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PREFACE

International Seminar on Dynamic Processes of Highly Charged
Ions was held as a satellite meeting of the Tenth International
Conference on Atomic Physics (10th ICAP, Tokyo), on 21 - 23
August, 1986, at Fuji Institute of Education and Training, near
Mt. Fuji, Japan.

The Host Institutes of this Seminar are Institute of
Physical and Chemical Research (RIKEN) and Institute of
Plasma Physics, Nagoya University. There were 58 participants
from 6 countries, among whom were from abroad. In addition 6
family members visited. The Seminar was opened by the Guidance
of the meeting by Dr. Y. Awaya, and the opening adress by
Dr. T. Watanabe, RIKEN, and closed by the concluding remarks by
Professor Y. Kaneko, Tokyo Metropolitan University. On the 24th
of August, the most participants visited the fifth uphill station
of Mt. Fuji and couid luckily see the top of the Mt. Fuji, on the
way from the Fuji Institute to Tokyo.

The Proceedings incliude 18 review papers and progress
reports and 10 contributed papers. The contributed papers were
mainly presented in the. Poster Session on 22 August. In
addition, the list of participants is also attached at the end of
the Proceedings.

On behalf of the organizing committee, we would like to
express our sincerest thanks to all participants who gave active
contribution not only by the formal presentation of papers but
also through the informal, hot dicussions in all possible
occasions during the Seminar. We would mention the achievement
of devoted secretariat Drs. Y. Awaya, T. Kambara, Y. Kanai, and
I. Shimamura, and Ms., M. Nishida. We would also like to thank
Mses. M. Awaya and Y. Watanabe for their friendly contribution to
the family program,

S. Ohtani
T. Watanabe
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SPECIFICITY OF HIGHLY CHARGED IONS

Tsutomu Watanabe
Atomic Processes Laboratory, The Institute of Physical and
Chemical Research (RIKEN), Wako-shi, Saitama 351-01, JAPAN

Highly charged ions (HCI's) have been obscure for long time and
have not cut a complete figure yet even nowadays. It is quite recent that
a highly charged ion has been obtained with sufficiéht intensity to meas-
ure in the form of ion projectile or ion target in scattering experiments.
This difficulty comes from the unstable property of highly charged ions.
They can easily capture an electron from the surrounding atom, molecules
or free electron cloud. It is difficult to confine highly charged ions
within a certain small volume as the target in scattering processes. It
is also difficult to obtain an HCI with the velocity of particulary low
or high compared with the charge balancing velocity. Nowadays the re-
search activity for the dynamic processes of such highly charged ions are
being developed, This is due to the improvement of production method for
HCI (ion sources and recoil-ion chamber) and also due to that of the meas-
urement techniques. Theoretically, it can be more easily being extended
with aid of large scale computers. Some of them will be presented and
reported in this seminar and stimulated and hot discussions on those re-
search works will be desired.

From my opinion, one of specificity of HCI lies the existence of
hudge attraction potential which causes to find an electron within a wide
domain. For example, the orbiting cross section in ion-atom collision
with charge eq. and polarizabity « can be written by

o = 192 (—f;;—)l/2 (1)
where v is the relative velocity and m is the reduced mass of the col-
1iding system. This cross section is proportional to the charge q of the
ion and the critical energy to the orbiting collision can be proportional
to qz. The magnitude of cross section for orbiting process exceeds some-

times of the order 104(q/v)na8 .

The second specificity is the contribution of excited state of ions.
This feature is closely related to the first specificity i.e. the side
range of attractive potentials. If we see the oscillator strength dis~
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tribution (0SD) of hydrogen like ions, the relation between the oscillator
strength and energy scaled by 72 (2 being the atomic number of jon) is uni-
versal and doesn't depend on Z. This feature can be extended another iso-
electronic sequence when we want to make qualitative discussion on the 0SD.
Deta%ls will be reported and discussed by Manson. Speaking ofngeneralized
oscillator strangth distribution (GOSD) basically situation can be discus-
sed similarly, the result becomes somewhat different from GOSD in the case
of heavy ion collisions. According to the difference of the momentum
transfer region, each GOSD is quite different frcm the case of electron as
well as proton impact. This feature may influence on the Z-dependence of
GOSD.

In the inner-shell excitation and ionization of proton absorption,
so-called shape resonance spectrum or a giant band observed in the case of
neutral species. However in the case of charged jon or multiply charged
jon, this shape resonance spectrum is disappeared and the Rydberg spectrum
appeared again., This is due to the wideness and strongness of the multi-
charged Coulomb pocentials. The ionization cross section of ion by elec-
tron impact is sometimes quite different from that of neutral one. The
contributions of singly excited states and doubly excited states (auto-
ionizing states) are sometimes relatively large. This is due to the dif-
ference of the outer-shell structure between a neutral atom and an ion.

The third specificity is the interaction of photons with HCI's.

In HCI, the difference between electronic energy levels is probortiona] to
q2, and the spontaneous radiative decay rate of electronic transition is
proportionai to the square of the energy difference (transition energy).
Then decay rate is proportional to q4 ( or if we consider that transi..on
dipole moment is the same order of magnitude rather than dipole oscillator
strength, the decay rate is proportional to q6). The role of radiative
decay rate becomes important among the process which compeats. The impor-
tance of dielectronic recombination and resonant-charge-transfer-and-exci-
tation (RTE) process are often emphasized and they have been investigated
extensively in recent years. The dielectronic recombination is the inverse
process of double photo-excitation. The RTE is the relevant process where
the part of an initial free electron in dielectronic recombination is
taken by a bound electron in a target atom. Some of the phenomena, which
will be reported and discussed in this seminar, can be interpreted along
this concept and others might deviate from this simpie speculation and
these can be expected to lead to a new discovery.
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An Overview of Low-Energy Ion-Atom Collisions#*

C. D. Lin, W. Fritsch** and M. Kimura#

Department of Physics, Kansas State University
Manhattan, Kansas 66506 USA

**Hahn-Meitner Institute, Berlin, W. Germany

$Argonne National Laboratory, Argonne, Illincis 60439 USA

I. INTRODUCTION

Current interest in collisions between multiply charged ions (MCI)
with atoms and molecules leading to electron capture into excited states of
the projectile ions stems originally from applications in fusion research
and in astrophysics.1 In the last few years, many distinctive ion sources
have been developed at different laboratories. Multiply charged ions
produced in ECR, EBIS ion sources, as well as recoil ions produced from
bombardment by fast heavy ions and by intense lasers are used routirely in
collisions with neutral atoms and molecules. Early measurements by
charge-state analysis of the projectiles provided many sets of total charge
transfer cross sections. Stimulated by these measurements, many theoreti-
cal models have been proposed. For a recent review, the reader is referred
to the article by Janev and winter.?

Advances in recent experiments in the collision between MCI and atoms
have provided cross sections to specific final excited states for a number
of collision sytems. These states are identified either directly by the
energy-gain spectroscopy3 or indirectly by the photon-emission spectro-
scopy.4 Within the last year, there were reports of the polarization
measurements of the photons emitted from de-excitation as well as differ-
ential cross section measurements.” These data give information about the
distribution of magnetic substates and the impact parameter dependence of
the capture mechanism, respectively. These detailed measurements
undoubtedly provide a greater challenge for a more accurate theoretical
description of the collision dynamics between MCI and atoms. In this
overview, we will give examples of the more recent measurements of colli-
sions between MCI and simple atoms where a detailed comparison between
experiemtal results and theoretical calculations is possible. Through such
comparisons, it is hoped that we can identify the salient theoretical and
experimental problems in this area for the next few years. We will also



address briefly the problems in multiple electron capture and in
MCI-molecule collisions.
I¥. THEORETICAL MODELS

For collisions between MCI and atoms where the energy of the MCI is in
the'range of 0.1-30 keV/amu, it is adequate to treat the motion of the
heavy particles classically. Because of the large positive charge of the
MCI, it is clear that the problem has to be treated by nonperturbative
methods. Tio general approaches explored by various groups are: (1)
direct numerical sclution of the time dependent Schroedinger equation; (2)
close~-coupling expansion in terms of atomic or/and molecular orbitals.

In this overview, we will not address the first method® or its
generalization (to the time-dependent Hartree-Fock method’ in the case of
two-electron collision systems) since these methods have not been
extensively explored for collisions between MCI and atoms. Instead, we
will focus on the development in the more traditional close-coupling
expansion methods.

In the close-coupling method, one expands the time evolution of the
electronic wave function as

WE,t) = L o (t) ¢ (Tt ) (1)
J

where ¢j is the eigenfunction of some operator, T denotes the coordinates
of the electrons. An important step in (1) is the determination of suit-
able basis functions. It would be desirable to use as few basis functions
in the expansion as possible for a given collision condition. At t——>4w=,
it is clear that the suitable basis functions are the atomic orbitals (20)
of the target and of the projectiles travelling with their respective
centers. Thus a convenient basis set for (1) is the travelling atomic
orbitals of the two ccllision centers. This AO expansion method was
proposed by Bates’ in 1958. Another familiar method is to expand (1) using
the adiabatic molecular orbitals (MO) of the collision system. This model,
generally known as the Perturbed Stationary State (PSS) approximation,9 has
long been served as the basis for the qualitative as well as semi-
quantitative description of slow ion-atom collisions.

The PSS model, although conceptually quite appealing, is known to have
some mathematical defects.' The adiabatic MO’s correlate to static atomic
orbitals in the asymptotic region, and not to the travelling atomic
orpitals. Thus each MO basis function does not satisfy the asymptotic



boundary condition. To remedy this situation, electron translational
factors (ETF) are incorporated into the MO’s. Since there is no well-
defined physical principles for the determination of ETF’s except in the
asymptotic region, various forms of ETF’s have been proposed.1°

One special feature in the collision of MCI with neutral atoms is that
transitions occur mostly at large internuclear separations. For this
reason, the AO expansion is quite adequate in giving reasonable accurate
total cross sections to each subshell. 1In the static limit, the MO’s at
large internuclear separations can be accurately represented as linear
combination-of-atomic-orbitals (LCAO) and thus the AO and MO expansions are
equivalent. By adopting an AO expansion, however, there is no ambiguity in
the choice of ETF’s. ,

The AO expansion is not expected to be valid for collisions occuring
at small internuclear separations. Thus the AO results become less
reliable at lower collision energies. For one-electron collision systems,
it is possible to include united-atom’s orbitals in the two-center AO
expansion (the AO+ model)'' to span the same Hilbert space as represented
by the molecular orbitals. The A0+ model (or its equivalent 3-center
expansion model*?), however, requires a larger basis set in practical
applications.

An alternative unified AO-MO matching method has been proposed

13:1% hig method is somewhat equivalent to the R-matrix method'’

recently.
for time-independent problems. 1In this method, one expands the time-
dependent wave functions at large internuclear separations using travelling
AO’'s and in the inner region using static MO’s. The wave functions are
matched at two internuclear separations, one in the incoming part and the
other in the outgoing part. In this method, the inner region is identical
to the PSS model. Since the MO expansion is limited to the inner region
only, problems associated with the ETF’s in the PSS model are avoided.
III. SELECTIVE EXAMPLES

In this section, we compare selective experimental results with
calculations based on different models to assess our understanding of the
dynamics of the collision between MCI and atoms. We will first address
single-electron capture only where detailed studies are available. To
simplify notations, we use o, 0, o ,, and o,
capture to n-shell, to nl-subshell and to nlm-state, respectively.

. to denote total capture,

A. o : Capture Cross Section for n Shell

In the low-energy region, the electron is captured predominantly to a
specific n, although capture to other n-shells i3 also possible. The



dominant n-shell can be easily estimated by the classical barrier.modells
(CBM) or from simple molecular potential curves. In Fig. 1 we show the
experimental results'’ for electron capture in c**-H collisions. Capture
to the n=3 states of C* is dominant, and thus o, is
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nearly identical to o, obtaired from charge-state analysis measurements.
The experiment of Dijkamp et al. also gives cross sections for capture to
n=4 shell. These data are compared with the A0 calculations of Fritsch and
Lin.'® Note that the agreement between theory and experiment is quite good
even for the small o,. 1In Fig. 2 we show the results for the c**-m system.
There are no experimentai measurements but there are a few calculations for
this case where capture is also mostly to the n=4 shell. Most of the
theoretical calculations agree with each other for ¢, and with total
capture cross section measurements. However, the predictions for the small
o, are quite different. The 33-state MO expansion calculation of Shipsey
et al.’’ predicts large o, at low energies.
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The AO calculations of Fritsch and Lin’’ and the AO-MO matching results of

13b

Kimura and Lin both predicted much smaller o, and are in good agreement

5

with each other. From these results it is difficult to jump into the
conclusion that the MO expansion method is not velid since in the calcula-
tion of Shipsey et al. there are several approximations made in the matrix
elements involving n=5 channels. Whether the discrepancy is the result of
the numerical approximation or of the MO expansion remains to be resolved.
B. g ,:_ Subshell Cross Sections

For highly charged ions or bare projectiles, the energy separations
between final nl-subshells in a given n is usuall too small to be resolved
using the energy gain spectroscopy. Although there are a number of
theoretical calculations predicting the -distribution for collisions
between bare projectiles and atoms, there are only indirect information
about the -distribution from the observed Lymann radiation emitted.??
These measurements indicated that there is no serious discrepancy with
MO-based models which include ETF’s, nor with AO-based results. For lower
charged heavy ions, the energy separations between nl-subshell are often
large enough to be observed using the translational energy spectroscopy.
An example of this is shown in Fig. 3 where cross sections for one-electron
capture in C**-H collisions leading to c** in specific nl-subshell is
displayed. In this system, the data from the translational energy
spectroscopy22 are in good agreement with those obtained from the photon-
emission spectroscopy.23 These results, surprisingly, are well predicted
by calculations based on the MO expansions without including ETF’s.2?
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Another example where g ,'s are available for comparison is 0°* —He.
Comparison of the experimental results of Dijkamp et al. with the results
of AO expansion can be found in Fritsch and Lin.?®

* Although o, and ¢ ~for a given target depend mostly only on the charge
state of the projectiles, the 2-distribution depends more sensitively on
the core structure of the projectiles. For example, the ¢ , distribution
for n=3 in 0°*-He and C®*-He are somewhat different. At a given collision
speed, capture to the 3s tends to be smaller for the ctt,
C. o ,,-Distribution

Partial information about o , has been obtained by observing the

polarization of the photons emitted’®'?’ from the de-excitation of the
electron after capture. Comparison of theoretical calculations with
measurements are complicated by the need of considering the depolarization
due to the spin-orbit interaction and for the effects due to cascades.
There is very little theoretical analysis in this area, but work is in
progress.?®
D. Differential Cross Sections

Measurements of angular distributions for electron capture to z
specific state give information about the collision dynamics at different
impact parameters. While the total cross sections o , are often dominated
by contributions from large imapct parameters, angular distribution
measurements can test whether the theoretical models are valid over the
whole range of impact parameters. An example of angular distribution is
shown in Fig. 4 for the double capture in C'*(1s?)+He—> C**(1s® 2s?)+He'"
collisions at 1520 keV. This is an ideal system since double capture is
the dominant process in this energy region and thus the collision is well
approximated by a two-channel model. The relevant molecular potential
curves have also been calculated.?’ Using the MO expansion with the ETF’s
of Kimura and Thorson,>’ the angular distribution for this system has been
calculated using both a full quantal formulation and a semi-classical
method.>' The theoretical result is also shown in Fig. 4 where it has been
folded with experimental angular resolutions.” It is noted that the
agreement between theory and experiment is excellent. Experiments are
being carried out for other other collision systems. It would be desirable
to compare theoretical calculations for multi-channel systems with new
measurements to check the validity of the theory.
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Fig. 4. Differential double electron capture cross sections for c** on He
collisions. The experimental data were from Tunnell and Cocke
(Ref. 5). Theoretical results shown in solid lines were the
results of two-channel fully quantum-mechanical calculations by
Tan et al. (Ref. 31).

IV. MULTI-ELECTRON TRANSITIONS AND MOLECULAR TARGETS

Multiple electron capture processes occur frequently in collisions
between MCI and multi-electron targets, producing multiply excited states
which stablize usually by autoionization with the emission of secondary
electrons. Double electron capture has been identified in energy-gain
spectroscopy, and is the main contribution to transfer ionization (TI)
processes in charge-state analysis measurements. Unfortunately the resolu-
tion in current energy-gain spectroscopy can identify the principal quantum
numbers n and n’ of the two excited electrons only. The new development in
zero-dagree spectroscopy32 has improved the resolution by looking at
electrons emitted in the forward direction, but the method is limited to
projectiles with higher velocity.

Multiple electron capture is the most efficient method of producing
multiply excited states of atoms and ions. Unlike excitations by electron
or by photon impacts where multiply excited states are produced only by the
weak electron-electron correlation, in ion-atom collisions these states can
be produced by ’multi-step’ mechanism, i.e., through successive single
electron capture processes during the collision. In this latter process,
electron correlation plays an important role only after the collision is



over. It has been established that the cross sections for the production
of doubly excited states by photon impact33 and by electron impact follows
some yuasi-selection rules.’® These quasi-selection rules can be under-
stbod in terms of the new classification scheme of doubly excited states.?
It would be desirable to explore experimental evidence for selection rules,
if any, in the production of multiply excited states in jon-atom colli-
sians.

5

There are many charge-state analysis measurements for electron capture
cross sections in in MCI-molecule collisions. Since the dominant contribu-
tion to the total capture cross sections derives from large impact para-
meters, the process can be approximated by using a model potential for the
molecule or by neglecting the strong coupling region of the ion-molecule
complex. Calculations based on these models by Kimura’®' 37 have produced
good total capture cross sections. Exciting experiments in ion-molecule
collisions in the future, however, probably will study the fragmentation of
the resulting molecular ions. For diatomic molecules, coincidence
measurements tell how the capture process depends on the orientation of the
molecule. Production of different polyatomic molecular ions has been
observed®® in abundance; many of these ions have not been isolated by
chemists. This area of ’hot chemistry’ would allow the study of complex
molecular ions. These ions are believed to play an important role in the
formation of complex molecules in intersteller space through chains of
ion-molecule reactions.

IV. SUMMARY AND DISCUSSION

The progress in the study of collisions of MCI with atoms in the last
few years clearly indicates that both theory and experiment have passed
their infancy. Improved data on subshell cross sections, polarizations,
and differential cross sections will provide more stringent tests of the
different sophisticated thecretical models in use. Currently, multi-
variable coincidence measurements are being carried out by the group from
Orsay.39 In their study, the charge state of the target and of the
projectile, the energy gain and the angular distribution were measured in
coincidence. These data allow a clear identification of specific final
state. In particular, this group has been able to identify triple and
quadruple electron capture events in a single collision, although the
resolution is not good enough to isolate specific states.

From the theoretical viewpoint, it is fair to say that model calcula-
tions for one- and quasi-one-electron systems are in good shape in the

- 10—



energy region where the number of states populated are small. For multi-
electron target atoms, ab initio calculations are much more difficult. A
detailed study would require proper consideration of collision dynamics as
well as electron correlations. For two-electron collision systems,
calculations based on AO expansions have shown that the results are in good
agreement with measured ¢ ,. However, the computational effort is not
trivial for each system. Neither the MO with ETF’s nor the AO-MO matching
methods have yet been applied extensively to obtain partial cross sections
in MCI-atom collisions, although there is no reason to expect that these
calculations would give erroneous results since these models have been
successfully applied to other ion-atom collisions.

In this overview, we have not considered the role of ionization. For
MCI-atom collisions at low energies, it is adequate to neglect ionizations.
At increasiig collision energies, many nl subshells are populated.

