & @ XA O KR

& He? H, N, 0,
& F B 4.008 2.016 28.016 32.0
i A (K) 4.2 20.839 77.85 90.0
BB T BENIEE (kg/f) 0.125 0.071 0.808 i.14
& B #  (kcal/kg) 4.54 106 46.8 51.2
Btk 1 ¢ S0 niERE (keal/R) 0.62 7.5 87.4 58.8
BRAICLBERRE (/Wh) 1.4 0.115 0.0230 0.0148
= it i (300K) 480 860 880 880
1GENHAD=vE L - 4K 7

(kcal/kg) 20 28 170
77 98 310 45
300 376 1010 104

1 kW =0.239 kcal/sec

712 FALCLIERAONE
BRETORGZEBET, X CAHTANILERB#EI=vEILEY - DE

— 190 —
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THd, mol ¥ Y DOHEBACIEKF A1 DR Lo TE{MBNLTNE LT, FAM1REOIC
NTH4ER TIE—EE 8 RIZESL . —FH+2ER TR

C=234R(T/0)) T<O
LB, ORRENALE CIIHEK TH BT K OEEFR CREMITIC AT 5,
LiedioT=v 2 A €=t THe Bl LCIREN T2 L aBicmd 35, £ 6 (Ll 4 DE
D=V &L E—DEETRT .

£ 6 ® o T v %Y N E —
z v 4% a ¥ — [ joule/g)
% B :
4K 19K 20 K 50 K 100 K 160 K 200 K 260 K 300 K
7As=9a |4.63104]4.91084.8-10%] 1.8 17.76 54.4 8.8 185.0 170.4
| 1.3-1042.4-10°%]3.4-102] 1.40 10.6 28.5 42.4 64.4 79.6
=572 |98-10%]71103]|4.1-102}9.8-107! 8.63 26.28 | 40.82 65.0 82.4
757,41+ | 1.68:10% ] 3.83-10°| 3.8 -1072{7.0-107! 5.10 .08 | s82.2 62.5 88.7
£ % o |9.0-107 4.6-102| 111 9.8 41.3 81.5
Yy KaAgL | 5.16-107% 3.31-107!
B ¢ | 1.68-107% 3.8:102|70-107! 5.10 32.2 88.7
AUy P A and e
2 % 20110 1.5410
7084 b | 2.10-1073 6.23-1071
5 7w v |8.10-10° 5.2-1071| 4.83 19.51 75.9

cal /gic +3ICi% 0.2390 ¥ 5,
HOHAE 6 THERMHMAER] (ARTHFMLEH)

BE, BEHEa M LOTFEOERIRDOLICTI . TRE~NY vV ABICHGER 2
LT, 24 vRUBERTTKETHHAT S, ZOH, BEEREZEVELTHDE, »—& Y —K
V7 TBAEERNZEA 939Tor EETHELER>AREZILSETHR TS, TD L
S5t Bl, BICRGAEROEBWE LAELCHESERY TR, BOBREZ=8ERRE
63.15KE CTFIFAZ LAk D, ZDBIRENY 7 2DBXEET->T42 KETHHATS., &
DS EBENY 7 M EBEHLTI UHADABIZ X » THRO= v & L €— FAMICHES
LY¥B I DBEABGE~NY) VADEET 2L BLTHI LIRS, BRAILTT K DFD=
VEALE—iXfy 18callg THBN 63 KETHETS LI 09calfg LFWT B, FICAB~ 7
Fy MZEANERBEEFRICETIRG~Y ¥ 2ORFHERT 50 0 ZOFHGEHADRHRIT
KEW, BEAE~< 7%y b TIRAEA~Y Y 28FEEAVT 20 K BEETHA LS, &K
B~V Y AEFTETEIHENRLLNTNWS, D 20 KIZKITE=vEr E—iT8x107 calfg
CRDTEN D, bErREORE~Y 7 AT42 K ETHHHR, HEBCRIIBIHED S,
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—HEFIDEBHEN IR OERBMLER LY 2AD= Vv E L E—Z L oTHRES, BARAK
~NY Y ADBE, ILOBROERRBIESITRLILE 1T 0.62kcal LIEEITPEIWVEH, £h
DO LI M ANEL2ICHTE LT300 KETR-LTHL (376 -7)x0.125= 46 keal %
OPBERINT D, LW oTHEED= vk EFEFIRHEIHLLEIPICL-THT
BREBTIRADOHBRIARE R TS, RTIHHOYWEE 300 K £77 KD 1kgD
EBEBRMICT THRELIBEL T AD= v 20— EFRA L THA LIBRICR T 5%H