Detailed full close-coupling calculations become nearly impossible beacause
of the large number of channels. A reasonable approximation is then to
treat each n-manifold separately9° or to include the coupling between the
dominant n-manifold with each weaker n-manifold separately in each
calculation. Although the capture probability to eacii n-manifold is small,
the sum of the capture probabilities to many n-manifolds is large. So far,
it has not been possible to include ionization channels in the MCI-atom
collisions in the intermediate energy region despite that the effect of
ionization can be included in the close-coupling formulation using
pseudostates.41 Recent calculations'? indicated that the neglect of
ionization channels can give errors up to a factor of two in total capture
cross sections at high energies.

Finally it is important to mention that the basic collision dynamics
in MCI-atom collision is not very different from the conventional ion-atom
collisions studied using small accelerators. Theoretical methods developed
for MCI-atom collisions are applicable to other ion-atom collisions. It is
fitting to say that many experimental data in proton-helium collisions
perfomed almost two decades ago have now been explained43 using the AO0-MO
matching method. The same calculation can also explain the recent measure-
ments of alignm.ent44 and of orientation parameters45 of H(2p) produced in
p-He zollisions.

*The 1 -search work reported here was supported in part by the US Department
of Enerqy, Office of Energy Research, Division of Chemical Sciences.
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CURRENT TOPICS IN HIGH-ENERGY ION-ATOM COLLISIONS

J. Eichler ,
Hahn-Meitner-Institut fiir Kernforschung Berlin, Germany F.R.

In a large number of laboratories, ion-atom collisions can now be
investigated experimentally at high collision energies. By high energy it
i3 usually understood that the projectile velocity considerably exceeds
all electronic orbital velocities occuring in either projectiie or tar-
get. In a few cases experimental investigations have even been carried
into the relativistic velocity regime. From the theoretical point of
view, high-energy collisions are simpler to describe in some respects,
because many of the finer details of atomic structure do not contribute
or are currently not measurable. In the following, I shall summarize some
of the results. that have recently been obtained. Since the selection is
necescarily limited, it is far from complete and hence involves personal

preferences.

1. Nonrelativistic High-Enerqgy Collisions

1.1 Excitation and Ionization

At high projectile velocities, the process of target excitation or
ionization is generally well understood. First-order theories, as for ex-
ample the plane-wave Born approximation {PWBA) or the semiclassical ap-
proximation (SCA) give reasonably good agreement with experiment. These

theories predict a projectile charge dependence of the cross section as
Zg. For high charges ZP, however, the first-order cross section exceeds

the unitarity limit, so that non-perturbative methods have to be ap-
plied. Recently Brend1é and Gayetl have developed a method based on
Schwinger's variational principle to calculate excitation cross sec-
tions. If ’i>,|f> are initial and final unperturbed states, GTi is the
unperturbed target Green function, and V the perturbing potential, the
scattering wave functions are

N + .t
‘¢1> = |i> + 63 V[eD>
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o9 = 1P Yep
The Schwinger amplitude then is given! by

<f|V|¢§> <¢;|V|i>

Te.
i Wi |V - VERY |4t

and is known to be stat1onary with respect to small errors in ¢*
The evaluation is performed by an expansion on a truncated bas1s set
Without going into details, one can immediately see that since

+ 2

the Schwinger amplitude tends to a finite limit as Z_ » «, This leads to
the so-called saturation effect. Recently, Wohrer et al.? have experi-
mentally investigated the nuclear charge dependence of 132+152p and
1s2+1s3p excitation cross sections of Fe2** projectiles at 400 MeV. They
clearly find the saturation effect in agreement with the predicted be-
havior.

1.2 Electron Capture 7

Being a rearrangement collision electron capture is by far more
difficult to treat theoretically than is excitation or ionization. The
development in the last years has been guided to a large extent by the
attempt to reproduce the asymptotic high-energy behavior and the so-
called "Thomas peak" in the differential cross section. While this is a
second-order effect, the first-order theory, since more than thirty

years, has been identified with the Oppenheimer-Brinkman-Kramers approxi-
mation (OBK), irrespecitive of the fact that the OBK cross sections are
off by a factor 3 or 4. Only recently the reason for this defect and
other problems has been pointed out by Dewangan and Eichler3: The long-
range nature of the Coulomb potential renders conventional scattering
theory inapplicable and requires a special treatment. (In collisions
without rearrangement this does not lead to serious difficulties) By re-
writing the first-order (and similarly higher-order) transition amplitude
into a first-order B1B ("boundary corrected lst-Born") amplitude for a
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short-range potential one obtains?

ivp Tn{R-vt)
‘ d.e

1

® 3y JA A
Agpg = 1 <@elvyMRNE) T T >dt

Y‘T R

where @, involve translational factors and VT=ZT(ZP'1)/V’VP=ZP(ZT”I)/V'
It turns out that this first-order amplitude which is consistent with the
long range nature of the Coulomb interaction yields encouraging agreement
with experimental data even without any further corrections. This shows
the need to reformulate more sophisticated thecries in such a way that
Coulomb boundary conditions are satisfied from the outset.

1.3 Resonant Transfer and Excitation (RTE)

For the processes discussed so far, electron-electron correlations
do not play an important role at high collision energies. If several
electrons are involved one usually gets satisfactory estimates by as-
suming independent electrons and applying appropriate statistical fac-
tors. In contrast to this, RTE comes about just by electron-electron cor-
relations. In RTE, which is closely related to dielectronic recombina-
tion, a quasi-free electron (bound e.g. in an Hz gas target) is captured
into a multicharged ion while at the same time the energy gain is used to
simultaneously excite an electron, say from the K- to the L-shell. The

process occurs in resonance, with a width that is determined by the
Compton profile of the target electrons. Subsequently, the decay of the
excited electronic states is detected by the emission of x-rays or Auger
electrons. Reusch et al.” have performed experiments with a Ti%* jon
beam of 260-420 MeV and a Ho target. By measuring the K x-rays, they
clearly identif y two peaks arising from KLL and KLn(n>2) capture. The
data are in agreement with theoretical predictions®.

In another measurement by Swenson et al.® RTE has been detected by
the measurement of Auger electrons in collisions of Li-Tike 0°* jons with
He. A resonance in the cross section for production of Be-like
(1s2s2p2)3D and (1s2s2p2)lD states as a function of ion energy has been
observed at ~13 MeV with a width of 7 MeV, in excellent agreement with
the impulse approximation model” for the RTE.

1.4 High-Resolution Projectile Spectroscopy

The experiment just mentioned has been performed using techniques
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of zero degree Auger electron spectroscopy. This powerful technique first
used by Itoh et al.® takes advantage of the fact that at forward angles
the Doppler broadening vanishes in first order so that after a dece a-
tion of the electrons an energy resolution of 0.1% can be achieved. It is
then possible to obtain very detailed spectra of highly charged projec-
tile ions.

2. Relativistic Collisions

In very recent times it has become possible to accelerate heavy
ions to relativistic velocities?. The coupling of accelerators known as
the Berkeley BEVALAC has opened up new frontiers in physics by producing
ions up to uranium with maximum energies up to 1 GeV/amu. Under these
conditions, even high~Z ions can be stripped to one- or two-electron
systems, their atomic structure and QED corrections for high Z can be
investigated. Theoretically, aside from relativistic effects, atomic
collisions become basically simple since v »'Ve in all cases.

2.1 Ionization

Since a long time the theory of target ionization has been the
basis of estimates for electronic stopping powers. Ionization is well
treated by the PWBA or SCA which leads to the transition amplitude

Aey = [ dt [ df af(F,t) [V, + &A

ret ret

where the first term describes the retarded longitudinal and the second
term (a being the Dirac matrix) the retarded transverse contribution.
Adopting the dipole approximation, it can be shown that the asymptotic
cross section behaves as o « 1ny2 where y=(1-v2/c2)'1/2. Detailed cal-
culations by Anholt? yield excellent agreement with experimental data for
4.88 GeV protons on various targets. Recent more rigorous calculations by
Becker et al.l0 give results that are generally 10% Tower than the values
of Ref. 9.

2.2 Electron Capture

If one considers that the nonrelativistic capture cross section de-
creases with energy as 1/E® or 1/E®-° one may ask whether at relativis-
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tic velocities there is still a measurable cross section left. Yet there
are two reasons why the relativistic cross section decreases less rapid-
ly: (i) There 1s a finite maximum velocity c. (ii) Because of the Lorentz
‘contraction of the space wave functions, the momentum wave function have
extended tails in the direction of the relative velocity thus leading to
a less rapidly decreasing momentum overlap between target and projec-
tiie. Relativistic OBK calculations by Moiseiwitsch and Stockmanl! indeed
give an 1/E behavior but cross section values that are much too high com-
pared to experimental datal?. The required reduction of the cross section
has been achieved by Eichler in his relativistic eikonal theory cf elec-
tron capture!3. In this theory, the capture amplitude is derived in the
form

z
= 4 [t [ dF et s g (Pt)

Ac.
f rot

1

where the primed coordinates refer to the moving projectile system and S
is a transformation matrix transforming a spinor from the target to the
projectile system. For be the eikonal approximation is used. Calcula-
tions have been performed for transitions from initial K,L,M shells into
final states up to n=10 giving good agreement with measured total cross
sections!* for a large variety of projectile-target cqpbinations and
collision energies. |

2.3 Electron-Positron Pair Creation

A process that is specific to relativistic collisions occurs when
virtual photons from the moving Coulomb field of the projectile scatter
from the static Coulomb field of the target and decay into electron-posi-
tron pairs. This process has already been studied theoretically by von
Weizsdcker 1934 and Williams 1935. Recent accurate calculations by Becker
et al.’® start from the amp1itude

)t 1

1(E.+E
p-e -y
<¢e‘.FT (1 . az)|¢p>

Acy = v [dt e

and lead to an asymptotic cross section

o= Z‘;Z-zl-(]ny)a
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Since this cross section keeps increasing with energy it is of great
practical importance for the design of relativistic ion accelerators and
collliders for projected energies up to 100 GeV/amu.
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OVERVIEW OF ELECTRON-ION COLLISIONS

Gordon H. Dunn
Joint Institute for Laboratory Astrophysics of the National
Bureau of Standards and the University of Colorado,
Boulder, CO 80309,USA

The consequential roles of electron-ion collisions in a variety of
plasmas - astrophysical, fusion, laser, etc. - have been responsible in
substantial measure for a keen interest in these kinds of collisions in the
past two decades. Elastic scattering, excitation, ionization, and
recombination are all conceptually simple processes that have been studied
and considered in electron-atom collisions for more than 70 years. Yet,
these same processes, when pertaining to electron-ion collisions, continue
to challenge the creative efforts of many to gain a detailed understanding.

Technological breakthroughs leading to crossed beams experimental
measurements on the various processes have led to impressive progress, and
continued advances in technology have led to continued progress in electron-
ion collision studies. For example, the introduction of ECR and EBIS ion
sources have made it feasible to study a far broader range and variety of
target ions, and only now is it possible to make colliding beams
measurements with ions having Q > 5., Similarly, it is only in the past
three years that the important process of dielectronic recombination has
lent itself to cross section measurements.

For each of the collision processes there remain different needs and
exist different problems. However, some common issues emerge from the work
that has been done, pointing the way to some general features of what should
be done in the next few years. Indirect ionizatvion mechanisms like
excitation-autoionization, resonant-capture-double-autoionization, and
resonant-capture-auto-double-ionization have been shown to become very
important for highly charge ions - especially for moderate and high Z ions.
In some cases, these processes dominate over the direct ionization mechanism
by an order of magnitude or more. Similarly, dielectronic resonances may
enhance excitation cross sections by large factors. Dielectronic
recombination itself has been shown to be a "tuneable" process which is
changed and controlled by angular momentum mixing parameters in the
ernrvironment.

Thus, there should be a systematic study of these processes - all of
which involve autoionization phenomena - as a function of atomic number Z
and ion charge Q. Since radiative lifetimes becoma comparable to
autoionization lifetimes for Q =2 20, the range 15 < Q < 25 would seem to be
a particularly attractive and important range to study. The lower limit of
this range has just become technologically feasible, and the remainder of
the range will require some continued creative effort. 'Perhaps the use of
ion-storage rings coming on line in the future will provide the
technological answer to this need.
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technological answer to this need.

Another important challenge lies in the study of the basic electron-ion
collision processes for heavy ions, where electron correlations and
relativistic effects may be amplified.

For excitation one finds that theory has been tested by experiment for
only a very narrow range of transitions and ionization stages. Most
measurements have been made using crossed beams of electrons and ions and
observing fluorescence in the third orthogonal direction with a detection
efficiency <10~%. The energy-loss/angular distribution measurements which
have been made are not absolute (strictly relative), are over a narrow range
of angle, and have suffered a similarly low detection efficiency. This low
detectability coupled with low target densities characteristic of colliding
beams put severe limitations on what systems can be studied . A néw
technique is being developed which will also lead to energy loss
measurements, but will enjoy a detection efficiency near 1.0. This will
allow measurements on a variety of transitions and for the more highly
charged ions now obtainable with modern ion sources. There is an important
need - as already pointed out - to get experimental tests of the effects on
excitation of dielectronic resonances, since theoretically these resonances
can influence the average cross sections by substantial factors, and local
cross sections are affected even more.

The three body nature of ionization continues to leave "simple” knock-on
ionization as a challenge to theorists. However, by introducing an
arbitrary (maximum) phase, quantum calculations (notably Coulomb Distorted
Wave) now usually give results that compare well with experiment. A variety
of semi-empirical formulae (notably the Lotz formula) have met with some
success in predicting direct ‘knock -on ionization. Further progress on the
understanding of this process probably awaits a fundamental breakthrough in
the description of many-body interactions, and not on more experimental
results. However, it has been demonstrated in the last few years that
direct ionization is very often not the dominant ionization mechanism.
Rather, indirect mechanisms such as excitation-autoionization (EA),
resonant-capture double autoionization (REDA), and resonant-capture auto-
double ionization (READI) often dominate (sometimes by more than an order of
magnitude) the ionization of ions. Similar statements apply to both single
and multiple ionization. Thus, as with excitation, autoionizing resonances
play a major role in the ionization process. It is essential to more
clearly document and identify that role and, again, to do it through the
range of ion charge where autoionization and radiative rates are
competitive. In comparisons of experimental and theoretical data on work to
date, there is little difficulty in identifying a very strong role of EA,
but the roles of REDA and READI are much more hypothetical - these processes
need clear identification and measurement.

The status of work on recombination is somewhat similar to that on

excitation - the theoretical situation is highly developed, whereas the
experimental data are sparse and limitsd. Apparently, there have been no
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published direct measurements of radiative recombination cross sections,
though progress in that direction may be imminent with the implementation of
ion storage rings for atomic physics studies. Cross section measurements
for dielectronic recombination (DR) have just been made over the past three
years. Though much of the disparity between experimental and theoretical
data has now been rationalized by recognizing the "tuneable" nature of DR,
there remain discrepancies which need to be resolved. It is now totally
obvious that all future experiments on DR must recognize its "tuneable™
nature and make provision for careful control and measurements of those
variables that lead to tuning, or comparisons with theory will always be
tentative and conjectural. As with excitation and ionization, the
measurements on DR should be made through the charge state range where
autoionization and radiative rates are comparable. This is a goal that will
rely upon future technology - probably for all three processes.

Bibliographiesl published by the Institute for Plasma Physics serve as
a guide to both the experimental and theoretical literature.Reviews of the
theoretical methods and data for excitation have been done by Seaton? and by
Henry3. A relatively recent review of the experimental excitation work has
been written by Crandall®. An evaluated compilation of theoretical data for
electron-impact excitation of atomic ions has recently been published by
Gallagher and Pradhans, and this work also contains discussions of the
approximation methods for obtaining the data. As with excitation, electron
impact ionization of ions has been reviewed a number of times, with more
recent reviews being those of Dunn® and of Younger7. The compilation of
Tawara et. al.8 is a complete and useful collection of the data (both
experimental and theoretical) for electron impact ionization. Experimental
data and methods for dielectronic recombination have recently been reviewed
by Dunn?. Reviews by Seaton and Storeylo'and:by Hahnll treat the theory,
though recent advances in the effects of fields are not covered in these
reviews, and the original literature should be consultedl?,

Great progress has been made in the study and understanding of electron-
ion collisions, and much of that progress has occurred during the past 5
years since modern ion sources and other technological advances have become
available. The near term should bring continued advance, and as one looks
to the long term when ion storage rings become available for use in these
studies, many of the outstanding issues in this field should be fully
addressable.
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Excitation and Ionization of Ions by
Electron Impact: Recent Activities at
.IPP and Sophia University

Atsushi Matsumoto
Hiroshima Institute of Technology
Saeki-ku, Hiroshima, 731-51, Japan

In the course of experimental investigation on atomic process at
Institute of Plasma Physics (IPP), Nagoya University, a research program
was started in 1981, for studies of ionization of multiply charged ions by
elecron impact, as a collaboration program at IPP, which was raised to a
guest program in 1984, and have been continuing up to now. The purpose of
the project is not only to obtain total- ionization cross section data
useful fbr the nuclear fusion research but also to deepen our understanding
of the electron-ion collision process by means of electron spectroscopy
technique. The group consists of 10 physicists from various institutions:

A. Danjo (Niigata Univ.)

T. Hirayama (Sophia Univ,)

A. Matsumoto (Hiroshima Institute of Technology)
S. Ohtani (1PP)

H. Suzuki (Sophia Univ., Guest Prof. of IPP)
Y. Takayanagi (Sophia Univ.)

H. Tawara (IPP)

K. Wakiya - (Sophia Univ.)

I. Yamada (IPP)

M. Yoshino (Shibaura Institute of Technology)

The research program done by this group is called the ACE-IT project. ACE-
IT means Atomic Collision Experiments-Ion Target.

In this presentation, we describe two kinds of experimental apparatus,
which are in operation for measurements of ionization cross sections of

jons and electron energy loss spectra using the crossed beams technique,
and some examples of the results.
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Fig. 1 Schematic of crossed beams apparatus.

Figure 1 shows a crossed beams apparatus constructed at IPP for
measurements of cross sections for electron impact ionization of ions.
Ions extracted from an ECR ion source are accelerated, mass analysed and
transported to an interaction chamber, which is evacuated with a
turbomolecular pump and a cryogenic pump providing a pressure less than
1 x 10~/ Pa. A typical ion current arriving at interaction region is 150
nA for Ar‘z+ ions. Electrons from a conventional electrcn gun are
accelerated to the desired impaci energies and cross the ion beams at right
angles. The ion and electron beams are both chopped in order to separate
signals from backgrounds. After crossing the electron beam, the primary
jons and the ionized ions are seperated spatially with an electrostatic
charge state analyser. The jonized ions are detected with a microchannel
plate (MCP) by single counting technique. The counting efficiencies of the
MCP are experimentally determined for triply charged rare gas ions.

The measured cross sections for electron impact ionization of doubly
charged rare gas ions, Ne2+ through Xe2+,1) are shown in Figs 2.
Systematic trend is seen from data shown in Fig. 2; as the total number of
electrons increases, the measured cross sections become larger than those
of Lotz ca]cu]ationz) at around peak and rise more steeply than expected
for direct ionization at near threshold, except for Ne2*. As for Arct jon,
there is a small bump at around 160 eV, Similar bump is also observed at

around 140 ¥V in the cross section curve of Kré', Figure 3(a) shows the

measured cross sections for electron impact ionization of st 1on3)

with those of Lotz calculation. From threshold to 60 eV, the cross

together

sectionS rise more rapidly than expected for direct ionization, and above
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100 eV, they are in good agreement with Lotz formula. Figure 3(b) shows
the measured cross sections for et iong) together with Lotz calculation.
Similarily to the case for S+, the measured cross sections show a rapid
rise from thresho]d to 70 eV, and furthermore, they show a clear bump at
around IOOleV. These features are very similar to those for Ar2+ and for

Kr2+.

On the other hand, measurements of cross sections for electron impact
ionization of alkali ions and atkaline earth ions have been made using the
other crossed beams apperatus construéted at Sophia Univ., which is similar
with the préceding one except for the jon source. The measured cross

. . . . N + . ‘
sections for single and double ionization of Na' and K* 1ons4) are shown in
15 (a)\ L2 Ot 0 R T ™71 i rir] § (b)l T 1T 11T T | S S I G ]
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Fig. 3 Ionization cross sections for (a) Sf -+ Sz+_anq (b) S2 -+ S3+. The
solid 1ine is Lotz calculation for direct ionization from the

outermost shell.
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Figs. 4 and 5, respectively. The results for single ionization of Na* and
K* are in good agreement with the previous crossed-beam data within
experimental uncertainties. Double fonization cross sections for Na* and
Kt are shown in Fig. 5 together with those for the other alkali metal ions
Li* 9),

Rbt 6) and Cs* 7). From this figure, one can find a similar trend to the
rare gas ions in which the cross section increases with atomic number Z of
the ion. In the results of K+, there is an evidence of structure at about
400 eV of impact energy. This structure is thought to be attributed to the
contribution from the L-shell ionization-antoienization (Auger effect).

One of the most general and useful method for measurements of the
differential cross sections for inelastic collision of electrons with atoms
and molecules is the electron-impact spectroscopy, which is based on
measurements of enery loss spectra of scattered electron resulting from
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the transfer of electron kinetic energies to excitation energies of target
atoms and molecules. Besides this, the ejected-electron spectroscopy is
also a useful method to study the autoionization or Auger effect in atoms
and molecules. A somewhat ambitious experiment which‘attempts to apply the
electron spectroscopy technique to the electron-ion experiments is in
progress at IPP. Figure 6 shows a schematic diagram of the experimental
apparatus, which consists of an electron energy selector and an electron
energy analyser of quasi-hemispherical type, in addition to a conventional
crossed beams arrangement.
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Electron-Impact Excitation and Indirect lonization of Ions

Ronald J. W. Henry
Department of Physics and Astronomy
Louisiana State University, Baton Rouge, LA, USA

Due to experimental difficulties encountered especially for multiply-
ionized species, determination of collision strengths must rely primarily
on calculations. Reviews of calculations include Seatonl), Henryz) and
Gallagher and Pradhan3).

Figure 1 summarizes the various ions on which calculations have been
made. In addition to the light ions, the impetus for the field of
electron-ion scattering has come from astrophysics as evidenced by the work
on cosmically-abundant ions Ne, Fe, Si, Mg, S, and Ar. Also, tokamak
plasmas have introduced data needs for Ti, Fe, and Mo. Experiments which
yield direct. values for integral cross sections or collision strengths are
given by the open squares. Open circles represent ionization experiments
from which cross sections for excitation have been deduced.

How do we judge the reliability of the calculations? We will consider
the effect of various physical approximations and compare results with
different types of measurements.

The collision strength a(i,f) is related to the excitation cross
section o(i+f) (measured in units of naoz)

8(1,F) = wy k;Z a(isf) (1)

by:
where k1.2 is the energy (in Ry.) of the incident electron relative to the

lower state i, and w g is the statistical weight of the lower atomic state.

We introduce the parameter x, the energy in threshold units defined by
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X = kizlaﬁif Lo (2)
where AEi1= is the excitation energy (in Ry.) for the transition from level
with energy E; to level with energy E¢.

The essential physics which should be considered for all calculations
of electrons scattering from jons includes target state correlations,
unitarization, exchange, channel coupling, resonances and relativistic
mixing of target states. The best quantum mechaniczi description for the
solutions of the collision problem is a converged close-coupling method. A
discussion of the equations may be found in the review artic1e52’3) and in
Burke and‘Seaton4). Other approximate methods are also discussed in the
various reviews.

" The main type of resonance which dominates electron-ion scattering is
the Feshbach or closed-channel resonance. An infinite series of resonances
converges on to each of -the states of the target ion due to the attractive
Coulomb potential. When the initial and final states are more strongly
coupled to the closed channel than to each other, then the resonance
effects are large.

For many systems, configuration mixing in the description of the
target ion must be included. It follows from the variational principle
used in the formulation of the scattering problem, that the error in the
collision strengths is directly related to the first order error in the
target wave functions. A figure of merit for collision strengths is
probably provided by the accuracy of oscillator strengths obtained with the
same target wave functions. This is correct at least at very high energies
where the collision strength is directly proportional to the oscillator

strength.
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As the nuclear charge of the target ion increases, relativistic

effects become important, especially for Z > 20. These have a striking

effect on a spin-forbidden collision strength such as 9(252 1

3,0
SO,ZSZD Pl)
for Fe XXIII. The spin-orbit term mixes the 2s2p 3Po and 2s2p 1P?

1
21

configurations and so the dipole allowed transition 2s 1

s - 2s2p Y,
which has a collision strength ~ 0.5, dominates.

There are four major types of experiments which involve measurement of
direct integral cross sections, direct angular distributions, indirect
integral cross sections from ionization, and rate coefficients deduced from
plasma experiments.

Filled circies in Figure 2 represent emission results for

ng/z transition in Cd II by Hane et Ql-s) The open triangle is

6)

2
S172 *

deduced by Chutjian~/ from experimental differential cross sections

obtained in an energy loss experiment. For comparison, a simple Gaunt
approximation calculation is given by the dashed line. . It gives agreement
within 30% at threshold but underestimates the cross section by a factor of
2.5 at higher energies.

Figure 3 compares a calculated differential cross section for

2 2 2

4~S - 42P° excitation in Zn II with 5°S + 5 pO in Cd II in same threshold

units. For these homologous ions it was not anticipated that there would
be a striking difference in both magnitude and shape for the two cross
sections. Further, measurements of Hane et _1.5) show that the cross

section for the 552 2

2

D state of Cd II is of the same order of magnitude as

the 5p p° state, whereas for comparable transitions in Zn II, Msezane and

Henry7) found that the resonance transition was an order of magnitude

S2 2

larger than the inner shell ds S - 4s 2D.
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A significant contribution to electron-impact ionizatior may come from
excitation of an inner-shell electron, which subsequently loses its energy
by ejection of a more loosely bound electron from an outer shell. An

example of this excitation-auto-ionization process is
e + 2p635 > e + 2p5 3s3p » e + 2p6 +e . (3)

Another significant contribution to electron-impact ionization comes
from the temporary capture of the incident electron with simu’taneous
excitation of an inner-shell electron. This resonance decays with emission
of two electrons. An example of this resonance-excitation-duuble
autoionization (REDA) process is
6 5 5

@ + 2p3s » 2p” 3s3p ng + 2p 3 4 e" 2 e+ 2p6 +e . (4)

The ORNL groupa) has reported on electron impact ionization cross
sections for 37 target ions. Other groups are involved in this active
area, such as the measurements on Ne III, Ar III, Kr III, and Xe III by
Danjo et gl.g)

Figure 4 gives electron impact ionization cross section for the ground

21 4+

3s™ 7S state of S Solid circles represent experimental data of Howald
et 21.10) Direct ionization distorted wave cross sections obtained by
using Younger's parametersll) are given by the dashed line. The upper and
lower solid lines represent distorted wavelz) and close coup1ingl3)
calculations, respectively, for excitation autoionization plus distorted
wave cross section for direct ionization.

Research was supported in part by the U.S. Department of Energy,

Division of Chemical Sciences.
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¢« .- - - -RECOMBINATION:PROCESSES IN-ELECTRON-ION COLLISIONS

‘Yukap Hahn
Physics Department, University of Comnecticut

Storrs, connecticut 06268 USA

Magnetically confined fusion plasmas consist mainly of electrons and

protons, with the electron kinetic energies in the 1-5 keV range and
13_1014 cm-3

of impurity ions, with the nuclear core charges ZC=2-60 and typical density

of 108—1010 cm_3. At such high temperatures ( 1 keV1=107K), ions with

density of about 10 . Also present are many different species

Zcé 30 are nearly completely stripped of their electrons. On the other
hand, the temperature near the container walls is lower and the ions there
are presumably much less ionized. Therefore, to analyze the behavior of
such plasmas, comprehensive and reliable atomic data on the important e-e,
e-1 and I-I collision processes are needed for many Zc and Z=degree of
ionization. We focus our discussion here on the e~I capture process, with
emphasis on high Z region. As is well-known, the e-I capture process is,
together with the collisional excitation, one of the main radiation cooling
mechanisms of high temperature plasmas. Much of the background material
for our discussion was covered in several recent reviewsl—s.

The electron-ion recombination proceeds in two distinct modes,
(i) direct radiative recombimation (RR) and (ii) indirect dielectronic

recombination (DR), described schematically

e + WH, —> @FIHT + ¥, (RR)  (1a)
—> @EDHT s EDHTL Y, or) ()

where the singly-excited states are denoted with one (*) and doubly-
excited states (d) by (**). The amplitude is given by2

Tfi=(-§rf|D|-§i)+(Qf|DGVv |®,) = T§§+ ng (2)

where D and V are the electron-radiation and electron-electron couplings,

respectively, and GT’ is an intermediate state propagator with the correct

radiative and Auger width operatorsz. The cross section is given by

7o) = |12 + |t e 6+ H , ®
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where we neglected the interference term between the RR and DR ‘amplitudes;
this is reasonable when Tlfu; consists of a series of sharp resonances.

For the direct capture, RR, we have the simple Kramer's formula, which
was found4 to be ver)'r effective when an effective charge5 Zeff=(z+zc) /2
was used. For high Z ions where the electronic orbitals are nearly Coul-
ombic, the cross section scales in n'=Z/pc, where P.= 2mec for the conti-
nuum electron energy e.. Therefore, with the above Zeff’ O'RR may be5
conveniently tabulated for all ions in terms of n'.

The DR cross section is given in the isolated resonance approximation
(1r8)? by

DR _ DR __ s 47 B . ~ 2
&2 ~%wfi 2 Zcfl. 5 A (a>1) W (D) B (E;E) (rad), (4)

pc zg:|'.

o d
where the g's are the statistical factors and & is a Lorentzian line
N —-—
shape given by & =(T/2) [ (E-E;) 2, ]"2/4] 1 The fluorescence yield
W is defined in terms of the radiative and Auger transition probabilities

Ar and Aa’ respectively, as

Ww@=T @/ [F@+T@]=C /T (5)
with

rr(d) =Z.. Ar(d-?f) and r‘a(d) =Z Aa(d->j) .
£ k|

The DR rate coefficient v(DR is defined as a velocity-weighted Maxwellian
average of & DR and is given by

o3 = 22y @ W@ expl-efigh)  (6)
kg T 28y
In (5) and (6), the cross terms between different resonance states d were
neglected, in accordance with our IRA, Evidently, the gemeral structure
of & DR and °<DR is the same, and Aa and Ar are the basic building
blocks for these quantities, as it is also the case with other resonant
processes in e-I collisionsl.
The DR process may be conveniently divided into two excitation classes,

(2) An, #0 and (b) An =0, each with distinctive behavior in Z, n and other

parameters. For example, in the e + Fe23+ system,
P At (13223)i —— (lsz3pn,4) Class-a
~-—> (lsgs2pnf) .o
~—=3 (1s“2png ) Class-b .
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In the class-a excitation, the excitation energies for 2s-»3p and ls->2p
are large and approximately scale as Zz, while a Zl behavior is expected
for class-b mainly due to spin-orbit interaction. 1In Table I, we summa~
rize the Z-scaling properties for high Z ions. The Z dependence of o(DR
and G'DR is inferred from that of Aa and Ar using the relations (4) and

(6).

Table I. 'The Z-scaling of Aa’ Ar and the related quantities is summarized

in terms of the exponent S of an assumed behavior ZS.

Class-a; Ant#O Class-b; Ant=0
WK1 wgl WK1 wgl
Energy 2 2 1 1
A, 0 0 1/2 1/2
Ar 4 4 1 1
W 4 0 1/2 0
% =l- W 0 -4 0 -1/2
154 1 -3. -1/2 -1 *
[\ 0 -4 -1 -3/2

Figure 1 illustrates the behavior of O(DR as a function of Zc for a

typical isoelectronic sequence (i.e. same N=ZC-Z= number of electrons).

10F

*\8N=0, F£0
“ L _ 800

~N

Logy, O(™R(em3/sec)
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Note that the class-b contribution dominates for low Z ions, but is
negligible at high Z. However, this mode of capture is very sensitive

to possible external field perturbation and can become important even at

1011 S—l

high Z, as shown by the dash-dot curve, In general, Ar A for

low Z and increases to 1014 s-l
for class-b, Ar:\'los s-1 at low Z and varies very slowly as Z increses,

at high Z where Arnv Aa in class-a. But,

This has a profound effect on the sensitivity of arDR to external field.
We now briefly summarize the current experimental and theoretical
status on DR. In the absence of field enhancement, to be discussed below,
the typical DR cross sections, integrated over the collision energy, are
of the order of 10~20, 10_19, and 10-'18 cmz-eV for the initial excitation
of the K-, L~ and M-shell electrons, respectively. This makes the direct

DR measurement extremely difficult. To date, no direct measurement of
the class-a process has been reported, and no result on class-b which is
not contaminated by field enhancement. WNevertheless, the field effect
has been used with advantage6’7.

Class-b proceéses. Recent experiments by Belic et al6 on Mg+ and by
Dittner et al7 on the Li-like B, C, and Ox ions showed that a small
electric field can seriously affect the DR cross section, usually enhan-
cing it by as much as a factor of tens’g. The data of refs. 10-12 are
probably also field-enhanced. The theory is in satisfactory agreement with
experiments, to within a factor of two in all the cases examined.

Class-a processes. A series of ion-atom collision experiments which

are analogous to DR has been reported13-15;
—1)+, *%
AZF 4 Ble +bT) —mmm FTDHFE Lt
1
. —
b W& DR Ly, (N

Hare, the electron in the target atom B assumes the role of ‘electron beam’
in (1b). This process, the resonant-transfer-excitation followed by
radiation emission (RTEX), was studied for a variety of ions, 813+, Sill+,
Caz+, VZ+ etc on atomic targets, He, Ne, Ar and Hz, all involving initial
ls electron excitation. More recently, the L-shell excitation in Nb31+
was also reportedlé. The result was analyzed in terms of the corresponding
DR cross sections usiﬁg the impulse approximatioan. Theory agrees well
with all the available data to within 20%, except for the high energy end

of the spectra.
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Detailed theoretical data on the both class-a and b processes and

comparison with the latest available data will be presented.1 7 Some of

the outstanding theoretical problems of current interest in connection

with the DR process will be summarized.
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ELECTRON IMPACT IONIZATION OF HEAVY IONS - SOME SURPRISES

Stephen M. Younger
, . A-Division
Lawrence Livermore National Laboratory
Livermore, Ca. 94550 USA

The scattering dynamics of heavy atoms and ions can be strongly
influenced by the highly localized charge density associated with many
electron subshells. This localization can lead to the formation of
potential barriers and multi-well sattering potentials which can, in
turn, lead to shape resonances in the cross sections. Also,
term-dependence in the continuum channels can cause very large
perturbations in cross sections for non-resonant systems. These effects
arz in addition to the compound-resonance (excitation-autoionization)
processes which also occur in lighter systems.

This paper reports the results of calculations of electron impact
ionization cross sections for a variety of heavy ions using a distorted
wave Born-exchange approximation.! The target is described by a
Hartree-Fock wavefunction. The scattering matrix element is represented
by a triple partial wave expansion over incident, scattered, and ejected
(originally bound) continuum states. These partial waves are computed in
the potentials associated with the initial target (incident and scattered
waves) and the residual ion (ejected waves). A Gauss integration was
performed over the distribution of energy between the two final state
continuum electrons. For ionization of closed d- and f-subshells, the
ejected f-waves were computed in frozen-core term-dependent Hartree-Fock
potentials, which include the strong repulsive contribution in singlet
terms which arises from the interaction of an excited orbital with an
almost closed shel1.2 Ground state correlation was included in some
calculations of ionization of d10 subshells.3d
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Fig. 1: Scaled distorted wave Born-exchange cross sections, ul?q,
for electron impact ionization of the 4d subshell in the palladium
isoelectronic sequence plotted as a function of Z. Solid line:
Term-dependent partial waves. Dotted line: term independent
partial waves. Triangles: Predictions of the simple Lotz
formula:5
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As an example of the non-classical behavior of electron impact
jonization for heavy ions, we show in Figure 1 the cross section for
jonization of the 4d subshell in the paliadium isoelectronic sequence
(4d10 1s ground state).4 This is an important isoelectronic sequence
in that it is the prototype for 4d excitations in all heavier atoms and

jons and is itself free of the complications introduced by additional
valance subshells.

As the nuclear charge increases along the isoelectronic sequence,
the ejected orbitals are pulled in toward the core, experiencing a more
complex continuum-core interaction than occurs in silver. The scaled
cross section first increases, reaches a peak at Sn4+, and then begins
to decrease. As the nuclear charge approaches 54, the complex exchange
interaction between the d9 core and the ejected f-wave decreases in
importance compared to the nuclear charge + direct electrostatic
interaction, resulting in a gradual return of the cross section to
classical scaling. Classical scaling is not recovered until
approximately the tenth ionization state. This is very different from
Tow-Z isoelectronic sequences where classical scaling is obtained either

from the neutral atom itself or at worst from the first or second
jonization stage.
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Fig. 2: Electron impact ionization cross sections for several
palladium-1ike ions illustrating the variation in the shape the
cross section with increasing nuclear charge.



In addition to non-classical scaling of the cross section along an
isoelectronic sequence, the shape of the cross section can change
significantly between nearby ions. Figure 2 compares scaled cross
sections for ionization of several Pd-l1ike ions. For the intermediate Z
ions, the scattering potential has a double well character, with an inner
well corresponding roughly to the tightly bound core and a very shallow
well at large radii corresponding to the asymptotic Coulomb potential of
the ion. The two wells are separated by a potential barrier which in
some cases projects above zero energy. Under the right conditions of
potential structure and continuum energy, the partial waves can
"resonate" in the inner well, i.e., there will be a rapid buildup of
continuum orbital density near the bound orbitals. Such a transition of
orbital density can be accompanied by a rapid increase in the scattering
cross section. Even if a true resonance does not occur (indicated by a
partial wave phase shift increment of «), there can still be
significant modifications of scattering orbital density which can affect
the cross section.
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Fig. 3. Scaled distorted wave Born-exchange cross sections, ul2q,
for electron impact ionization of the 4d subshell in the xenon
isoelectronic sequence plotted as a function of Z. Results of the
simple Lotz approximation® are given as solid triangles.

An illustration of both resonant and non-resonant modifications of
the electron ionization cross section can be seen in ionization of the 4d
subshell in xenon-l1ike ions. This process leaves the residual ion in a
singly autoionizing configuration resuiting in effective double
ionization of the initial target by a single electron impact. The
breakdown of classical scaling is shown in Figure 3. The presence of a
shape resonance in the Cs* cross section is illustrated in
Figure 4.5 The large structure at u=1.35 is due to a shape resonance
in the potential for the scattered electron. The normal maximum in the
cross section octurs at 3.5 threshold units. The theoretical
calculations, which include the effects of ejected wave term dependence
and ground state correlation, are in good agreement with the measurements
of Hertling et. al.?
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Fig. 4: Electron impact double jonization cross section of Cs*t
illustrating the giant resonance at low scattering energies.
Theoretical curves correspond to 4d ionization followed by single
autoionization. Solid curve: distorted wave Born-exchange
calculation including effects of ejected wave term dependence and
ground state correlation. Dashed curve: distorted wave Born
calculation neglecting term dependence and correlation. Dotted
curve: Coulomb-Born calculation. Points: Crossed-beam
measurements of Hertling et. al.6,

Survey calculations have been performed to determine whether such
giant resonances occur in other heavy jons. A resonance similar to the
one in Cst was found for neutral xenon. For Ba** resonance behavior
occurs in the exchange matrix elements only, implying that a measurement
of the cross section for Bat* will provide a sensitive test of partial
wave scattering theories for electron exchange in scattering processes.
Strong resonances were also found for 4d ionization of Xe* and It.