DEERT,
x 7 HHOADECLDELREAOR .
(%/ke)
% # He“ N2
#HEowmPEE K 300 7 300
7 n 3 18 8.2 1.01
A RO A AF VUV A 9.2 1.4
T E Y X . 0. 538
$m 8.6 2.2 0.46
HAN=VEL 7o 3 1.6 0.22 0. 64
v—-%FB L ATF VLA 0.79 0.11 0.83
He
£ 0.79 0.15 0.29

Jacabs, J.B. Advances in Cryogenic Engineering 18, 529 (1963)
BOC *“Cryogenic Data Chart”

Cryo-NICE DF&E a4 LBk~ ) 7 2BOEREIZN 100kgTH 555, RRICLD®
HIPNFE LA EHEREP - THE 77 K542 KETOTEIC 1400 OFE~Y 7 & %
HBIZR D, —ARKOBTRIT5 I BIADLNDLTHLENLTTY, ZOEXHEY
WHREWVD, BHADOBRLEBLIEI-TTFHARRISMEBEEIRESRS, Cryo-NICE EHEE
AN THDIDTLRD 24 MANMRIZRENT, BBE M 7T 6RIT 2ED A1 7z
FITONTafATHETL yHrbSLEHT. RBEEFHIZETIRE~Y v A DEIF152
FTHD. —BOIT =24V - BEERO L~ 1o BEDELTHACTHETHLNILTH
5%, Cryo-NICE DHERBIFEECIVERTHSLEDNS,

REBROBEITIE, BRBEN kel EREVOTEKIK LGB RT5BBETH
TOBBRLEDHBEDOEZHEVRES LV, LB 2T~ v ADHELELHE-T, &
BEDZLEHRBRVRIFERMBELEIRDZ Lidiv,

—98—
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13 BRALLDIRHONR
HEANOBBADORHEE LTIRKDE I AT
(1) HEZEMOBYE» AL 3858
(@) HZEZEM %@ LTOBmHIC X 2BMA
@ 274422y N EZE LTORGE
@ ~V 9 ARV TCADKRBE M 7/, WEst, BV — V& X aasH
6) UEHBRBH D> & 0EE

COILMEBED? 74+ A% v + TREREERS. @), OROVTIRIDHG 2ERKL
TER DK APRNTODIeDICBDHAEERD DI LIZEIBL TII AV ZOREIZD
WTEHBIZWT), EFTARA-70LREERRTS LE LTV IHEEHN 2R LTOREY
LEBSHZ X B EBEHITOVTENS,

WEH-LZEEAEAZ S SR E OBEGOIROBRER T,,T, THHLT5L, Bolkh
B S

EBERIOND,

T
Q=Qé[f AT~ [k dT]
0 0

ThobEhd, ZZTrixl 2RIIR LIBEER T, ZOBESMEIZRE 4« OBEEIZOWTR
HoNTVE, 2,8DFIZDVTE B IZRT,

® 8 REEEoORSH fo TK (T)dT watt/cm

& Kﬁ (@ﬁaﬁ) 79;%i AFVUR ﬁxfoﬂx 5 78 v

6 8.0 0.176 0.0068 2.11 .18

10 33 6.07 0.02938 6.81 4.4

20 140 276 0.163 20.0 16.4
76 686 220 8.17 178 180
100 802 284 5.2 8 292 187
200 1220 508 16.6 1030 442
300 1620 728 30.6 1990 702

BRI LDBMAKDWTIEAT 77 ¥V« LY = VDR

Q=567x 1072 A(T,* - T, %)

WEoTRkDBND, X2 2DEDFEEHBTENFNOEOKMRE 61,6

AL A, LTRLRAMABOSA
- €1 €2
6_52 +A1/A; (1 —-€)e

THD. W OPDHEOBHFRDOEERE I IZRT,

LLEREZ
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x 9 ¥ o#® o K &5 =

Surface temp K
, 4 28 717 300
Copper 0.0050 0.008 0.018
Silver 0.0044 0.008 0.02
Aluminum 0.011 0.018 0.08
Stainless steel 18-8 0.048 0.08
Silver plate on Copper 0.018 0.017

Appl. Cryogenic Eng. p 154 (Vance and Duke)
BOC #: “Cryogenic Data Sheet” & 9

A. BREZERBNOMTA

AR—7 @ CTOBRRAR, AX— 7 ONHEED 0.0415ecm? , KSH 5.5 cmTEHED 48
ATHDH 5 (0.0415/5.5)(30.6 -3.17)x48210 T » b LD, BEICLABBAILLTAT
VVARLEETDHE 227 9 THD, ZOMICEFHIEBE v — L FRIZBAZESHL TVD
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