The existence of resonances in both of these ions is confirmed by
experimental data.8

Figure 5 presents calculated cross sections for ionization of the 4f
electron of the 4f14 1S (metastable) configuration of Tm*. Cross
sections computed with simple scattering potentials show a very large
resonant enhancement at low energies, followed by an even larger
principle maximum at u=3.25. Although the magnitude of the second
maximum is reduced when term-dependent ejected f-waves are employed, the
resonance at low energy remains strong. Although the resonance in
4f14 5 4f13 jonization is quite strong, it disappears in the next
ion in the isoelectronic sequence, Yb*t. An investigation of severail
heavier jons (Wt and Hg*) was made to determine if the presence of
additional large-radii screening electrons would cause the structure to
reappear. It did not, however, indicating that the increased nuclear
charge is strong enough to prevent the formation of a potential barrier
compatible with shape resonances. Strong shape resonances were found,
however, for other singly ionized rare earth ions such as Eu* where the
4f16s configuration does not possess the very strong term-dependent
excited spectrum found for closed-subshells.
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Fig. 5: Distorted wave calculations of the cross section for
electron impact ionization of the 4f14 1S subshell of Tmt.

Solid curve: Born-exchange calculation including term-dependent
ejected f-waves. Dashed surve: Born-exchange without
term-dependent potentials. Dotted curve: Same as dashed curve, but
without exchange. Chain curve: Coulomb-Born calculation without
exchange or term-dependence.

In conclusion, we have shown that the electron impact ionization of

heavy atoms and ions is considerably more complex than is the case for
1ight ions. Non-classical scaling of the cross section can persist to -
ijonization stages as high as ten, and giant resonance structures can
significantly perturb the cross sections of few times jonized atoms at
Tow scattering energies.

This work was performed under the auspices of the U.S. Department of
Energy by Lawrence Livermore National Laboratory under contract

#W-7405-Eng-48.
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SISTEMATICS OF ENERGY LEVELS AND OTHER PROPERTIES

OF HIGHLY CHARGED IONS#*
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Our knowledge of energy levels and other properties of
highly charged ions is rather meager compared to our
knowledge of the neutrals. Nevertheless, such knowledge is
often required to interpret the complex phenomena which
occurs in collisions of these highly charged ions. In this
paper we report on our initial efforts to understand the
systematics of the properties of highly charged ions. This
effort is based on the use of (relatively) simple central-
field calculations, which, as shall be shown, are
surprisingly accurate for highly charged ions.

We stress the point of view, based on extensive
experience with neutr?ls, particularly in the context of
quantum-defect theory, -3 "that diverse observable data can
be represented in terms of a small set of key numerical
parameters (e.g., phase shifts, oscillator strength
densities, and amplitudes a2t the nucleus). The variation of
such parameters from one ion species to another lends itself
to easy and instructive mapping using realistiec atomie
models. By mapping these parameters throughout the periodic
system and for all ionic charges, one can establish trends
that will form a reliable basis for predicting unmeasured
properties of ions. In addition, this survey is useful for
establishing to what extent such well-known spectral
features as Cooper zeros and shape resonances,’ 80 important
in neutral atoms, control the spectral behavior of ions.

Any property of ions can be considered as a function of
two variables, the nuclear-charge number (or atomic number)
Z and the number of electrons N. Data can then be analyzed
in terms of at least three :alternative pictures:
isoelectronic (N kept constant), isonuclear (Z kept
constant), and isoionie (z = Z - N + 1 kept constant). Note
that the spectroscopist calls z the order of the spectrun
and that an electron at large distances sees a Coulomb
potential due to the net charge =ze. Each of these pictures
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brings out different aspects of the variation of a given
quantity over Z and N.

The isoelectronic picture is the most straightforward
from a computational view poin%. Further, it is closely
related to the 1/Z expansions. Each of the prop%rties
approaches the known hydrogenic values asymptotically™ when
plotted against 1/Z (1/Z -+ 0). The isonuclear picture
simplifies the variation of ionie properties from one order
of the spectrum to the next. In addition, the isonuclear
picture is the most suitable for certain applications. For
example, if we consider a given impurity in a fusion plasma,
the many ions of that impurity nuclide which are relevant
constitute an isonuclear gsequence. This is also true for
astrophysical applications. The isoionic picture maintains
a constant asymptotic potential -« ze</r seen by an electron,
and focuses on the interplay between increasing Z and
increasing N. This provides a framework for the transfer of
the extensive experience with neutral atoms, 2z = 1, gained
by traditional spectroscopy and collision physics.

At an ionization threshold there is a union between
discrete states, usually characterized by their quantum
defects and treated by spectroscopic methods, and continuum
states, usually characterized by their scattering phase
shifts and treated by collision theory. Quantum-defect
theory1‘3 shows, among other things, that these two
manifolds of states are smoothly connected when the data are
suitably renormalized. This reveals the Rydberg series to
be an appendage to the continuum so that the most basie
wave=function parameters, viz., phase and amplitude, vary
smoothly through threshold. In particular, the quantum
defect L at the limit of the Rydberg series and the zero-
energy scattering phase shift ¢ (with respect to the
Coulomb phase) are related simply %y

nuz(n > ©) = Gl(E = 0), (¢B)

where 2 is the orbital angular-momentum quantum number, and
n is the principal quantum number. In approaching the
problem of mapping out the behavior of phase shifts as a
function of both atomic number and ionic charge, we decided
to begin by limiting the scope of the study to a single
standard energy. We have chosen as our standard energy the
ionization limit where the asymptotic kinetic energy E of
the one-electron states equals zero. Consequently, our
discussion pertains directly to properties of nearby states
both below and above the threshold for ionization.

In addition to threshold phase shifts, we shall discuss
systematics of inuner shell properties of atomic ions. In
particular, results shall be presented for x-ray transition
energies, dipole matrix elements, and phoftoionization cross
sections showing the systematics of these properties.
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Before presenting any of the results, it is of interest
to point out that these calculations were performed using
simple Hartree-Slater_ {(or Dirac-Slater in the relativistiec
case) wave functions8 which are quite amenable to large-
scale calculation. In addition the use of these wave
functions ha8 been shown to be reasonably accurate for the
neutrals;9’1, this accuracy is expected to be even better
for positive ions. This can be seen by consideration of the
potential of electrons in an ion of atomic number Z with N
electrons,

)

N 2 2 N
ve-) Eea] & o=-ze? (] T - (2)
i=1 "1 di<j Tij i=1 i i<ji "ij ‘
For a fixed N, the 1/Z coefficient causes the second term in
Eq. (2) to decrease in magnitude relative to the first term
with increasing Z. Since the second term, the interelectron
repulsion, 1is Jjust the part of the potential being
approximated, it is clear that the approximation improves as
Z increases and the nuclear attraction dominates.

]

N
R

As_a first example, a selection of quantum defect
r'esults11 are shown in the isoionic picture (2 = Z = N + 1 =
constant) in Fig. 1. The variation of each of the ng's with
Z for the neutrals (z = 1) is seen to be rich in structure;
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Fig 1. Isoionic pictures of the zero-energy phase shift in
units of 1w (quantum defect py at the series limit). The
Roman numerals indicate the order of the spectrum, or z = 2
- N + 1. The arrows indicate the positions of the
hydrogenic magic numbers, while the open circles denote
noble-gas nuclides. Note the change of vertical scale on
the rightmost panel.
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this structure is associated with the chemical properties of
the elements. Note that this structure is considerably
diminished for the z = 2 results and essentially gone for z
= 3 and higher. The structure for the neutrals is due to
the delicate balance between three forces; the nuclear
attraction, the interelectron repulsion, and the centrifugal
repulsion. With increasing 2, the intereleciron repulsion
hecomes proportionally weaker, thereby destroying the
balance.

Note also, that for the neutrals, there are slope
discontinuities in the curves for N = 2, 10, 18, and 36, the
noble gas electron numbers. By the third spectrum (z = 3),
these discontinuities occur for N = 2, 10 and 28, as seen in
Fig. 1. Thus the closed shell systems for the neutrals, the
noble gas configurations, differ from the closed shells for
nulticharged atoms where the closed shells are hydrogenic
represent the filling of the n = 1, n = 2, and n = 3
subshells. This is, of course, exactly what one would
expect as the deviation from hydrogen-like behavior, the
interelectron repulsion, grows smaller. By these arguments,
similar behavior should be found for N = 60 where the n = 4
shell is filled; such behavicr has been found,

In the comparison of our results with experiment (which
has generally shown excellent agreement) irregularities have
been noted in the quantum defects ¢f the higher members of
certain Rydberg series. These irregularities are likely due
to external perturbations, e.g., collisions or stray fields.
In these cases, it is felt that the theoretical quantum
defects give more r?%iable erergy levels; a tabulation is
presented elsewhere.

The next example relates to x-ray transitions filling
inner shell vacancies. In atomiec collisions, identification
of the various excitation and ionization processes is made
by observing these x-rays. Nevertheless, in many of these
collisions, multicharged ions result. The question, then,
is to explore to what extent x-ray energies and intensities
are modified by the existence of outer-shell vacancies.

To investigate this matter, we have looked at the
isonuclear sequence of Rb and its ions. The results of
calculations of x-ray energies and dipole matrix elements
(whose squares are proportional to the transition
probabilities) are shown in Figs. 2 for three different
transitions. Looking first at the transition energies vs.
N, we see the remarkable result that at first, removing
electrons has no effect, but at some eritical point the x-
ray energies start changing with decreasing N. For the 2s -
3p and 2p - 3s transition this break comes at the 28
electron system, while for the 1s - 2p x-rays the break is
at N = 10, Furthermore, looking at the dipole matrix
elements, exactly the same effect is seen.

— 48 —



980 ! § ] T 1 !
0.8 -1
980 4 —
2 970 - " 7
5 L1 2s - 3p(x10°)
>.
& 980 B os} .
w
i :
in =4
z u ]
Q % 4
£ 1s0 Eoal -
g g 2p - 3s(x10°)
g o w n ; :
= _OJ 18 - 2p(x10°) n
% 130 Q.
[+ Qo2 —
>'< 120
110 i 7
{ | { 1 { {
100 o 30 20 10
N
Figs. 2. Isonuclear pictures of the x-ray transition
energies and dipole matrix elements for 1s - 2p, 28 - 3p,
and 2p = 3s transitions for Rb (Z = 37) and its ions,

plotted vs. number of electrons, N. The arrows indicate the
10~ and 28~electron hydrogenic closed shell systems.

Neither the 2s - 3p nor the 2p - 3s change until we
come to the 28 electron system, the hydrogenic closed shell
system. The next electron removed is a 3d electron; thus
when we break into the n = 3 shell, matrix elements and
energies involving other n = 3 electrons change, but
removing outer shell (n = 4,5) electrons leaves thenmn
unchanged. The same thing happens to 1s - 2p when we break
into the n = 2 subshell.

To understand these results, note that <r> for a given
subshell is a function of principal quantum number n and
very little else. Thus, as far as an inner shell is
concerned, an outer shell electron is just a shell of charge
at its <rs> This is crucial because a shell of charge
exerts no force in its interior. Thus, removal of an outer
shell electron only changes the potential in the inner
region by a constant, leaving energy differences and matrix
elements unaffected. Clearly, then, removing outer shell
electrons does not change inner shell x-ray energies or
intensities. Once electrons are removed from the same shell
(not necessarily the same subshell), by the above arguments,
energies and matrix elements should change; this is seen in
Figs. 2.

Note further that this argument is not perfect.
Looking at the 1s - 2p x-ray energy, it is seen that a
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change starts to occur after N = 18; in other words,
removing 3d electrons have no effect, but 3p and 3s
electrons, being more penetrating, do have some effect, but
,a very minor one (< 0.5%). Thus we see that this constancy
is good to at least 0.5%. Furthermore, we would expect the
invariance to removal of outer shell electrons to be true
for other inner shell properties as well, not Jjust
transition energies and dipole matrix elements.

What, however, occurs if the inner shell electron makes
a transition to the continuum? How is the inner shell
ionization process affected by removal of outer shell
electrons? To explore this question, the next example
relates to photoionization of inner shells. Fig. 3 shows
the photoionization cross section of Fe 2s for the iron
isonuclear sequence 3 plotted vs. incident photon energy.
Note that a separate calculation was performed for each
stage of ionization. For the lower stages of ionization, the
cross sections all lie on the same line (to within the
thickness of ghe line). The cross section begins to change
only for Fe*!'! where we break into the 10 electron system
and remove a 2p electron.
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Fig. 3. Photoionization cross section (per electron) for
the 2s subshell of the Fe isonuclear sequence from the
neutral to F‘e"’2 « The vertical lines are the thresholds for
the given stage of ionization.
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The explanation for the 4invariance of the
photoionization cross section is precisely the same as
outlined above for x-ray transitions, with one added
proviso. The continuum wave function is not localized
within the outer shells, but the matrix element is localized
due to the localization of the initial state, so the matrix
elemsnt is essentially unaffected by outer shell electron
removal. The transition energy is, however, affected. Thus
the invariance shows up only when plotted vs. photon energy.

This result has been found in many other cases as well.
Perhaps the most remarkable case studied was thorium (Z =
90) where the 2p photoionization cross section was found to
agree to within a few percent for neutral thorium and 80-
times~ionized neon-like thorium'"’.
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ATOMIC PHYSICS AT THE ESR STORAGE RING

o
Heinrich F. Beyer
GSI D-6100 Darmstadt, W-Germany

Abstract

The study of the physics of few-electron very heavy ions such as U°'* looks
very promissing as an approach to interesting and fundamental points in atomic
physics. The GSI Heavy-Ion-Synchrotron (SIS) and the Experimental-Storage-
Ring (ESR) facilities to be built will offer unique possibilities for such an ex-
perimental program to be carried out. We give an overview of the SIS and
ESR projects, a more general introduction to phase-space cooling concepts be-
ing applied at storage rings and an outline of the atomic-physics program being
presently in discussion.

1 Imtroduction

A highly charged few-electron ion Z9%,g 8 Z m &% is in many respects a unique tool for
addressing fundamental topics in atomic physics. Many familiar rules of thumb for collisional
and radiative processes of one- and two-electron atoms fail wher. the charge of the nucleus gets
as high as 92. At the same time atomic structure keeps impressively clean as opposed to the
many-electron case where it is, very often, difficult to discriminate interesting physics from the
morass of complicated multi-level structure.

A single free ion at rest would be the ideal spectroscopic sample and many interesting
attempts [1] have been made to approach such a situation (for lower charge states). In many
accelerator-based experiments one seeks for a dense sample of fast ions filling a small phase space.
Therefore various techniques for increasing phase-space density (cooling) have been developped.
Notably electron cooling of an ion beam by heat exchange with a cold electron beam has proven
very promissing. After the pioneering work at Novosibirsk [2] there is now an increasing number
of storage rings employing electron cooling some of which are more or less operational others
being in the status of being installed or planned [3]. In the following the new projects at GSI
are sketched.

2 The New Accelerator Projects at GSI

An outline of the accelerator complex[4] to be built at GSI is given in figure 1. The existing
UNILAC linear accelerator, capable of accelerating ions throughout the periodic table up to 20
MeV/u, will be used as an injector to the new Heavy-Ion Synchrotron SIS. The SIS will further
accelerate ions up to uranium to the 1 GeV/u region whereas the Experimental Storage Ring
ESR coupled to the SIS will be used to improve the quality of the beam and adapt it to the
needs of the actual experiment.

2.1 The Heavy-Ion Synchrotron SIS

The SIS, having a circumference of 216.7 m, has a magnetic bending power of B - p = 18Tm
and will be operated at a cycling rate of 1-5 Hz . Maximum achieveable energies depend on the
charge-to-mass ratio g/ A of the injected ions and drop from 2 to 0.9 GeV/u (Ne to U) using a foil
stripper at 11.4 MeV/u after the UNILAC. Corresponding particle currents are in the order of
102 to 10'° ions/s. Injection of the UNILAC beam into the SIS will be accomplished during 10
to 30 turns and space-charge limits are reached with injected particle currents of 2 - 10145~ U8+
and 2 - 1015371 Nel®t, Such high currents will be obtained by a newly developed high-current
ion source and an RFQ structure [5] replacing the first Widerde linac.
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Figure 1: Schematic view of the planned accelerator facilities at GSI. The existing UNILAC
linear accelerator will be used as an injector for the new Heavy-Ion Synchrotron SIS to which
the Experimental Storage Ring ESR will be coupled.

2.2 The Experimental Storage Ring ESR

As indicated allready by it’s name operation of the ESR [6] is regarded as an experiment on it’s
own and, as we will see below, a number of atomic-physics issues are encountered. The ESR has
exactly half the circumference of the SIS which enables a convenient transfer of one half of the
SIS turn into one ESR turn using the rf frequency of the SIS. Figure 2 shows the layout of the
small ring. The magnets have a bending power of 10 Tm . This allows storage of Ne!®t ions
with a maximum energy of 834 MeV/u and of U+ with 556 MeV/u . In connection with the
SIS the ESR offers a variety of very attractive features:

As a storage ring it can store completely stripped heavy ions. Even for uranium the stripping
yield of bare ions is high at energies above 500 MeV /u [7] . Via the fast extraction channel the
fully stripped ions may be reinjected into the SIS for acceleration to maximum energy. The
flexible ion optics of the ring allow various modes of operation. For accepting ion beams of large
momentun spread (Ap/p = 0.02) and emittance (140710~°m) , such as hot fission fragments, a
moderate dispersion can be used. If a zero dispersion is selected in the straight section multi-
charge (U®t - U%t) operation is possible. In yet another mede, with large dispersion, two
beams of slightly different momenta can be stored and can be brought to intersect at a small
angle of about 100 mrad (8] . The zntersecting-beam technique can be used to study interactions
of two few-electron ions at collision energies corresponding to a fixed-target equivalent energy
of up to 7 MeV/u.

As a stretcher ring the ESR can store coasting beams with a duty factor of up to about 90%.
But also focussing the beam to bunches of 1 ns duration with repetition rates of about 40 MHz
should be possible using the rf cavities installed. The latter may also be used for deceleration
down to UNILAC energies. Both modes of operation, however, require phase-space cooling to
compensate for the emittance growth.

As a cooler ring it employs various cooling devices (see below) most important being the
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electron cooler which will be installed in one of the long straight sections. One anticipates
cooled ion beams with a momentum spread of as low as 10™° and emittances of 0.1710~%m.

Using the internal target (normal or polarized atomic or ionic beam) installed in the second
straight section, together with the circulating cool ion beam, collision processes can be studied.
All experiments which need thin targets will gain in luminosity by the circulating beam curient
(~ 2MH?z) as compared to single-pass experiments.

3 Phase-Space Cooling

There are mainly three different techniques feasible for compressing the six-dimensional phase
space of an ion beam circulating in a storage ring.

Stochastic cooling [9] makes use of a feedback system. For cooling transverse betatron os-
cillations a pick-up electrode senses a position error of a particle on each traversal. The error
signal is amplified in a broad-band amplifier and is applied to a kicker located (2n+1)/4 betatron
wavelengths apart from the pick up. The kicker deflects the particle by an angle proportional to
it’s error. In reality we have a large number N of particles in the ring and the sensing and cor-
rection process will be applied to a group of particles (sample). The cooling rate is proportional
to the bandwidth of the amplifier and to the inverse of the ion density. Due to the statistical
nature of the process and the quite low signal-to-noise ratio stochastic cooling works best at

rather hot beams.
3
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Range of specific ion energy 4-560 MeV /u

Working range for the electron beam 2-320 keV
Electron current 1-10 A
Electron current density 0.1-1.0 A/em?
Electron beam diameter 35-50 mm
Cathode temperature 0.1 eV (1100 K)
Effective length of cooling section 2.50 m
Installation length 4.5C m
Aperture diameter (horiz.) 250 mm
By (Solenoids, Toroids) 0.2-03 T

Table 1: Parameters of the ESR Electron Cooling Section.

Electron Cooling introduces a dissipative force via Coulomb interactions between the circu-
lating particle beam and a dense co-streaming beam of cold electrons serving as a cold reservoir.
In the subsequence of Budkers [10] initial proposal electron cooling was studied both experi-
mentally [2] and theoretically [11] . The main components of an electron-cooling device are
the electron gun, a straight interaction region, a collector, where most of the electron kinetic
energy is recuperated, and a longitudinal magnetic field for guiding and confining the electron
stream. In Table I the relevant parameters are given for the ESR cooler. If there was no heating
mechanism cooling takes place until the effective temperatures of the heavy-particle and electron
beam become equal, T; = T, . Neglecting the magnetic field a simple estimate of the cooling
(friction) force may be obtained by considering the stopping power of an ion in an electron gas
[11] (in the moving mean-electron frame of reference). For a Maxwelliaa velocity distribution
function the corresponding cooling time is

mim, (4m)~tv? v > v,
= L) 3(9.-1/2 (1) (1)
g*e*n.L, 3‘(2 w)” / (me) v; < v,
Equation (1) shows the scaling of the cooling time proportional to m;/g? of the ion and to the
inverse of the electron density, n;* . Figure 3 compares electron cooling with stochastic cooling
as a function of ion-beam temperature. As can be seen, the two techniques are complementary:
electron cooling starts to be effective at lower beam temperature where stochastic cooling gets
inefficient. As the ion beams injected from the SIS will allready have a momentum spread of
Ap/p ~ 51073 electron cooling will be the method used throughout witiz the exception of hot
nuclear fragments which need stochastic precooling. For the ESR typical cooling ti:nes range
from 0.15 to 650 ms (30MeV/u U2t to 500MeV /u Ne'0t).

It may be argued that the cathode temperature T, is the minimum achievable temperature of
the electron beam. However, one has to take into account two effects. First, after electrostatic
acceleration the longitndinal temperature Tj of the electron beam (as measured in the mean
particle rest frame) is strongly reduced to

T”=T_L <<TJ_—T (2)

T
27282m,c?

where 8 and v are the usual relativistic factors. Secondly, the presence of the guiding
magnetic field tends to freeze the transverse degrees of freedom of the electrons as the ions
interact with Larmor discs slowly drifting along the magnetic-field lines rather than with rapidly
travelling electrons. Consequently a very fast ‘supercooling’ down to very low temperatures can
occur [12].

Laser cooling of circulating ion beams adopts the principal which was successfull in cooling
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thermal atomic beams or ions in electromagnetic traps [1]. Absorption of highly directicnal
photons from a laser tuned to within the absorption profile of an ionic resonance and a random
reemission results in a net momentum transfer. This can lead to a velocity compression which
eventually may proceed faster than electron cooling. Both transverse [13] and longitudinal
schemes [14] have been proposed.

In a storage ring the cooling procedures are in competition with various heating mechanisms.
Among them are scattering in the residual gas (~ 107! mbar) and in internal gas targets
(< 10"em~2) and intra-beam scattering[15]. In electron cooling space charge in the intense
electron beam and stability of the high voltage of the power supply cause a modulation of the
electron velocity.

4 Experimental Programme at the ESR

As allready stressed in the introduction, the domain of the ESR will be the physics of ious
with both high nuclear and high ionic charge. Once the anticipated brilliant beams are available
experiments under well defined and controlled conditions will become feasible with a considerable
increase of measuring resolution and precision. What follows is a (necessarily incomplete) outline
of experiments which become possible with the ESR [16].

4.1 Nuclear/Astro Physics

Nuclear-physics experiments, such as the study of compressed nuclar matter and it’s equation
of state or of rare radioactive nuclei with the ESR operated as a high-quality mass spectrometer
[17], are not within the scope of the present talk. However, it might be worthwhile to note some
of the processes at the borderline between nuclear, astro and atomic physics.

Beta decay into unoccupied bound states of highly ionized atoms must have played a key
role during nucleosynthesis and the knowledge of these processes are of great importance for
establishing a cosmological clock [18]. Bound 8~ decay may get energetically allowed only at
high degrees of ionization as for the process ég‘iDygﬁ_ — 383 Haf}’%’_ . In neutral matter the
reverse electron capture process takes place. In the ESR bare ions ZZ* might be stored and
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Figure 4: Radiative electron capture
of cold elecrons

EJU) = 138 keV

y ,

cooled and the breeding of (Z + 1)Z* being observed as a function of time. Thereby, for the first
time, a simulation of nucleosynthesis in the laboratory will become possible in a broad range of
plasma temperatures.

4.2 Atomic Physics
4.2.1 Electron - Ion Radiative Recombination

The recombination of a free electron with an ion can only proceed via the emission of a photon
e~ + 29 — z@-0+ 4 gy (3)

and is the reverse process of photoionization. The capture can proceed directly (the only way
for bare ions) to the final state 7=+ or, in case of ¢ < Z via a doubly excited intermediate
state Z&=1+" The two processes are referred to as radiative electron capture (REC) and
dielectronic recombination (DR) [19], respectively and may be studied at the electron cooler.
Especially REC, who’s cross section diverges for small relative velocities, may as a loss process
limit the efficiency of electron cooling. As the REC cross section is proportional to the final-state
binding energy [20] the highest rate is expected for capture into the uranium 1s orbital. For this
case a time constant of 7rpc ~ 2038 is estimated for typica. ESR parameters and is much bigger
than typical cooling times.

As indicated in figure 4 the REC may serve as a d.agnostic for the cooling process because the
width of the spectrum profile is given by the temperature of the electron beam in case the ions are
cooled down allready or by a combination of ion and electron temperature when cooling starts.
The spike of the REC spectrum, which is still enhanced by the flattening of the electron velocity
distribution, is located at the boundary to the continuum. This allows a direct determination
of inner-shell (1s) binding energies with a high precision. Similarly resonance energies can be
measured in multi-electron ions making use of the dielectronic recombination. For this purpose
the electron velocity must be detuned over the resonances. Evidently, the precision, which will
finally be achieved, crucially depends on how well cooling works. It has also been proposed[21]
to enhance the capture by laser radiation. This will be most advantageous for light ions where
the spontaneous rate is low.

4.2.2 TIon - Ion Collisions

With the intersecting-beam technique, mentioned before, it becomes possible to prepare exper-
imental conditions for collisions where only one electron is involved. Charge exchange between
two heavy ions in well prepared states might be studied this way. But especially the study of
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quasiatoms, where, during the collision, the binding energy of an inner electron becomes com-
perable to it’s rest mass could be studied in a more stringent way. Quasi-molecular x-ray and
spontaneous positron emission, a field having allready a tradition at GSI [22], would be measured
and hopefully the puzzles given by present experimental findings would be disentangled.

4.2.3 Ion - Atom Collisions

Variqus stripping and capture processes in a wide range of ions and energy can be studied making
use of the internal gas target. Let me note here only two collision regimes which are important
for populating the atomic states of interest for precision spectroscopy: the dressing of a (bare)
circulating ion with one electron out of a low-Z target gas and the prcduction of high-charge
low-velocity recoil ions. The latter process has been investigated extensively with beams from
the UNILAC [23]. In the collision regimes involving very high charges low target densities are
required, therefore advantage is taken of the beam recirculation [24].

4.2.4 Precision Atomic Spectroscopy

It has been speculated that the theory of quantumelectrodynamics (QED) might have limitations
for an electron bound in the strong field of a heavy nucleus [25]. This question is closely related
to the relative importance of higher-order terms in the Lambshift which are only at the 107 level
in neutral hydrogen but dominate in hydrogenlike uranium. Therefore a Lambshift measurement
at very high Z would be interesting allready at a modest precision. The lowest levels of intrinsic
limitations, due to natural linewidths, are encountered for the ls Lambshift. However, it is
most demanding regarding the needed precision of x-ray spectroscopy [26]. The ls Lambshift
in U%'* for instance is ~ 0.5keV out of a transition energy of ~ 100keV. On the other hand
the n = 2 — 2 transitions should be mentioned which, due to relativistic effects, gain a notable
branching especially in the heliumlike system. The latter has also the advantage of a smaller
linewidth as compared to the hydrogenlike 2p — 23 transitior. As aliready mentioned, the
relevant states are prepared by the internal gas target either in the circulating beam or in the
recoil ions.

Another kind of experiment makes use of resonant laser excitation in a collinear geometry.
The 1s hyperfine splitting and the resulting bound-state g factor in one-electron heavy ions can
be measured this way [27]. Due to the transformation of wavelength into the lab system (at
angles o = 0°,180° for collinear geometry) a wide range of ions 50 < Z < 92 can be covered with
existing laser frequencies. Also a two-photon excitation [28] can be tuned to a real intermediate
level by absorbing one photon travelling parallel (red shifted) and another one antiparallel (blue
shifted) to the ion beam. A wide range of relative spacings in a three-level system can be
accessed depending on the size of 4.

4.2.5 Fundamental Symmetries

Parity violation in atoms could be studied in a much cleaner way if an adequate few-electron
scheme can be found avoiding the many-electron atomic structure uncertainty. A candidate
might be the 23 — 13 transition in hydrogenlike heavy ions. When the initial state is populated
by electron capture from a polarized electron target the signature of parity-violating admixtures
should be observable in the anisotropy of the emission.

4.2.6 Collective Phenomena in Very Cold Ion Beams

If one can sustain cooling down to very low temperatures a phase transition to an ordered
‘Coulomb solid’ may take place [29]. This is expected to happen when the ion temperature 1;
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gets lower than about 0.6% of the internal Coulomb energy

2,2

T; < 0.0058 ;’E;n,?/a (4)
It is unclear whether such a situation will be reached in one of the cooler rings presently being
built or whether a special ring structure has to be optimized for this purpose. In the Novosibirsk
experiments [2] a threshold behavior around 10xA was found in the temperature of the proton
beam as a function of beam current. This was atiributed tc an ordering effect. However, the
temperature was much higher than (4) and even for a collapse into a one-dimensional array it
was much too high. It should be pointed out that the achievement of such an ultra-cold ionic
sample will have a large impact on precision atomic spectroscopy.

4.2.7 Heavy-Ion Pumped Lasers

It was demonstrated by Ulrich et al. [30] that infrared laser action can be achieved by de-
positing energy of about 10W/cm? into a gaseous target by means of a pulsed beam from
the Munich tandem or from the UNILAC. The extention towards the (soft) x-ray region is lim-
ited by the power-density (P/A) requirements, the minimum wavelength achieveable scaling like
A ~ (P/A)~'/3. With a bunched high-intensity beam from the new accelerator an increase in
the power density up to about 103W /cm? should be possible resulting in a three to four-times
smaller wavelength.

5 Conclusion

The new installations at GSI will open the field of few-electron very heavy ions in a wide energy
range particularly interesting for many atcmic-physics experiments. The success of cooling
off particle noise will crucially determine the feasibility and ultimate precision in most of the
experiments identified above.

It 15 a pleasure to thank all my colleagues for the opportunity of working with them together on
the projects presented above. I am particularly indepted to Fritz Bosch and Bernhard Franzke
for valuable discussions.
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The spectroscopy of very highly-charged ions presents a number of
intriguing challenges for atomic physics from the viewpoint of both
theory and experiment. In particular the precise solution of the
muiti-electron QED problem and the development of accurate muiti-electron
relativistic wave functions are two of the outstanding challenges facing
atomic theory. The extension of experimental tests of QED to the regime
of high Z, where one can test higher order terms and search for possible
high field failures of the theory is also an exciting possibility with
the development of new techniques for producing highly charged ions.

Most precision highly stripped ion spectroscopy experiments have
concentrated on the case of hydrogen-like (or helium-like) systems, with
a view to testing QED in a high Z system whose wavefunction is well
known. A number of recent experiments using fast beams]’a'B’4 (beam
-foil1), recoil 1ons5 and plasmas6 have measured the Lyman-« energy
(2P - 1S) 1in hydrogenic cz*16, Ar+]7. Fe+25 and Kr+35. By
subtracting off the Dirac energy in such experiments one can arrive at
the Lamb shift of the 1s state which can then be compared with theory.

Although significant progress has been made recently, all the experiments
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determine the 1s Lamb shift to an accuracy of 1-15%, while theoretical
estimates of higher order contributions are about two orders of magnitude
1ower.7’8 Thus the experiments serve the purpose of ruling out radical
breakdown of the theory but are not as yet at the accuracy level to probe

finer features of the standard theory.

An important new development has been the recent measurement by Gould
and Munger9 of the 3P0 Tifetime in helium-Tike uranium (U+90) at
the LBL Bevelac using a 219 MeV/amu U beam. Since the leading QED terms
go as (a.Z)4 one can put the theory to a stringent test at lower
levels of experimental précision at very high Z. 1In addition one tests
higher order terms in the theory which have much lower relative size at
Tow Z. Future experimental facilities, in particular the SIS project at
GSI described at this seminar by H. Beyer‘,]0 should yield higher rates

and more accurate values for high Z hydrogenic systems.

We have taken a slightly differenf approach in our experimental
program by concentrating on the spectroscopy of few electron systems, in
particular ions jsoelectronic to Ne I (10 electrons). Neon 1ike systems
are attractive because they feature a closed L-shell and thus have
n=3»2 spectra which are relatively simple to measure and calculate.
Closed shell jons are also important for plasma applications and
diagnostics since they exist over a wide range of temperature and
density. For example, the laser driven x-ray laser work at LLNL]]
observed lasing in Se+24 neon-like n=3-»3 transitions, and spectra of
neon-1ike Ag+37 have been measured at PLT,]2 while neon-iike line

ratios have been used as a density diagnostic in laser produced
p]asmas.13

Our focus in neon-like spectroscopy experiments is not on a pure
single electron QED test as in the H-like experiments, but rather on
providing benchmark experiments in a two-fold attack of testing both the
QED theory of a many electron system and the energy calculations
recuiring a relativistic multi-electron wavefunction. The ten electron
system is simple enough that one can hope to make real progress on the
theory, yet has enough electrons (and complexity) to give theory and
experiment a real workout. Ultimately, one would hope that a refined
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theory would be able to predict energy levels in heavy neutral atoms to

the same level of precision as the currently existing x-ray spectroscopic
14
data.

Another attractive feature of L-shell spectroscopy is that we can
examine very high Z systems (for example the region around Z=80 at GSI)
at conventional heavy ion accelerators, while for K-shell systems at the
same facilities we are only able to reach a Z of about 32. Thus,
neon-1ike spectroscopy is a kind of "poor man's" Bevelac or SIS
experiment.

The experimental technique we use to produce the highly charged ions
is the brute force approach of stripping relativistic ions from an
accelerator in a thin foil. The charge state one can achieve is then
determined by the energy of the jons which can be produced, and can be
predicted approximately using semi-empirical formulae. We have found
that we can produce neon-like ions.Is at the LBL SuperHILAC (E = 8.5
MeV/amu) for Z up to 57 (La), and by moving to the GSI UNILAC (14.9
MeV/amu) we were able to reach Ne-like Bi (Z=83).

The main problem which faces spectroscopic experiments on fast ion
beams is how to deal with the large Doppler shifts associated with beam
velocities, B = v/c = 0.1 - 0.2, without sacrificing experimental
counting rate. At LLNL we have developed.'s’.'£> a new x-ray spectrometer
to specifically deal with this problem. The instrument (Fig. 1) features
two Johann crystal spectrometers which are set up with their Rowland
circles lying in exactly the same plane. This spectrometer plane is set
up approximately + 2mr perpendicular to the incoming jon beam, with the
final excitation foil positioned at its center. The angular acceptance
of the crystals is quite large and unrestricted by slits in the
dispersion plane, so that the full height of the crystals (~5 mm) can
be used. The observed spectra are two-dimensional and to capture them
with highest resolution we use x-ray film (Kodak DEF 392) as the '
detecting medium. Because of the Doppler shift, the x-rays emitted by
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Fig. 1 Diagram of the LLNL dual Johann crystal spectrometer.

the fast ions in the lab frame do‘not have a unique wavelength, but
rather a wavelength correlated with the emission angle « with respect
to the perpendicular to the beam direction,

A= YRO (1 -Bsina)

This means that the ion 1ines on the film will be slanted with respect to
stationary calibration lines as shown in Fig. 1. The film position with
respect to the central instrument plane can be determined by observing
shadows of prepositioned wires. Any deviation of the spectrometer from
perpendicularity to the beam 1ine can be taken out by averaging the
wavelengths on both sides of the instrument -- since the two Rowland
circles are coplanar, a blue shifted 1ine on one side will be cancelled
by a red shifted 1ine on the other in averaging. The average wavelength,
A = yho, can then be corrected to the true wavelength at rest by
measuring the beam ve]ocity accurately to determine y. The instrument
actually comprises two interchangeable dual spectrometers; a 30-cm
Rowland circle spectrometer with Bragg angle coverage of 30°-65°, and a
1-m device with g ranging from 10° to 18°.
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An example of a typical fast ion spectra, showing lines from Bi+73

as well as stationary calibration lines is shown in Fig. 2.

(23, 3p1pp)2 (2P 35yp5)4
83*73

Fig. 2. Example of raw film data showing lines from neon-like
Bi (slanted) together with gumanium calibration lines
(straight).

In our most recent experiment at GSI we have measured the n = 322
spectra of Ne-Tike Bi and Au (Bi*73 and Au*®®). A partial teve
diagram of the 10 electron bismuth system, showing the transitions we
expected t2 observe is shown in Fig. 3. Note that in addition to the
"allowed" L1 transitions, the E2, J=2-0 p-p transitions have large enough
transition rate at this high Z to be observed in the viewing region after
the foil. The dispersing crystal in this experiment was Ge 220 which
gave a coverage of 10-15 keV with the 1m (e = 10°-18°) dinstrument,
suffici "t to observe all the n=3-2 lines.

The experiment ran with beam currents of 5-10 pnA, and it tock

approximately five hours to get a reasonable exposure on the film. An
example of a typical digitized output from the 2-d film spectrum js shown
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Fig. 3 Level diagram for n=3 and n=2 states of Bi*73 showing
transitions we expect to see.

in Fig. 4 with 1ine identifications showing the Bi+73

expected in Fig. 3. The spectra are dominated by radiation from the

transitions
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Fig. 4  Experimental spectrum with Bi*73 lines identified.
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Tower (Na- and Mg-like) states in the beam, but the neon-like lines are
nonetheless clearly visible.

The absolute accuracy to which the strongest lines are determined is
4 eV, or 400 ppm, Timited principally by the determination of the
central plane wire shadows. The relative accuracy of the positions of
1ines is much better, 1 eV or 100 ppm.

+13 can be calculated using ‘one of

17

The energy levels in the Bi
several multi-electron codes. Chen and Scofield
system using the code of I. P. ﬁrant,18 which explicitly calculates the
various QED corrections to the energy levels. This code also contains a
phenomenological correction to handle the screening contributions of
inner shell electrons to the QED self-energy terms. The results of
running the code both with the phenomenological screening correction and
without screening, using simple hydrogenic QED terms, are shown in Table
I. The theoretical calculations are compared with our preliminary

have evaluated this

Upper State Expt. Theory Theory Expt-Theor

(HOLE/ELEC);  (EV) (MCDF=S)  (FCDF-H) (MCDF-S)  (MCDF-H)
(2P3/2 351721 10s0ew)  10507.4  10507.7 0.6(4.0) 0.3
(2p5/9 ZPysp),  10679C4)  10676.9  10677.0 0.1(4.00 2.0
(2p3)5 3p3/5),  11364(10)  11249.2  11347.2 -5.2010.)  -3.2
(2p51y 3D5pp);  11S34(11)  11530.7  11528.2 3.3a1) 5.8
(2p3)y 3055);  11719(4)  11725.9 117255 -6.9(4.) 4,5
(2p1,5 35150  126872(5)  12072.1 128723 -0.1¢5.)  -0.3
(2815 303.5)y  13925(6)  13928.4  13926.0 -3.406.)  -1.0
(25,9 3p1/p);  13625(B)  13633.1  13627.1 - -.1(6.) 2.1
(25175 3P3sp);  14296(7)  14300.2  14294.2 -4.2(7,) 1.8

(MCDF-S) -~ THEORY USING SCREENED SELF EMERGY
(MCDF-H) -~ THEORY USING HYDROGENIC SELF ENERGY

Table 1. .Comparison of our preliminary data on Bi+73 3-2
energies with theory.
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experimental results in Table I. A very interesting result can be seen
immediately: the hydrogenic corrections give generally better agreement
with the preliminary experimental data than the results using
phenomencological screening!

The QED corrections to the experimentally observed lines in this
system are largest for levels where an electron is excited out of the 2s
state. For example, even with screening, the 2s3p levels have radiative
corrections of about -28 eV, arising from self-energy (Lamb shift)
corrections of =-36 eV and vacuum polarization terms of =+8 eV. Since
the experiment can determine these lines to a relative accuracy of 1 eV,
we can in principle determine the Lamb shift at Z=83 to 3%. However, we
are presently limited by theory, which can be seen from Table I to be
currently able to get things to about 5 eV with some uncertainty about
how the screening works. However a 5 eV Lamb shift measurement at Z=83
is still é fairly strong test of the QED higher order terms -- at about
the same level as the U+90 measurement.

If there were real problems with QED we might expect to see
difficulties with the neutral atom K x-ray energies. These can be
measured quite precisely.14 but it's not easy to say how well the
theory19 can calculate such things. Our results, and future
experiments along these 1ines, can hopefully bridge the gap between
spectroscopic measurements on hydrogen-like and neutral high Z systems.

One interesting aspect of the data is that the p-p E2 transitions
allow us to imply values for n=3-3 transitions which begin or end on
these states. This analysis was used in our earlier Xe experiments and
also applies here, although the 55;;;3p3/2 1ine observed in Bi+73
is anomalously weak when compared to the Xe experiment.

69

Data for Au’ are presently being analyzed.

In conclusion, by concentrating on the spectroscopy of very highly

ionized neon-like systems, we have arrived at re§u1ts which pose
interesting problems for the theory of few electron systems, particularly
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the treatment of screening, and which provides one of the strongest tests
of high field («Z > 0.5) QED.
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Target thickness dependence of K satellite intensities
of Argon ions colliding with thin carbon foils
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Target-thickness dependent measurements of X rays
emitted in collisions of fast heavy ions and solid targets
have been recognized to be important technique to study the
inner-shell processes of heavy ions in solids, where the
relaxation times of excited states are not short enough
compared to a mean collision interval. With respect to K-
shell, such experimental data have been analized by using the
two- or three-component model, which contains several fixed
parameters (vacancy formation cross section, fluorescence
yield, lifetime of vacancy, and cross section of electron
capture to K-vacancy) to be determined to reproduce

experimental data.!)

Such a model is, however, inadequate
even for K-shell, at least in the thickness region where the
equilibrium of L-shell is not attained, because some
parameters assumed to be constant are actually depend on the
target thickness through the change of L-shell configuration.
Here we report our high-resolution X ray measurements as a
function of target thickness and projectile charge state, and
show the importance of the effect of L-shell configuration on
K-vacancy formation.

, Tafbét—thickness dependence of Ar Ky satellite

4+

intensities from Ar~" .ions colliding with thin C foils of

2

which thicknesses were 2 - 100 Pg/cm was measured. For

Arb+/12+,13+  ¢he thickness dependence was measured over the

region 2 - 20 Pg/cm2 where L-shell non-equilibrium region is
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contained, and for ari 1+ only one (thinnest) target was
examined. Experimental set-up is shown in Fig. 1. 50 Mev Ar
ions from the RIKEN linear accelerator were used and Ar K x-
ray spectra were measured by using a broad-range crystal
spectrometer.z) The product of target 'thickness and a number
of incident particles was monitored by counting recoil C
atoms with a surface-barrier detector .(SBD). ‘The ions passed
through the target were stripped again by a 20 P'g/cm2 C foil
for the ions to be brought into charge equilibrium, and
finally collected with a Faraday cup to determine the number

of the incident ions.
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production cross section for each satellite. It can be seen
that the high-energy group of the satellites grows with an
increase in target thickness, and the low-energy group tends
to decrease. Such behavior cannot be understood by the two-
or three-component model. It will be explained by 1) the
increase of L-holes with the thickness and 2) the increase of
K-vacancy formation cross section itself with the thickness.
The latter can be caused by the enhancement of K-L excitation
due to the increase of L-holes. Using our data and the
calculated values of fluorescence yield and transition rate

for each defect configuration,3)

we can estimate the average
K-vacancy formation cross section dv as a function of the
target thickness. For thin target (10 Pg/cmz) we
tentatively assume that the collisional quenching of K-hole

is negligible. Thus

o, =2 Sy(n)/w(n) .
n

where Gx(n) and W(n) are average X ray production cross
section and fluorescence yield, respectively, for n-th
satellite. In Fig. 3 G, for Ar®*
thickness. The increase of(ﬁv with the thickness is

are plotted against C

considered to be due to K-L excitation. If the collisional

quenching is taken into account, the increase ofov may be

further enhanced. The results for Ar6+

feature as Arl*.

show essentially same

3.5 :
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c
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4 g %0
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In Fig. 4 §,, for the thinnest target (~2.6 Pg/cmz) is

plotted as a function of projectile charge state. The values

4+ snd arbt

for Ar are. approximately same, whereas Sy for
Ar11+, Ar12+, and Ar13+ seem to increase linearly with the
just before the start of L-hole

This increase of dv is further evidence of the

charge. The bend is near 8+,
existence.
effect of L-hole existence on K-vacancy formation. If
extremely thin target can be examined, more drastic increase
of 8, will be observed. Therefore the increased part oftﬂv
is considered to be lower-side estimate of K-L excitation
cross section,

Full analysis of our data is still in progress.
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K-ELECTRON CAPTURE FROM TARGET ATOMS BY >He IONS
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Y. Haruyama**, A. Aoki**, H. Ogawa™** and K. Sugai****
RCNP, Osaka Univ., Mihogaoka, Ibaraki, Osaka 567
*Dept. of Nuclear Engineering, Kyoto Univ., Sakyo-ku, Kyoto 606
**Lab, of Applied Physics, Kyoto Prefectural Univ., Kyoto 606
***Dept. of Physics, Nara Women's Univ., Nara 630
****INS, Univ. Tokyo, Midoricho, Tanashi, Tokyo 188

Abstract: By using 72 and 52 MeV e 2t beams, electron capture from Ag and
Sn target K shells has been successfully measured with a high resolution
magnetic spectrograph. The results are reasonably well explained by eikonal
approximations.

Inner shell electron capture at intermediate energies remains to be
studied both theoretically and experimentally. Electron capture at asymp-
totically high energies, on the contrary, has been well is explained by a
second order plane wave Born approximation and at low energies by a per-
turbed stationary state mode]l). At intzrmediate energies where the cross
section increases to the maximum, electron capture becomes highly compli-
cated process to be understood, which is a reason for the emergence of
several theoretical treatments. Among them are the full peaking of the
strong potential Born (SPB) by Macek et a1.2’3 , the transverse peaking in
the SPB by A1ston4), another approximation in the SPB by McGuire et
a].s) and an eikonal approximation by Eich]ers). Our present experiment is
intended to provide data to test these theories. It is also our intension
that the present data may heip in theoretical investigation of the inner
shell shielding problem, which is normally discussed with an effective
charge, in electron capture processs).

The 3He2+ beams were employed in the present experiment. This is
because they allow us to use the largest projectile voilocity among available
particles of which electron capture products have charge to permit the
energy analysis using a magnetic spectrograph. Details of our method and Sn
data were already reported e1sewhere7), Some details of the Ag data are

reported here. The *He®* beams were accelerated and extracted from the
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AVF cyclotron at RCNP, Osaka University. Momentum analyzing system of the
beam which consists of two 90 degree magnets is designed to give the energy
resolution of AE/E = IXIO'k on the target. Fig. 1 shows the present experi-
mental arrangement using the magnetic spectrograph RAIDENS). The
spectrograph was used at zero degree. The magnetic field was adjusted to
measure electron capture product SHe'* and the >He2™ beams were stopped at
an insulated aluminium plate inside the first dipole magnet. The focal
plane counter was a 5 cm long position sensitive semiconductor detector
(PSD), later replaced by a 2 cm long drift counter. The target thickness
dependences of 3Hel+ total yields obtained are shown in fig. 2a for the Ag
target case, from which electron loss cross sections (fig. 2b) and electron
capture cross sections (fig. 2c) were deduced. Theoretical work by N. Bohr
for electron oss (second equation in ref. 9 employed) and Nikolev's work
for total capture cross sectionslo) as well as high energy data from
Jﬁlichll) are also shown for comparison. Fig. 3 shows the energy spectrum
of et from “He?* + Ag » et

+ Ag* process at 72 and 52 MeV measured by
using the PSD. A deconvolution to deduce the K shell component was per- ’

formed using the *He'* 1ine of the pure carbon target as a response curve.
Note that the low energy tail of the carbon response curve had to be
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Fig. 2. (a) Target thickness dependence of Shelt yields for Ag target.
(b) Electron loss cross sections obtained from the curves in (a).
The dashed line shows the result calculated by using Bohr's second

formulad).

the curves in (a).
OBK calculations for L+M shellsl0),

(c) are taken from ref, 10.

(c) Total electron capture cross sections obtained from
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Fig. 3. Energy spectra of electron capture products SHe'* for Ag target

measured by using the spectrograph RAIDEN.

The contribution of the

K shell and C backing * =2 shown together with the final fitting

result.
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’"nﬁ ) L Fig. 4. Comparison of the present data

g9 3He?* Ag-~He'Ag(K-hole) ith theoretical results for K shell
2or \ ' electron capture of 3e®* from Ag target.
18F \\ SPFP is the full peaking SPB calculations
SPMS1Y 2,3)
16k \ by Macek et al. . SPMS1,2 are the SPB
’ \ calculations by McGuire et al.s). E is
14 \
g ‘ \ the eikonal approximation by Eichlers).
§ 12k _“}ﬁﬂnuumu \ I is the impulse approximation by
T ol e\ Briggslz). BK is the first order calcu-
t? i e, lation by Brinkman-Kramers 13)
8l SPMS2 \
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slightly increased at 52 MeV so as to explain the spectrum. The decon-
volution result is also shown in the figure. The contribution of carbon
backing was determined from the thickness dependence of the Sel* total
yeild (fig. 2a). The 3He energy dependence of the K shell electron capture
cross sections is shown in fig. 4 in comparison with several theoretical
calculations. '

It should be mentioned that further accumulations of data and con-
siderations on the deconvolution procedure have brought us to the conclusion
that the 52 MeV result in ref. 7 should be changed to the present one. The
Sn result in ref. 7 at 52 MeV is also reduced by a factor of two. With
revised results for Ag and Sn at 52 MeV, the velocity dependence of the
present data seems to be explained reasonablly well by the eikonal
approximation.

We acknowledge Dr. S. Morinobu for his cooperation at early stage of

the experiment and Profs. J.H. McGuire and J. Eichler for sending us the SPB
calculations and eikonal calculations.
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WHAT IS NEW IN CONVOY ELECTRON PHYSICS?¥

I. A. Sellin
University of Tennessee, Knoxville, TN 37996,
and Oak Ridge National Laboratory, Oak Ridge, TN 37830, USA

In preference to attempting to review the already voluminous
literature® concerning electron capture (ECC) and loss (ELC) to continuum
states in ion—-atom and ion—solid collisions -~ referred to here under the
collective term convoy electron production -- space and time constraints
suggest a wiser course. I choose to fecus on the rapid advances in
understanding that have occurred in the past year owing to the development
of new and powerful techniques?:?® for making doubly differential
measurements of convoy electron distributions having comparably high
resolution in longitudinal and transverse components of electron ejection
velocity in the projecbile rest frame,

By now familiar to most of us is the sharp cusp in the velocity
spectrum of electrons observed when the ejected electron velocity 3e
matches that of the emergent ion 3p in both speed and direction. Although
the occurrence of a cusp is simply a signature of the Coulomb interaction,
the shape depends on the contributions of individual partial waves to a
multipole (P.) expansion of the cross section and thus is sensitive to
fine details of the collision dynamics. For high Gp, ECC cusps typically
differ from ELC cusps by virtue of greater longitudinal spread and large
dipole moments!™? parallel to 3p. Corresponding ELC cusps have larger
transverse spreads characterized by even «: P,, P,, .... By continuity
these multipole distributions are also predicted for similar collisions in
which high Rydberg states are populated.

Until very recently most ECC and ELC measurements have been
effectively singly differential, even though collection cones of ~1° near
0° were used. To get a more accurate picture of the shape of the doubly
differential cross section, it is desirable to subdivide this cone so that

the effective angular resolution corresponds to a differential slice in

— 80—



transverse electron velocity get of a size comparable to that of the
longitudinal slice, centered on a particular $el fixed by the analyzer
pass energy and resolution chosen. A straightforward angular—-scanning
method employing spectra obtained as a function of stepwise changes in
collection angie has been used by Meckbach et al.?® for this purpose. The
alternative method used in our laboratory employs a position-sensitive
detector to simultaneously collect data at all polar and azimuthal
emission angles from 6 = 0 to 5° and ¢ = 0 to 360° in an array of 256x256
pixels. The key advantage of our method is its speed.

Figure 1 displays sample data concerning the x distribution observed

Fig. 1. Contour plots for ELC
by 0°* in Ar and He at Vp =
14.4 a,u., and ECC by 0°* in Ne
at 15.4 a.u. Contours shown

(¢]

represent multiples of 12.5%
of peak height. The horizontal

©

scale indicates laboratory-frame
electron energy; the vertical

scale indicates electron ejection

% WL Lz!: L zgi | A 1 angle. Isotropic angular
T 2 4~ distributions would have nearly
@ | Sk f circular contours. (a) Measured
e I .
L d 2l Nﬂﬁkﬂ?Vhl distribution for Ar target.
- L b (b) Corresponding fit to (a),
or o:- normal ized to the peak height of
- 'L the data. (c¢) Theoretical distri-
1+ 2L bution (Ref. 4) after convolution
L .
- sl with analyzer acceptance.
L I* ] L .1‘_ J L
2L 28 28 43'_-"—-—31%——3J4 (d) Measured aistribution for He.
E (keV) (e) Fit for (d), normalized to the

peak height of (d). (f) ECC
distribution for 0®* in Ne.
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for electrons ejected by $p = 10.1, 14.4, and 16.2 a.u. 0%* ions undergo-
ing single collisions in He and Ar2. As expected from Burgddrfer's
theory" the distribution is dominated by ELC from the loosely bound n = 2
levels by an order of maghitude compared to the combined contributions
from ECC and K-shell ELC. For n=2, the doubly differential cross section
is given by

do/dv=(o/v)[1+8,P,(cos8)+g,P,(cos8)].

There can be no doubt concerning the strongly transverse character of the
ELC angular distributions: the presence of appreciable P, and P,multipole
strengths is confirmed; and a striking contrast with ’he strong dipole
character of the ECC distribution illustrated for 15.4-a.u. 0%* in Ne is
seen. Also plotted i the theoretical angular distribution for ELC in Ar,
after convolution with a reasonable approximation to the spectrometer
acceptance funection.

Figure 2 displays sample data® concerning the k distributicn observed

Carbon . {1
Taff%'éts .
,
A

O
N
o
c

i
Argon ) @
Targets
A A
= 4 16.2au
Vooraj ™ 10.1 14.4

Figure 2. Contour plots of velocity distributions for convoys produced in
thin C targets vs. those for ELC in Ar. Contour levels shown represent
intervals of 20% of each peak height. Longitudinal and transverse
velocity components are represented horizontally and vertically,
respectively, with equal velocity scales for all figures; 0.2 au is

shown. Numbers at bottom of figure indicate Vpe Isotropic angular
distributions would have circular contours,
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for convoy electrons from thin C targets together with corresponding data
for 0°* ions undergoing ELC in Ar at equal 3p values. The striking
resemblance contrasts markedly Qith typical ECC distributions, whose
strong dipole content is absent. Table 1 compares measured multipole
coefficients B, with corresponding experimental and theoretical values
for ELC from isotachic 0°* projectiles on Ar. The quantity

B, = Bi(convoy)/B(ELC) highlights the extent to which high x values for
convoy distributions from solid targets rise beyond those for ELC values.
Though there is strong resemblance between ELC and convoy distributions,
there are also important differences: the enhanced k characteristic of
convoy distributions in solid targets is seen to be a steeply rising
function of 3p.

If one applies ELC theory formulated for ion-atom collisions to
convoy electron production in solids, this skew toward higher « may be
viewed as evidence for high n state populations in the penetrating ions.
In this picture excited ions signal their presence by giving birth to
convoy electron distributions of corresponding high k. Either excitation
or nrapture to excited n,l states would then precede ELC. The relative
importance of high k would be enhanced for high n and 1, because ELC cross
sections rise rapidly with increasing orbital size and decreasing binding
energy Ep. If this interpretation is correct, the multipole content we
observe is a quantitative measure of projectile ion n and 1 state
populations during the short time (< 1fs) of projectile penetration. An
interesting question arises: 1is the x content of the multipole
distribution likely to change materially upon entry into vacuum? A
negative answer, at least for tne relatively high Vp beams of concern up
to now can be given. 1In the sudden approximation, ionic bound states
screened within the solid project onto atomic excited states in the
vacuum. That the net phase change of each of the wave function components
in the coherent superposition of electronic eigenstates desgribing a
convoy state is likely to be small can be seen by considering a typical
phase integral ¢ = fAE dt = (1/3p)fAE dx = 0.04, a small value. Here AE
is the size of the potential step (about 0.2 a.u.); the integration over
path length dx extends over about 2 a.u. and $p 210 a.u.
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TABLE I. Comparison of By values for convoy distributions
with those for ELC. Also shown are the even order coeffi-
cient ratios By defined in the text. The estimated

uncertainties in By are 0,04,

Vp (au) Target B, B, Be Bg Bio
16.2 Carbon -0.78 0.25 -0.32 0.19 -0.16
Arad -0.68 0.13
Arb -0.70 0.18
By 1.1 1.9
14,3 Carbon -0.82 0.29 -0.26 0.07 -0.03
Arad -0.62 0.12
Arb -0.67 0.16
Bk 1.3 2.4
10.1 Carbon -0.48 0.11 -0.18 0.09 -0.05
Ara -0.26 0.05
Arb -0.56 0.10
By 1.8 2.2

8gxperimental values from Reference 2.
DTheoretical values from Reference 2,4,

How different results for light ions (H, He) at lower velocities
(2 1 au) can be (and often are) is a point that has been mentioned in the
past!™%, has not generally been adequately appreciated by workers in the
field, and which can scarcely be overemphasized. For light ions of low
velocity it is physically very plausible to expect that secondary electron
generation and scattering phenomena will be less dominated by the
electronic charge of the accompanying ionic particle then in the fast
heavy ion case, will be relatively more sensitive to solid state effects
at, for example, the exit surface, and may well be qualitatively different
owing to the longer time scale over which secondary electron distribution
characteristics can adjust. For example, the adjustment to the potential
step at the exit surface just discussed cannot then be expected to be
either small or sudden.
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Notable examples have been uncovered recently by Meckbach et
al.®"® in doubly differential studies of secondary electron spectra by
hydrogenic particles in He and in thin foils of C, Al, and Au at ionic
kinetic energies in the range 100-200 keV. For example, high resolution
electron spectra for electrons ejected in the forward direction by protons
and neutral hydrogen in collisions with He gas showed the expected convoy
peak, but also showed a zero degree ridge extending to the lowest electron
energies measured. The authors propose that this new secondary electron
component represents electrons which propagate on the saddle of the
potential surface produced by the two positive ions H* and He* in the

intermediate collision complex. Figure 3 illustrates this result.

1

|
H++ He

Figure 3. Combined velocity distribution of electrons produced in H* + He
and He + H° collisions. The data for Ve > 1.8 au are for H* + He
collisions and include the ECC peak. The data for 39 < 1.5 au are for
He+H? collisions and include the peak due to direct ionization of H°

at v = 0. The two peaks are joined by a ridge of secondary electrons
concentrated at zero transverse electron velocity. From Ref. 6.
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In an even more remarkable example, Gofii et al. 7:° presented doubly
differential distributions of convoy electrons when 100 and 170 keV
protons traversed thin carbon, gold and aluminum foils and compared them
to tﬁose obtained with Hé targets. The ridge they attributed to electrons
moving in the two Coulomb center potential saddle determined by the target
and projectile ions, also appeared in the ion-solid convoy electron
distributions. In addition two strong lateral humps also appeared, which
were explained as due to diffraction of the ridge electrons in the

polycrystalline foil material. Figure 4 illustrates these results.

Ht—C
E=170 KeV
V= 2.61a.u.

CountsIVe3

Figure 4. Doubly differential distribution of secondary electrons emitted
when 170keV protons traverse a 5Sug/cm? carbon foil. Diffracted ridge
electrons are claimed to be found in the lateral humps. Fro Refs. 7 & 8.

They also found that the diffraction of convoy electrons is impeded by

their strong correlation to the moving ions. In the case of Al targets the
observed "diffraction" was found to be typical for Al,0,. This was inter-
preted as an indication that the observed electrons originate from a thin

polycrystalline oxide layer close to the downstream surface of emission.
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Strong Forward-Backward Asymmetries in Electron Emission from
Overlapping Resonance States in Fast C3+ on He Collisions

. .k
Yasunori Yamazaki
University of Tennessee and Oak Ridge National Laboratory

and

P.D.Miller, H.F.Krause, P.L.Pepmiller, S.Datz, I.A.Sellin,
*
and N.Stolterfoht *
Oak Ridge National Laboratory

2

Autoionizing electrons from the configuration 1s“2pnl pro-

duced by transfer and excitation were measured for 2.5-5.0MeV C3+
+ He-gas collision employing the method of zero-degree Auger
spectroscopy1). The electron analyser was operated with an ener-
gy resolution of 300 meV(FWHM), which corresponds to the projec-
tile rest frame energy resolution ~40meV.

In figure 1, are shown the electron spectra referring the
energy scale teo the projectile rest frame for both the electrons
emitted in forward(0°) and backward(180°) directions. Autoioni-
zation peaks corresponding to the Coster-Kronig transitions
1522pnl > 1522551' are clearly resolved up to n=10. For n=5
and 6 each group splits into several lines due to the gquantum
defect and the term splitting produced by the coupling of the nl
electron with the 2p electron. At higher energies a step-like de-
crease at the series 1limit (n+» ) appear for "8 eV. Surpris-
ingly, for n=5 to 7 the fourth line in each group is strongly
enhanced in the backward direction. At these peaks which show
strong 90° asymmetry in projectile rest frame, it is found that

two autoionizing states with opposite parities (1522pnp1s and
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1522pnd1F) overlap within their natural widths (i.e., overlap-
ping resonances) . Coherent superposition of two electronic
states, which have opposite parities, can be represented by a
spatially polarized electron cloud. This cloud oscillates with
the period corresponding to the energy difference between the two
states and the states decay in a time corresponding to the natu-
ral widths. If the lifetimes of the states are shorter than the
oscillation period, the decay occurs before there is a signifi-
cant oscillation of the electron cloud, and the distribution of
the decay products (e.g., ejected electrons) may show strong
forward-backward asymmetry .

It 1is noted that this experiment indicates that electrons
captured into bound states, may be strongly polarized at the time
of capture and that the method of zero degree electron spectros-
copy may, in some cases, be used to measure this ponlarization.

*P=2rmanent address: Research Laboratory for Nuclear Reactors,
Tokyo Institute of Technology.

**Permanent address: Hahn-Meitner-Institut fuer Kernforschung
Berlin GmbH.
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Figure 1. Electron spectra produced in 3.5 MeV C3+ + He colli-
sions. A number of peaks due to the Coster~Kronig transitions
1522pnl-+1522sal' are observed. The electron energy refers to
the projectile rest frame. H and L correspond to the spectra of
electrons emitted in forward(0° ) and backward(180°) directions,
respectively.
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STATE-SELECTIVE MEASUREMENTS IN LOW-ENERGY ION-ATOM
AND ELECTRON-ATOM COLLISIONS

B.A. Huber
Institut fiir Experimentalphysik AG II, Ruhr-Universitat
D 4630 Bochum, FRG

Among different experimental methods the so called transla-
tional energy spectroscopy (TES) is a rather powerfull tool,
which allows a detailed study of state distributions of multi-
ply charged ions either created by electron or by ion impact.
In recent years this method has been applied extensively in
order to investigate electron capture reactions by multiply

charged ions.

In principle the kinetic energies of the colliding particles
are measured for a given scattering geometry with high preci-
sion. The measured energy gain or energy loss of the detected
projectile can be transferred into the energy defect of the
preceding reaction and therefore contains information on the
excitation energies of the product particles as well als on
the internal state of the incoming ion. For experimental rea-
sons only the ground state or long-lived metastable states of
the prjectile have to be considered. However, this method
works only effectively, if high energy- and angular resolu-

tion are obtained.

The following applications of the translational energy spec-

troscopy will be briefly discussed below:

1) Analysis of the final state population after electron
capture by multiply charged ions.

2) Preparation of specific ion states and reactions with
state~prepared ions.

3) Detection of metastable states of multiply charged ions.

4) State-selective measurements of multi-ionization of

atoms by single electron impact.
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As an exampleée for studying electron capture by the aid of
normal TES figure 1 shows the energy distribution of secondary
Ar2+'ions formed in Ar3+/Ar collisions. The parameter charac-
terizing different curves is the electron energy, which is
used in the electron impact ion source. At high electron ener-
gies a large number of different peaks occurs, which are cau-
sed by capture into different excited states of Ar2+ (indica-

ted by vertical lines), whereby the Ar3+

o
the 453/2 ground state or the weakly excited metastable states
o o
zD and P . A detailed analysis of this spectrum is given in

projectile may be in

ref. 1 and ref. 2. The identification of various reaction chan-
nels is simplified if only one ion state is present in the pri-
mary beam. This can be achieved by reducing the electron ener-
gy in the ion source below the threshold values for the pro-

3+

duction of excited Ar states. The lowest curve in figure 1
represents the energy gain spectrum caused by pure ground
state Ar3+ projectiles. By taking into account these contribu-
tions and by deconvoluting the more complex spectra at higher
electron energies, we are able on the one hand to determine
the relative beam fractions as function of the electron ener--
gy; on the other hand energy gain spectra can be generated for

individual metastable projectile states.

The energy gain sepctrum of Ar" ions produced in Ar2+/Ar col-
lisions (shown in figure 2) is even more complex and the cor-
responding procedure of lowering the electron energy is not
very successfull in identifying at least the exoergic reaction
channels (for a detailed analysis see ref. 3). We therefore
applied the technique of preparing the ionic state of the
projectile before the collision occurs. In a first step excit-
ed states of Ar2+ are produced by electron capture reactions
in Ar3+/Ar collisions and selected by the setting of the
energy analyser. In a second step the selected ions interact
in a second collision chamber with Ar and the energy gain or

loss of tertiary Art ions is analysed by TES.

Due to the finite drift time of 40 us, which the ions need
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to cover the distance between both collision chambers, only
ions in metastable states remain excited, whereas the others
decay into the ground state or low-lying metastable states.
Analysing the decay schemes of Ar2+* we have been able to pre-
pare Ar2+ in various states. The result is summarized in fi-
gures 3 a,b,c, showing the erergy gain spetra of Ar? ions where
* have been (3P), (1D2), (BFZ)

and (5D;) as well. By applying this technique it was found,

the projectile states of Ar2

that cross sections for electron capture by highly excited
metastable states exceed those for ground state and weakly
excited species by a factor of about 100. This explains their
dominant contribution to the energy gain spectrum, although
their relative abundancy is rather small in an unprepared
beam (51%).

As already shown in figs. 1 and 2 translational energy spectra
vary strongly with the electron energy used in the ion source.
As individual peaks are correlated with different projectile
states, we can study the production of multiply charged ions
in specific (metastable) states by single electron impact as
function of the electron energy. The exact method of determin-
ing cross sections for multi-ionization into specific states

is described in detail in ref. 4.

Results for double ionization of Ar atoms by electron impact
are shown in figure %4, where the*total double ionization
cross section is subdivided into 5 'state-selective!' cross
sections. In some cases (metastable states) there is a weak
structure at electron energies between 200 eV and 300 eV,
which refers to contributions from L-vacancy production pro-
cesses. The importance of these reactions increases strongly,

'if ions in higher charge states are produced.

Another subject of these studies has been the threshold be-
haviour of individual ionization functions, in particular a
test of threshold laws as function of the final charge state

and the populated internal state. Figure 5 shows the threshold
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region for double ionization of Ar. The experimental cross
sections for the production of individual Ar2+ states are

fitted accordingly to the equation o © (Eel—E )n, where Ee

thr
determines the threshold
thr

value. The x values are found to be close to 2, whereas in

1
is the electron energy and E

the case of the total cross section (shown as a dotted line)

a steéper increase is measured, corresponding to » = 2,65.
This results from the superposition of state-resolved cross
sections with different threshold values. Similar experiments
have been performed for higher charge states showing no linear

increase of » with q; for q=4 we measured a z-value between
2 and 3.
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STATE SELECTIVE ELECTRON CAPTURE BY HIGHLY STRIPPED IONS FROM ATOMS
! Masahiro KIMURA

Department of Physics, Osaka University, Toyonaka, Osaka 560, Japan

- Experimental study on final-state distribution in one-
electron capture from slow fully-stripped and hydrogen-
like projectile ions from H and He atoms is discussed.
After a short review of the available results state-
selectiveness of the process is interpreted using the

Landau-Zener model,
1. INTRODUCTION

At an.earlier stage total cross sections as a function of projectile
charge and the collision energy have been the main subject of the study on
electron capture from neutral targets by slow multiply charged ions. It has
also been recognized that the information on the final state distribution
of the captured electron is indispensable for the full understanding of
such processes, Last year at XIV ICPEAC in Palo Alto a symposium "State
Resolved Electron Capture by Multicharged Ions" (1] was devoted to review
the current status of this actively developing field (see also ref.2 for a
recent review). Since then new experimental information has been added
quite recently by the NICE group in Nagoya on final state distributions in
one-electron capture by fully stripped and hydrogenlike C, N and O ions
from atomic and molecular hydrogen. No experimental final state analysis
has been reported so far on these rather simple one- or two-electron
systems. Though most theoretical calculations have been performed for
electron capture by fully stripped projectiles colliding with atomic
hydrogen, experimental study has been scarce because of the difficulties
associated with the production of an atomic hydrogen target with good
quality as well as the production of highly stripped projectiles.

In the present talk I will limit myself to the following one-electron
capture process at low velocity (v<1l a.u.),

a9 + 5 > a(T D *(n,1) + B + pE, (1)
where the target B is H or He atom and projectiles adt represents fully
stripped, hydrogenlike and heliumlike C, N and O ions. The observed results

will be interpreted by using the Landau-Zener model,
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2. EXPERIMENTAL STUDY

The following two experimental methods have been widely used to
analyze the final state distribution.

1) Photon spectroscopy, in which radiation from the excited levels
produced by one-electron capture processes are analyzed. Since the resolu-
tion of photon spectroscopy is superior to the other method, it offers the
possibility to investigate the l-distribution as well as the n-distribution
even for hydrogenlike projectiles. Drawbacks of this method are very low
sensitivity and difficulties in evaluation of transition probabilities and
absolute calibration. This technique has been most successfully utilized by
the FOM-Groningen group. They have measured the partial cross sections in
slow collisions of C4+, N5+ and O6+ ions with H, H2 and He [3], and C6+,

N6+ 6+

and 0°" ions with H, and He [4].

2) Translational energy spectroscopy, in which the energy gain (or
loss) of the projectiles is determined. This method has the advantage of
getting direct information on the final state distribution with a very high
detection efficiency. We have used this technique to analyze the final
state distribution in slow collisions of fully stripped, hydrogenlike,
heliumlike and lithiumlike ions of C, N and O with He atoms [5]. Further-
more, highly stripped ions of F, Ne, Kr and I, including I38+, were
employed in the subsequent study. This technique has also been used by the
Belfast, Kansas and Stockholm groups, and Huber for projectiles with more
than two electrons.

The apparatus and the experimental procedure we have used for transla-
tional energy spectroscopy are practically the same as those described pre-
viously [6] except for the target gas cell. The ion beam extracted from an
electron beam ion source, NICE-1l, is mass-analyzed and passed through a hot
tungsten tube furnace containing dissociated hydrogen gas for the H-target
study. Charge-changed ions scattered in forward direction are then energy-
analyzed by an electrostatic analyzer before detection. The degree of dis-
sociation in the furnace was found to be almost compl:te.

In Fig.l are shown energy spectra for the collisions of fully stripped
ions of C, N and O with H at the energy of 1.5q keV. As seen evidently the
electron is captured predominantly into a particular single n shell; n=4

7+—H and 08+—H collisions. These

for the C6+-H collision, and n=5 for the N
dominantly populated n-shells are found to be higher by one unit than the

corresponding ones for the He-target owing to the smaller ionization poten-
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tial of H. In 087

-H, the observed peak is mainly due to the electron-
capture into n=5 shell but we cannot exclude a possibility that the peak is
somewhat contributed by the n=6 population. Shipsey et al.[7] have pre-
dicted the contribution of n=6 population to total one-electron capture
cross section is about 30% at this energy by using traveling molecular
orbital calculation, while Fritsch and Lin [8] have estimated it at about
10% by using extended atomic orbital method. From our observed spectrum we
can say that the contribution should be at least smaller than 30%. As for

the H-target we have also observed spectra for projectiles 04'5+, N5'6+ and

06'7+. These results will be published elsewhere together with data for
molecular hydrogen target.

The FOM-Groningen group has also measured the (n,l)-distribution in
the collisions of He-like C, N and O ions with H and He. Their observations

are consistent with ours as far as n-distribution is concerned.

cS* +H > cS*(n)+ Ht
a) cm Fig.l. Energy gain spectra of
St
pncrrgry product C - forward scattered CS+
n= 6 5 4 6

N + and O7+ ions in

a) c® -1, b) N'*-H ana
c) 08+—H collisions at
1.5g9 keV.

40 60
Energy Gain(eV)

b) N7*4+H = N6*(n) + H' c) %" +H > 0"*(n) + H'
primary product N6* primary product 07
N7+ n=?? 1; :? o® n= 765 4 3
J T K . ))A\ WM
0 20 40 80 80 -40
Energy Gain(eV) Enzrgy Gam(cV)
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As reported for He-target [6] good similarity is again observed in the
spectra for different ions with the same charge g for the H-target; a par-
ticular single n-shell is dominantly populated, and the capturing level be-
comes higher as the charge g becomes larger and as the ionization potential

of target smaller.
3. LANDAU-ZENER MODEL AND REACTION WINDOW

Many-state close-coupling calculation is indispensable for accurate
prediction of the electron capturing processes. Nevertheless Landau-Zener
model calculation has not lost its advantage owing to its simplicity and
straightforwardness, By using this model the observed state-selectivity can
be interpreted and the concept of the reaction window.is elucidated.

Strong Coulomb repulsion between the product fwo ions causes the
crossings of potential energy curves of the product system with. the curve
of rather weakly interacting initial ion-atom .system if the reaction is
exothermic, In slow collisions the transitions are strongly favored at such
crossings. Since the important crossings occur at large internuclear
separations, the crossing distance R, is expressed simply by (in a.u. ex-
cept where indicated)

R, = (g-1)/AE. (2)
Here AE is the energy gain of the reaction and equals to the difference
between the ionization potential of the excited product A(q_l)+(n) ion,
which takes a final hydrogenic state with the principal quantum number n,
and that of the target atom I;

M = g?/2n2-1. (3)

The transition probability at the crossing is taken to be 2p(l-p), where p
is the standard Landau-Zener probability. This probability is integrated
over impact parameter to obtain the cross section g. Probability p is a
function of interaction matrix element Hyo, the radial component o3 the
collision velocity and the difference in slopes of the diabatic potential
curves at the crossing. Analytical expression for Hiq has been obtained by
Olson and Salop for the fully-stripped-projectile and atomic-hydrogen sys-
tem and extended to the systems of targets other than atomic hydrogen [9].
Since the electron capture is dominated through the crossings within the
limited region of internuclear distance, only final states with a par-
ticular single n-shell are generally favored. Therefore a single crossing

approximation is enough for rough estimation. The application of multi-
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channel Landau-Zener model is discussed in ref,10,

Fig.2 shows cross sections divided by ﬂRc2 for various projectile
charges as a function of crossing distance R, at the collision velocity of
600 eV/amu. As seen the reaction window, i.e., the range of nuclear separa-
tion in which the cross section is significant, shifts to larger distances

and becomes broader as the projectile charge increases.

a) T T T T T T T T T b) T T T T T T T T T
H-target 0 20 He-target
Sk q=4 681014 20 1

S /nr?
S /nR:?

0 2 4 6 8 10
Re (R)

Fig.2. Calculated one-electron capture cross sections
divided by chz as a function of internuclear
separation R, for (a) H and (b) He targets. Colli-

sion energy is 600 eV/amu,

In Figs.3 a) and b) solid lines show combined relations (2) and (3)
for H- and He-targets respectively with the boundaries of the reaction
windows (broken lines). Here we define tentatively the reaction window as
the region where O/TFRC2 is larger than 0.05. The positions of potential
curve crossings are indicated by several symbols on the lines. Black
circles are inside the window, and they are the states expected to be
dominantly populated by one-electron capture but not yet confirmed
experimentally. The dominantly populated n-shells actually observed by the
NICE and/or FOM-Groningen groups are shown by black diamonds. The data for
g=10 in b) is from Mann et al. for NelOt-pe [11]. All the observed states
are inside the window, or at least situated very closely to the window
boundaries when no crossings are available inside the window. It is clear

o9+

that only single n-shell is populated for g£10 except for A” -He, in which

both n=4 and 5 shells have been found to be appreciably populated in Ne9+
-He collision. At larger g more and more n-shells are populated as inferred
from these figures and as demonstrated previously in qu+(q=7—25)—He and

Iq+(q=10-38)-He collisions [12,13].
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POLARIZATION PROPERTIES OF TOTAL EMISSION CROSS SECTION
IN Het-He COLLISIONS

R. Okasaka and H. Sakakibara
Department of Engineering Science, Kyoto University
Yoshida-honmachi, Sakyo-ku, Kyoto 606, Japan

1. Introduction A

On ion-atom collisions of intermediate energy range (10-104 eV)
colliding particles are in a quasi-molecular state during interacting
period. Moments of transitions are rotational and radial coupling between
two quasi-molecular states and transition occurs preferentially near the
Tevel crossing region. When the coupling scheme of dominant excitation
process is specified, parallel component of angular momentum in respect to
the molecular axis becomes definite on a excited state; rotational
coupling excites Il-state and radial coupling excites r-state in He™-He
collisions, for the incident channel of He+(1s)+He(1sz) is in g-state. In
the case where the angular momentum of the molecular state is conserved
on the separated atoms, the former process produces alignment of magnetic
sublevel of m'=t1 and the latter produces that of m'=0. Observation of
energy dependence of polarization of total emission cross section brings
important informations about such excitation mechanisms, while polarization
analysis of differential excitation cross section in coincidence with
scattered particle at fixed colliding energy are usefull to study alignment
and orientation of excited atoms.

In the present studies, first, we decide the principal coupling scheme
of a excitation by comparing the observed emission cross section with the
calculated excitation function and, next, obtain the dependence of polari-
zationoncollision energy by solving coupled equations of two-level model.
Then, we estimate, by making comparison between the calculated and the
observed polarizations, a siz2 of locking radius which is measure of tran-
sition region from body-fixed molecular state where the symmetry axis
coincides with the molecular axis to spaced-fixed atomic state at large
internuclear distance.

2. Experiments and coupling schemes
The apparatus is described in detail e1sewhere.1) An ion-beam was
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introduced into a collision cell and spectroscopic measurements of visible
to extreme UV region were performed. Radiations polarized parallel (I,)
and perpendicular (I.) to the beam axis were measured with a linear pola-
rizer at 90° with respect to the beam direction. Typical examples of two-
type emission cross sections are shown in Fig. 1 and 2. The behaviors
exibited in Fig. 1 and Fig. 2 correspond to that of a cross section popu-
lated by rotational coupling through potential crossing at small inter-
nuclear distance (R) and that populated by radial coupling through crossing
at finite R, respectively.2 The broken 1ines in Fig. 1 and 2 show the
cross sections of rotational excitation and of radial excitation calculated
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3. Polarization and locking radius

In the calculations of the excitation functions, we used the classical
impact parameter method assuming that particle goes orbit of elastic
scatteriﬁg.]) When the direction of quantum axis of the separated atom
coincides with the scattering angle, the population % of magnetic sublevel
m in laboratory system, where we take the quantum axis parallel to the beam
direction, is given by equation (1),

o) = 2nf'>]:1'[Dmm.(e(b))]zp(b)bdb. (1)
0.2} M_Iy-1s
B I I,+I.
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Here, P(b) is transition probability at impact parameter b, m' is magnetic
quantum number in center-of-mass system and Dmm' is transform matrix from
C- to L-system. The solid lines noted "without Tocking" in Fig. 3 and 4
are profiles of the calculated Stokes parameter M/I of Hel 5016 A Tine
populated by rotaional excitation and of Hel 5876 A Tine populated by
radial excitation, respectively.

The measured emission cross sections and polarizations corresponding
to the results in Fig. 3 and 4 are shown in Fig. 5 and 6. It is quite
probale that disagreements between the calculated and the measured polari-
zations in the figures result from the fact that rearrangement of electron
clouds can not follow rotation of the molecular axis.
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If there exists finite locking radius RL at which the direction of
symmetry axis of the system begins to deviate from the direction of mole-
cularaxis, the polarization depends on size of it. The calculated polari-
zations for various locking radius are shown in Fig. 3 and 4. The profiles
of polarization for RL=1ﬂv2 au in Fig. 3 and 4 agree qualitatively with
corresponding profiles of the measured polarizations in Fig. 5 and 6.
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ANISOTROPY OF ELECTRON EMISSION FROM ALIGNED STATES OF NEON

F. Koike,*, H. Sakaue, Y. Ikezaki, K. Wakiya, T. Takayanagi,
H. Suzuki, and A. Yagishita®

+School of Medicine, Kitasato University,
Sagamihara, Kanagawa 228 Japan

Department of Physics, Sophia University,
Chiyoda-ku Tokyo 102 Japan

$Photon Factory, National Laboratory for High Energy Physics,
Ohomachi, Ibaraki 305 Japan

An ejected electron spectroscopic study has been carried out on Lit*
+ Ne collisions. The Li*-impact energy has been ranged from 0.45 keV up
to 9 keV. The emission angle dependence of autoionizing electrons has
been measured in absolute scale. For a peak due to the Ne®® 2p* (!D) 3s?
1D - Net* 2p® 3P autoionization , we have found a change of the angular
distribution of the ejected electrons depending on the ion-impact enrergy.

Concerning the differential cross section do(8)/dS2 of the electron
emission, we find that we can write it as

(O
4= = 22( 1+ BPalcusd) ), (1)

where ot is the total emission cross section, Pz is the second order
Legendre polinomial, and / is the anisotropy parameter. We have derived
this relation under the assumptions firstly that the autcionizing state is
excited by a transition between the quasimolecular states owing to the
radial coupling in the vicinity of the avoided crossing between the
initial and final potential energy curves, and secondly that it obtaines a
complete alignment with respect to the quasimolecular axis. We have
obtained the ion-impact energy dependence of ,8 as shown in Fig. 1. We
want here to point out the presence of a minimum in - v8 - Lit-impact
energy curve at around 0.6 keV of the ion-impact energy. This i8 quite
consistent with the speculation that the center-of-mass scattering angle
of Li* with dominant contribution to the excitation of the autoionizing
state should exceed 90° along with the unbounded decrease of the Li*-
impact energy.
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Double- and Single-Charge Transfer in Collision of
C6+ jon with He atom at Low Impact Energies

r Tomoko Ohyama-Yamaguchi
Institute of Space and Astronautical Science, Komaba,
Meguro-ku, Tokyo 153, Japan

In the study of low energy charge transfer processes of multiply
charged ions with atoms, most of theoretical and experimental studies have
been concentrated on the single-charge transfer processes. On the other
hand a few theoreticall’z) and experimental 3-5) investigations have been
carried out for the double-charge transfer processes in the low energy
collision.

In this work we calculate the total single- and double-charge transfer
cross sections in the collision of the C6+ ion with the He atom in the
impact energy region 0.14E £10 keV/amu as another example to understand
the double-charge transfer process. The electron transfer process in the
low energy region is reasonably understood in terms of a quasi-molecular
representation. In this procedure there are many curve crossings among the
adiabatic potential curves. A diabatic treatment is, however, found to be
useful for the most of curye crossings.

Fig. 1 shows results of the single- and double-charge transfer cross
sections. The single-charge transfer mainly occurs through the avoided
crossing near 5au, while the double-charge transfer takes place via a
two-step one-electron transfer or a direct transition. Hence the double-
charge transfer cross section obtained is about a tenth of the single-
charge transfer cross section in these impact energies.
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Low Veloeity Collision of O6+ with He by MO Base Treatment

N. Shimakura, H. Sato*, M. Kimura® and T. Watanabe®
General Education Department, Niigate University, Niigata 950-21, Japan
*Physics Department, Ochanomizu University, Bunkyo-ku, Tokyo 113, Japan
*Joint Institute for Laboratory Astrophysics, University of Colorado
Boulder, Colorado 80309, USA

&Institute of Physical and Chemical Research, Wako-shi, Saitama 351, Japan

Partial and total cross sections of single electron capture
processes by O6+ ion from He are calculated for the velocity range of
0.075 to 0.5 au. (0.14-7.0 keV/amu). A molecular orbital expansion
method including two-electron-type electron translation factors has
been employed along with classical trajectories.1} The adiabatic
potential energies and wavefunctions for the (O+He)6+ system are
generated using a pseudopotential technique. This technique reduces
four-electron system to a relatively simple two-electron system. Our
pseudopotential for the 06+(1 sz) ion core is represnted by an 1,-

2) The cross sections were calculated using

dependent gaussian type.
seven and eight channel close coupling treatment. Convergence of the
cross section as a function of basis size is checked. Calculated
total cross sections are relatively independent on velocity with a
value of about 1017 cn?. On the other hand, partial cross sections
are more sensitive to velocity at lower veloecity region. These
findings agree well with experimental observationsB) and results
calculated with a atomic orbital expansion methodA).
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EVIDENCE FOR CORRELATED DOUBLE-ELECTRON CAPTURE IN
. SLOW 06% + He COLLISIONS

R. A. Phaneuf, F. W, Meyer, C. C. Havener, N. Stolterfoht,*
] J. K. Swenson,! and S. M. Shafroth!
Oak Ridge Natiomnal Laboratory,f Oak Ridge, Tennessee 37831

Double electron capture by few-electron multicharged ions during slow
collisions with He may result in Auger-decaying product states of the
projectile, provided the initial projectile charge exceeds +4., These
autolonizing states can be characterized by either (nearly) equivalent
electron configurations, in which the two captured electrons occupy essen—
tially the same or adjacent shells, or by non-equivalent configurations,
in which one of the electrons is in a Rydberg state. Using the method of
zero—degree Auger spectroscopy, we have verified population of both types
of autoionizing states by double electron capture during slow collisions
of 05% with He: for these systems, both LMM Auger electrons, attributed
to the (nearly) equivalent electron configurations (1s2)323%' or
(182)394%', and LjLosM-Coster Kronig electrons, attributed to the non-
equivalent electron configurations (1s2)2pnf, were observed. The LIMM
Auger e].ectroné can arise either from two sequential single electron tran-—
sitions or from a simultaneous or correlated two-electron transition. On
the other hand, production of the Coster—-Kronig electrons is expected to
result only from correlated double electron capture. Comparison of the
ILMM Auger electron and Coster Kronig electron production cross sections
suggests that the correlated double capture process is of comparable
importance to the sequential single capture mechanism.

*Permanent address: Hahn-Meitner-Institut fur Kernforschung GmbH, Berlin,
Germany.

TPermanent address: University of North Carolina, Chapel Hill, NC USA,
fOperated by Martin Marietta Energy Systems, Inc. for the U.S. Department
of Energy under Contract No; DE~-AC05-840R21400,
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Evolution of Fast Heavy Ion Excitation in Solid Target
— 0.83-2.4 MeV/u Brdt, ?" 4+ c —

K.Shima, K.Umetani, S.Fujioka, M.Yamanouchi, Y.Awaya*, T.Kambara*,
T.Mizogawa* and Y.Kanai¥*

Tandem Accelerator Center, University of Tsukuba, Ibaraki 305, Japan
*The Institute of Physical and Chemical Research (RIKEN), Saitama
351-01, Japan

To investigate the evolution of projectile inner shell excitation in
solids, mean emission cross sections of projectile K and L x-rays'ﬁ; (=
x-ray yield/T) have been measured vs target thickness T. The collisions
investigated are 52, 120, 150 MeV Cuq+ and 140 MeV qu+ + C, where the
projectile K-vacancy production takes place under the single collision
condition, whereas projectile L~-shell vacancies are dominated by the
residual excitation collision. Our interest is focused on the'E; vs T
relation in thin T region where projectile L~shell configurations still
vary before equilibration is attained, which has not been clarified.

?E&
with the aid of observed x-ray energy shifts as well as the calculated

Obtained relations for'EEk (Fig.1l) or vs T have been analyzed
cross sections of projectile inner shell ionization and excitation. 1In
the present collisions, the dominaat factors to provide the variation of
'3; at T region of nonequilibrium L-shell configurations are considered to
be in (a) the variation of projectile inner shell excitation (K to L, or
L to M) and (b) the variation of fluorescence yield.
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ANGULAR DEPENDENCE OF LOSS EL?CTRONS IN
0.5 MeV/amu H2+-, H3+- AND He*- Ar COLLISIONS

F. Nishimura and N. Oda*
Research Labolatory for Nuclear Reactors, Tokyo Institute
of Technology, 0-okayama, Meguro-ku, Tokyo 152, Japan
“*Dept. of Phys., Science University of Tokyo, Kagurazaka
Shinjuku-ku, Tokyo 162, Japan

The doubly differential cross sections differential in energy and
electron ejection angle bave been measured in this experiment over the
energy range from 10 to 2000 eV at angles 0° to 165° for collisions of
0.5 MeV/amu H2+, H3+ and He® with Ar.  On the electron loss peak, the
angular dependence of the peak energy and the peak width, and the single
differential cross sections for the peak have been determined. These
results are compared with other available experimental results as well as
theoretical results.

Fig. 1. Energy shift of elec-
tron loss peak as a function of
electron ejection angle.
0, Present results for Ho*- Ar;
A, 0.5 MeV.amu HO- Ard);
——, electron impact approxima- . . _
tion with inelastic effects for o 0.5 MeV/amu H,™ - Ar
0.5 MeV/amu HO - Arl); . s . 0.5 MeV/amu H - Ar
---, same as the solid line but 80 : 1 L . .
4ithout inelastic effects. 0 30 60 90 120 150 180
Ejection Angle (deg.)

Shift Energy of Loss Peak (eV)

In the angular dependence of the peak energy for Hzf— Ar collision,
as shown in Fig. 1, there exist two bumps av about 45° and 110°, which
are compared with the result of the electron impact approximation for
H® - Ar collision by Jakubassa1). Such bumps are not observed neither in

the experimental nor theoretical results by Kovér et a1.2)
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CONTINUUM X RAYS DURING ION-ATOM COLLISIONS

Kiyoshi KAWATSURA, Akio OOTUKA*, Masao SATAKA, Ken-ichiro KOMAKI*, Hiroshi
NARAMOTO, Yasuaki SUGIZAKI, Kunio OZAWA, Yohta NAKAI and Fuminori FUJIMOTO*
Department of Physics, Japan Atomic Energy Research Institute
Tokai, Ibaraki 319-11, Japan
*College of General Education, University of Tokyo, Komaba, Tokyo 153, Japan

Radiative electron capture (REC) in fast ion-atom collisions was first
observed by Schnopper et al. Since then, many investigations of REC
processes have been reported. The experiments should be carried out under
single collision conditions to compare with theoretical calculatiomns. This
work is done in order to extend our data to higher energies and different
projectiles and also to study primary bremsstrahlung.

The JAERI tandem accelerator provided bare and one electron ions of F,
S and Cl at 4.0 MeV/amu on He gas targets. Some data was also taken at
different velocities. The x-ray spectra were taken with a HORIBA Si(Li)
detector at 90 to the beam direction. Figure 1 shows the x-ray spectra for
Cll7+ ion incident on a He gas target. They included projectile x rays, REC
x rays and hremsstrahlung. The REC and bremsstrahlung x-ray spectra are

analyzed. A more detailed discussion will be presented in this seminar.
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Fig. 1. The x-ray spectra for 140-MeV Cl17+

ion incident on a He gas target.
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Photon Angular Distribution of Radiative Electron Capture

by Relativistic Strong Potential Born Calculation

Ken-ichi Hino

Department of Applied Physics, the University of Tokyo
7-3-1, Hongo, Bunkyo-ku, Tokyo 113, Japan

and

Tsutomu Watanabe

The Institute of Physical and Chemical Research
2 Hirosawa, Wako-shi, Saitama 351-01, Japan

We discuss the angular distribution of the relativistic radiative
electron capture (REC) in the laboratory frame. By the plane-wave Born
calaulation, it is predicted that the angular distribution of photon
depends on sinZB ( ©:the angle of the emitted photon in the laborotry
frame) in spite of including the retardation effects.” Such sinza -
dependence is mostly due to the lowest-order Born term. On the contrary,
using relativistic strong potential Born (SPB) wave functions, this term
does not have dominant contributions to the REC cross section any longer
because of the nearly orthogonal properties between the initial continuum
state and the final bound state of the electron and the projectile ion.
Therefore, the sin? B angular dependence is expected to be modified to some
extent. ’

We compare the present SPB calculation of REC with the recent

experimental results.Z) r3)

1)E. Spindler, H. Betz, and F. Bell, Phys. Rev. lLett. 42, 832 (1979)
2)R. Anholt, W. E. Meyerhof, et. al., Phys. Rev. lLett., 53, 234 (1984)
3)R. Anholt, Ch. Stoller, et. al., Phys. Rev. A33, 2270 (1986)
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MANTFESTATION OF MINIMA IN THE GENERALIZED OSCILLATOR STRENGTHS AS
MINIMA IN THE INTEGRATED CROSS SECTIONS FOR ION-ATOM COLLISIONS

Masahiro Iwai, Isao Shimamura, and Tsutomu Watanabe

The Institute of Physical and Chemical Research (RIKEN)
Hirosawa, Wako, Saitama 351-01, Japan

The plane-wave Born approximation (PWBA) is valid for collisions of
charged particles with atoms at sufficiently high energies T. The differen-
tial cross section in this approximation is expressible as the product of a
simple factor and the generalized oscillator strength (GOS), which is a
generalization of the optical oscillator strength. The GOS is defined as a
function of the momentum K transferred from the incident particle to the
target atom in the collision. The existence and.the general significance
of minima in GOS for many atomic and molecular transitions are discussed in
the literature.!=4 Effects of these minima on the integral cross sections
have also been investigated especially for inner-shell ionization by heavy
particle&3!4 These analyses have shown frequent appearance of shoulders
in the impact energy dependence of the integral ionization cross sections.

We will show appearance of conspicuous minima, rather than shoulders,
in the integral cross sections for some discrete excitation processes due
to minima in the corresponding GOS. General conditions for appearance of
minima in the integral cross section are also discussed.

The GOS is conveniently represented by a three-dimensional plot as a
function of K and of the excitation energy E. Such a plot is called the
Bethe surface. We have proposed to extend the Bethe surface to visualize
the behavior of GOS along an isoelectronic sequence; an additional axis fo
the inverse of the (effective) nuclear charge is useful for this purpose.
This extended surface serves to clarify the physics behind minima in the
GOS.

We have calculated, as an example, the GOS for the 2s? 1S--> 2s3p Tp
transitions of Be-like systems, using configuration-interaction wave func-
tions for both the initial and final states. The result will be reported in
the conference.
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ELECTRON IMPACT EXCITATION OF OXYGEN-LIKE KRYPTON*

A. Z. Msezane, J. Lee, K. J. Reed+ and R..J. W. Henry++
Atlanta University, Atlanta, Georgia 30314

cf CJalifornia, Lawrence Livermore National Laboratory
Livermore, California 94550

Louisiana State University, Baton Rouge, Louisiana 70803
Electron impact excitatign grgss sections are calculated for transitions
from the ground state 2s"2p P to the n=2 and n=3 excited states of oxy-
gen-like krypton for impact ewnergies ranging from near threshold to 1lOkeV.
Configuration-interaction type wave functions are employed and the cross.
sections are calculated in a close-coupling (CC) approximation.2 Cgupling5
effectg among the channels for collisional excitation of the 2s 2p , 2s2p

and 2p configurations are also investigated by comparing six-, five-,
four-, three-, and two-state CC results (6CC, 5CC, 4CC, 3CC and 2CC).

+ .
University

We discovered the surprisin§ rasglt that theéchculaEed4Cfoss seftions for
the transitions from the 2s™2p “P to the 2p S, 28"2p" 'S and D excited
states are reduced considerably (~457) and moderately (327 and 22%)5r§-0
spectively compared to their corresponding 2CC results when the 2s2p™ “P
stat§ iﬁ gouplgd1 This addition also diminishes the 2CC cross section
0(2s8“2p ~P-2p S) at 26.2Ry by a factor of about 100. Comparison be-
tween the 6CC(SST) and the 2CC (or 3CC) (TST) results for the various tran-
sitions is summarized in the figure for the energy range 26.2<E<160Ry.

+28

Effects of couplings in Kr <
TsT | T T T
10-4 - -
SST
TST
SST 0(3P’ R 2p‘ 1 D*)
o 1075 -
[
&
® TST
o(3p® - 2p* 1s°)
1078 |- ' =
10x0(3P* - 2p® 15°)
SST
1077 } ] | ]
20 60 100 140 180
E(Ry)
We conclude th 5 30
at the 2s2p P” state provides an extremely important coup-

ling mechanism; its effects are expected to be important for intermediate
coupling results which are obtainable from the LS coupling data and are
currently being investigated. Any 1ev§1306 approximavion which fails to
incorporate the coupling from the 2s2p” “P~ is expected to overestimate
the excitation cross sections to the n=2 levels.

#Work performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under contract #W-7405-Eng-48. AZM
and RJWH are supported in part by U.S. DOE, Office of Basic Energy Sciences

1
A. Z. Msezane, K. J. Reed and R.J.W. Henry, Phys. Rev. A. (in press) (1986)
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